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Vincent Perron,1,2,3,* Céline Gélis,2 Bérénice Froment,2 Fabrice Hollender,1,3

Pierre-Yves Bard,3 Giovanna Cultrera4 and Edward Marc Cushing2

1CEA, DEN, F-13108 Saint-Paul-lez-Durance, France. E-mail: vincent.perron.mail@gmail.com
2IRSN, PSE-ENV/SCAN/BERSSIN, BP 17, F-92262 Fontenay-aux-Roses, France
3University of Grenoble Alpes, ISTerre, CNRS, IRD, IFSTTAR, F-38000 Grenoble, France
4Istituto Nazionale di Geofisica e Vulcanologia, Roma, Italy

Accepted 2018 August 22. Received 2018 August 21; in original form 2018 March 28

S U M M A R Y
Site-effect assessments performed through earthquake-based approaches, such as the standard
spectral ratio (SSR), require good quality records of numerous earthquakes. In contrast, the
use of ambient noise appears to be an attractive solution for ease and rapid computation of
site responses with sufficient spatial resolution (microzonation), especially in low seismicity
areas. Two main approaches are tested here: the horizontal-to-vertical spectral ratio (HVSR)
and the noise-based SSR (SSRn). The HVSR uses the relative amplitude of the horizontal and
vertical components of the ambient noise. Instead, the SSRn defines the spectral ratio between
the seismic noise recorded simultaneously at a site and at a rock reference station, similar
to earthquake-based SSR. While the HVSR is currently used in hundreds of site-specific
studies, the SSRn approach has been gradually abandoned since the 1990s. In this study,
we compare the results obtain from these two approaches with those of earthquake-based
SSR. This comparison is carried out for two sedimentary basins, in Provence (southeastern
France) and in Argostoli (western Greece). In agreement with the literature, the HVSR does
not provide more than the fundamental resonance frequency of the site (f0). The SSRn leads
to overestimation of the SSR amplification factors for frequencies higher than the minimal
f0 of the basin (f0min). This discrepancy between SSRn and SSR is discussed, and appears
to be mainly dependent on the local geological configuration. We thus introduce the hybrid
standard spectral ratio (SSRh) approach, which aims to improve upon the SSRn by adding
an intermediate station inside the basin for which the SSR is known. This station is used in
turn as a local reference inside the basin for the SSRn computation. The SSRh provides site
transfer functions very similar to those of the SSR, in a broad frequency range. Based on these
results, the SSRn (or SSRh) should be further tested and should receive renewed attention for
microzonation inside sedimentary basins.

Key words: Earthquake ground motions; Site effects; Seismic noise; Body waves; Fourier
analysis; Spectral ratio.

I N T RO D U C T I O N

Since the first understanding that seismic signals can be locally
modified by the geological conditions of the Earth surface (e.g.
Milne 1908), it has been widely demonstrated that site effects can
dramatically increase both the amplitude and duration of ground

∗ Now at: Swiss Seismological Service (SED), ETH Zürich, Sonneggstrasse
5 CH-8092 Zürich, Switzerland.

motion. This is a source of particular concern for seismic hazard
assessment, as site effects can greatly increase hazard levels in
many cities that are located on sedimentary basins (e.g. Mexico
City, Mexico; Los Angeles, USA; Tokyo, Japan; Grenoble, France;
among others). For example, during the Guerrero-Michoacan event
of 1985, ground motions in the basin of Mexico City showed sig-
nificantly higher amplitudes and duration than in the surrounding
rock (Celebi et al. 1987), as also more recently during the 2017
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Mw 8.1 Chiapas and Mw 7.1 Tehuantepec shocks. After the devas-
tating Guerrero-Michoacan earthquake, the contributions of local
site conditions to ground motion became recognized as essential
and received particular attention. Since then, increasing numbers
of studies have tried to assess site effects from what is sometimes
called the ‘ambient seismic field’, and is here (albeit incorrectly)
referred to as ‘ambient noise’, for brevity. However, the advantage
of using ambient noise has long since been recognized (e.g. Ishi-
moto 1937). Indeed, ambient noise can be recorded everywhere
at any time, which makes its use fast, easy and inexpensive when
compared to earthquake data processing. Assessing seismic site re-
sponses from ambient noise is thus of major interest to locally infer
the spatial variations of site effects (i.e. microzonation), especially
in low-to-moderate seismicity areas.

The ground motion (U ) at a given position can be seen as con-
volution in the time domain (or multiplication in the frequency
domain) between a source (S), a path (P) and a site (H ) term:

U ( f ) = S ( f ) × P ( f ) × H ( f ) , (1)

where f is the frequency. The so-called site transfer function, H ( f ),
gives the amplification factor relative to a reference position for each
frequency. The most common and reliable way to assess this is the
standard spectral ratio (SSR) technique (Borcherdt 1970; see also
e.g. Field & Jacob 1995; Bonilla et al. 1997). This approach relies
on the simultaneous records of the same earthquake for at least
two stations that are close enough with respect to the earthquake
distance. In practice, the station located under the best possible
geological conditions is used as the reference (i.e. with minimum
site amplification; generally a rock site). The transfer functions
are obtained by normalizing the Fourier amplitude spectrum (FAS)
of ground motions recorded at the site under study according to
the FAS recorded at the reference site. The SSR assumes that the
incident signal at depth is the same for the site and the reference;
that is that both stations ‘see’ the same source and path terms. It
is generally accepted that this assumption is true if the hypocentral
distance is much greater than the site-to-reference distances. This
normalization is used to cancel out the source and path terms of the
signal, and can be summarized as follows:

SS Rx/r ( f ) =
〈

{|Ux ( f )|}
{|Ur ( f )|}

〉
log

, (2)

where SS Rx/r is the SSR between a site sx and the reference site
sr (see Fig. 1). For each component, |Ux ( f )| and |Ur ( f )| are the
FAS evaluated from the earthquake signals at sites sx and sr , respec-
tively. The curly brackets {·} represent spectral smoothing, and the
arrowhead brackets as 〈·〉log represent the geometric (logarithmic)
mean over the earthquake recordings.

To be applicable, however, this technique requires many earth-
quakes to be recorded at both stations, with good signal-to-noise
ratio in a wide frequency band (e.g. Perron et al. 2015). Such a
good quality dataset is not always available, as this depends on the
instrumental network deployment, the seismotectonic environment,
and the local noise perturbation. For sites where such an approach
is not possible, techniques based on ambient noise appear to be an
appealing alternative.

The use of ambient noise for site response assessment presents
some limitations, as the location of noise sources and the wavefield
content are generally not known and differ from earthquakes, such
that: (i) the response of sediments to ambient noise generated and
propagating mainly at the surface has to be related to that of the
incident seismic waves from earthquakes; (ii) the source and path

terms of the ambient seismic field have to be canceled out when
computing the spectral ratio, to isolate the site influence. For the
first limitation, several studies showed that ambient noise is mainly
dominated by surface waves, as the sources are almost entirely lo-
cated at the Earth surface (e.g. atmospheric phenomena, human
activities) (e.g. Bonnefoy-Claudet et al. 2006b). On the contrary,
the earthquake signal is mainly composed of body waves in strong-
phase motion. For the second limitation, isolation of the site term
is not obvious, because, as opposed to earthquake signals, a deter-
ministic description is not appropriate for the random seismic noise
generated by various sources. However, different approaches have
been developed generally over the last three decades to extract some
information related to site responses from the amplitude of ambi-
ent noise recordings. Among these, the most usual approach is the
horizontal-to-vertical spectral ratio (HVSR), which is used in prac-
tice to assess the spatial variability of the fundamental resonance
frequency ( f0) of a site. The ambient noise SSR (SSRn) attempts to
assess the site transfer function by simultaneously normalizing the
noise recorded at a site according to that recorded at a rock refer-
ence station, in a similar way to the SSR approach from earthquake
recordings. A short review of these methods is given in the next
section, with particular attention to the SSRn approach. For more
detailed reviews, the reader is invited to refer to the following stud-
ies: Field et al. (1990) provides a good overview of the preliminary
approach used to characterize site responses from ambient noise,
and includes the first studies on the SSRn; in the same way, Lermo
& Chávez-Garcı́a (1994), Kudo (1995) and Bard (1999) provide
comprehensive reviews of the initial development and applications
of the SSRn and HVSR approaches; and Bonnefoy-Claudet et al.
(2006b) provides the literature on the HVSR in detail.

While the HVSR cannot be used to assess the site transfer func-
tion, H ( f ), at any frequency, the SSRn has been primarily used
in the low frequency range (<1 Hz, see ‘Methods definition and
background’ section). At these frequencies, ambient noise is in-
deed dominated by coherent Rayleigh waves that are generated
by known and generally distant oceanic sources (microseisms). At
higher frequencies (>1 Hz), ambient noise is mainly composed of
Love and Rayleigh waves; it is also more complex and is dominated
by human activities (microtremors). Site effects are rarely negligible
above 1 Hz, even for deep basins where higher resonance modes,
2-D/3-D effects, and shallow velocity contrast can notably amplify
the short wavelengths. Evaluation of H ( f ) for frequencies >1 Hz
is essential, as this is the frequency range that is classically targeted
in engineering applications (1–10 Hz). Moreover, geological and
geophysical models used in numerical simulations do not yet have
sufficient resolution to predict ground motion up to high frequen-
cies, which makes empirical approaches the only available way to
assess site responses up to these frequencies. Using microtremors
is thus primordial, but challenging, due to their more difficultly pre-
dictable nature and origin. As the frequency range we are working
on in this study is predominately >1 Hz, the terms ‘microtremors’
and ‘ambient noise’ are used indiscriminately in the following.

The aim of this study is to experimentally estimate the use of
noise-based spectral ratio approaches to assess site transfer func-
tions calculated for weak motion earthquake solicitations, up to
high frequencies. Here, we develop a new approach, the hybrid SSR
(SSRh), to assess the spatial variability of site responses from a tem-
porary network placed around a permanent or long-term recording
station for which an SSR transfer function is already available. We
benefit from datasets that were acquired on two different sites: an
industrial site located across a small sedimentary basin in the low-
to-moderate seismicity context of Provence (southeastern France);
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1444 V. Perron et al.

Figure 1. Illustration of the SSR, the SSRn, and the SSRh methods for the case of a sedimentary basin. The two permanent stations (ss and sr ) are presented
in black, while the temporary network (from s1 to sx ) is represented in gray. FAS, Fourier amplitude spectrum.

and a sedimentary basin located close to the town of Argostoli, on
the seismically active island of Cephalonia (western Greece). We
compare the results obtained from spectral ratio approaches using
noise recordings (i.e. HVSR, SSRn, SSRh) with those obtained
from weak motion recordings (SSR), taken here as the reference
results. Finally, we discuss the dependence of our results on local
geological configurations, and propose a qualitative interpretation
for the widely observed SSRn overestimation at high frequencies.

M E T H O D S D E F I N I T I O N A N D
B A C KG RO U N D

Horizontal-to-vertical spectral ratio

The HVSR approach consists of computing the spectral ratios be-
tween the horizontal mean component and the vertical components
of microtremors recorded simultaneously at one single station. This
can be written as:

H V S Rx ( f ) =
〈

{|ux H ( f )|}
{|uxV ( f )|}

〉
log

, (3)

where H V S Rx is the HVSR at site sx , and |ux H ( f )| and |uxV ( f )|
are the FAS evaluated from ambient noise recorded at site sx for
the mean horizontal and vertical components, respectively. This ap-
proach was first introduced in Japan in the 1970s (e.g. Nogoshi
& Igarashi 1971). At the end of the 1980s, Nakamura (1989) pro-
posed its first versions in English, which led to this technique being
called Nakamura’s method. Later on, Kudo (1995) and others pop-
ularized its use. Nakamura (1989) interpreted the HVSR curves
as the amplification of the site due to S-wave resonance. However,
it is currently acknowledged that the HVSR allows for estimation
of only f0 of S waves propagating in 1-D sites, mainly due to the
surface waves present in ambient noise. Indeed, the ellipticity of
the Rayleigh waves results in the vanishing of the amplitude of the
vertical components at f0, while the Airy phase of Love waves leads
to a bump of energy on the horizontal components at f0. Both of
these phenomena result in a peak in the H/V ratio close to f0. The
reliability of this technique to assess f0 for simple 1-D geological
structures with strong impedance contrast has been demonstrated
both theoretically and experimentally (see Bonnefoy-Claudet et al.

2006a). As the HVSR provides a fast, easy and low-cost solution
for f0 microzonation, the number of studies based on this approach
has dramatically increased over the last three decades. A compre-
hensive review of the HVSR is thus not possible here. A long debate
has continued on the use of the HVSR to assess the amplification
factor of site responses. Indeed, a project that faced this topic led to
implementation of extensive HVSR recommendations (SESAME
team 2004; http://sesame.geopsy.org/Delivrables/Del-D23-HV U
ser Guidelines.pdf). Following this recommendation, the HVSR
approach was shown not to be reliable to infer resonance frequen-
cies at higher modes (i.e. above f0), and the amplification factor
at any frequency. Nevertheless, some recent applied and theoret-
ical research on the HVSR investigated the possibility to exploit
more than just the main peak frequency of the HVSR to provide
additional information on seismic amplification effects and elastic
properties of shallow geologic structures (e.g. Sánchez-Sesma et al.
2011; Kawase et al. 2015; Piña-Flores et al. 2017).

Noise-based standard spectral ratio

In the 1980s, a decade after the first definition of the SSR approach
by Borcherdt (1970), the SSRn was introduced (Irikura & Kawanaka
1980; Kagami et al. 1982, 1986). This is equivalent to the SSR
(eq. 2) but is applied to ambient noise:

SS Rnx/r ( f ) =
〈

{|ux ( f )|}
{|ur ( f )|}

〉
log

, (4)

where SS Rnx/r is the SSRn between a site sx and the reference site
sr (see Fig. 1), and |ux ( f )| and |ur ( f )| are the FAS evaluated from
ambient noise at each component at sites sx and sr , respectively.
One important preliminary condition for using the SSR and SSRn
techniques to assess sedimentary site responses is the availability of
a nearby rock reference site, where the site response can be consid-
ered as negligible. Studies based on microseisms (<1 Hz) generally
rely on distant oceanic sources. However, as the ambient noise pe-
riod decreases, its dependence on local sources increases (e.g. Aki
1988). At higher frequencies (>1 Hz), proximity of the microtremor
sources is then expected. This clear difference in terms of minimal
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distance to the source required for the SSR creates further difficul-
ties when microtremors are used to estimate site transfer functions
that are comparable to those provided by earthquake-based SSR.

The SSRn has been tested in several studies, to either detect the
presence of a fault at depth (e.g. Irikura & Kawanaka 1980) or to as-
sess site responses. The first evaluation for site effect purposes was
that of Kagami et al. (1982, 1986) at low frequencies (0.1–1 Hz).
Since this evaluation, numerous studies have applied the SSRn un-
der different experimental conditions (for an extended review, see
Perron 2017). Some studies only made qualitative comparisons of
the SSRn with the geology of the sites (Kagami et al. 1982, 1986;
Okada et al. 1991; Ferritto 1995; Koyama et al. 1996; Milana et al.
1996; Haile et al. 1997; Ibs-von Seht & Wohlenberg 1999; Burjánek
et al. 2012; Hashemi & Maazallahi 2012) and/or with the degree
of damage after major earthquakes (Ohmachi et al. 1991; Koyama
et al. 1996; Haile et al. 1997; Seo et al. 2000). Several other studies
obtained mixed results for comparisons between SSR (or some-
times theoretical site transfer functions) and SSRn curves, which
depended mainly on the experimental conditions (e.g. type of soil,
level and proximity of noise sources, distance between stations and
reference site) and on the processing (e.g. instrument used, criteria
for selection of noise windows, stacking, frequency bands evalu-
ated). Some of these obtained at least rough estimates of the site
transfer functions using the SSRn approach, generally at low fre-
quencies (Rovelli et al. 1991; Gutierrez & Singh 1992; Yamanaka
et al. 1993; Lermo & Chávez-Garcı́a 1994; Gitterman et al. 1996;
Zhao et al. 1998; Horike et al. 2001; Steimen et al. 2003; Roten
et al. 2006; Theodoulidis 2006). Some studies succeeded in achiev-
ing only f0 (Celebi et al. 1987; Field et al. 1990; Gaull et al. 1995;
Seekins et al. 1996; Atakan 1997), while a few others did not find
any convincing agreement between SSRn and SSR (Seo 1992; Field
et al. 1995; Field 1996). The majority of these studies concluded
that the SSRn method is reliable to predict at least, f0, but cannot
be used to estimate the amplification factors of site responses over
the whole frequency band. They often observed unrealistically high
amplification factors at high frequencies that they hypothesized to
be due to local noise source disturbance that masked the site effects.
In a different way, Dravinski et al. (1996) theoretically investigated
the potential of the HVSR and the SSRn to assess the responses of
a semicircular and semi-spherical valley to incident plane harmonic
Rayleigh waves. They reported better estimations of resonance fre-
quencies ( f0, and higher modes) and amplification with the SSRn,
than with the HVSR.

As the SSRn method provided mixed results on the site response
assessment, and because of the ramp up of the HVSR method,
the SSRn was gradually abandoned. However, only a few studies
specifically paid attention to the origin and distribution of the noise
sources, the site-to-reference distance, and/or the geological con-
figuration of the surrounding area. Horike et al. (2001) tested the
SSRn on a large array (diameter, 5 km) and a small array (diam-
eter, 0.5 km) between 1 and 10 Hz. The small array was located
on a volcanic ash terrace, as was the reference, while the majority
of stations of the large array were located on a sand plain. They
reported that SSRn provided reliable amplification factor of up to
5–8 Hz for the smaller area. For the larger area, they did not suc-
ceed in finding the amplitude, even if the general shape of the SSRn
transfer function was relatively similar to those from the SSR. They
again explained this discrepancy by the probable presence of close
anthropic sources, and concluded that the incoming microtremors
were the same only within limited areas of a few hundreds of metres
in diameter. However, they did not discuss possible influences of
the differences in geological conditions between the two areas.

Hybrid standard spectral ratio

We introduce here the SSRh approach that combines the SSRn based
on ambient noise recording with the classical SSR computed from
earthquake recordings. The SSR is used to assess the rock relative
site response at one location inside the basin, and thus requires only
two long-term or permanent stations. Then, the spatial variability of
the basin response (microzonation) is estimated through the SSRn
computed using several short-term recording stations inside the
basin, and is relative to the soil station for which the rock relative
SSR transfer function is known. The SSRh can be expressed as:

SS Rhx/r ( f ) = SS Rs/r ( f ) · SS Rnx/s ( f ) , (5)

where SS Rhx/r is the SSRh at site sx relative to the rock reference
site sr , SS Rnx/s is the SSRn evaluated at site sx relative to the soil
reference site ss , and SSRs/r is the classical SSR at ss relative to sr

(see Fig. 1).
Eqs (2), (4) and (5) finally give:

SS Rhx/r ( f ) =
〈

{|Us( f )|}
{|Ur ( f )|}

〉
log

·
〈

{|ux ( f )|}
{|us( f )|}

〉
log

, (6)

where |Us( f )| and |us( f )| are the FAS evaluated at the soil ref-
erence site ss from the earthquake signal and from ambient noise,
respectively. The main idea behind the SSRh is to ensure that the
SSRn reference site is closer to the studied sites and under the
same geological conditions (i.e. inside the basin). The SSRh ap-
proach aims to capture the site response spatial variability inside
the sedimentary basin from microtremors. Ferritto (1996) initially
suggested the use of a reference site inside the basin, whereby he
assessed the SSRn relatively to a soil reference station co-located
with a borehole where boring logs had been kept. He used the SSRn
to describe the spatial variability of the site response, and he pro-
posed to use the borehole information to deduce the rock relative
site response. He observed good stability of the general shape of the
relative transfer functions, and concluded that the SSRn referred to
soil sites is a good tool for microzonation.

DATA A N D P RO C E S S I N G

Provence site array

This studied industrial area is located in Provence in the south-
western Alpine foreland (southeastern France). This region is seis-
mically relatively active compared to other regions of mainland
France, even though the seismic activity of this area remains low-to-
moderate (e.g. Manchuel et al. 2017). Fig. 2 presents the geological
map and the locations of the stations used in this study. Stations
P1 and P2 are located on outcropping massive Cretaceous lime-
stone. Stations P3–P7 are located within a relatively small paleo-
valley (a few hundred metres wide, 50–150 m deep) filled with stiff
Miocene sands/sandstone, and softer Quaternary deposits. Based
on geophysical measurements, the time-averaged shear-wave ve-
locities within the first 30 m of soil (VS30) are evaluated as 2100,
1800, 440 and 720 m s–1 from P1 to P4, respectively (Perron et al.
2017a). According to the National Earthquake Hazards Reduction
Program classification, sites P1 and P2 thus belong to the ‘hard
rock’ class, while sites P3 and P4 belong to the ‘very dense soil’
class. The velocity profiles measured at the rock site P1 and the soil
site P4 using two invasive techniques (crosshole and PS Suspension
Logging) are shown in Fig. 2. Site P1 was also investigated with
seismic noninvasive techniques, as it was one of the studied sites in
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1446 V. Perron et al.

Figure 2. Geological map of the recording area in Provence. P1 and P2 are the rock sites, and P3–P7 are the five stiff soil sites. At stations P1 and P4, three
boreholes allowed for determination of the shear-wave velocity profile with depth [VS(z)] from two different techniques: crosshole and PS Suspension Logging.

the interPACIFIC project (Garofalo et al. 2016). The sensors were
Güralp CMG6-TD broad-band velocimeters with a sampling rate of
100 Hz. They were continuously recording for from a few months
to more than 2 yr, depending on the station (Perron et al. 2015). The
main database is composed of data recorded continuously between
February 2012 and June 2014 at all sites. More than 500 weak mo-
tion earthquakes were recorded, which were mainly low magnitude
regional earthquakes (ML from 1 to 2.5).

Argostoli array

Cephalonia Island (western Greece, Ionian Island) is located at the
northwestern end of the Aegean subduction frontal thrust, which is
linked to the dextral Cephalonia-Levkas transform fault to the west
of Cephalonia. The seismotectonic context is one of the most active
in Europe, and destructive earthquakes can occur in this area, such
as the 1953 M7.3 earthquake. The Plio-Quaternary and Pliocene
Koutavos basin is located on a NW-striking syncline bounded to the
west by a thrusted asymmetric anticline (Fig. 3). The western flank
of this anticline is faulted by two east-dipping active reverse faults
(i.e. White Rock Fault, Argostoli Fault).

A high resolution experiment took place from September 2011
to April 2012 in the framework of the FP7 EU-NERA 2010–2014
project (Network of European Research Infrastructures for Earth-
quake Risk Assessment and Mitigation, https://cordis.europa.eu/p
roject/rcn/96282 en.html; Theodoulidis et al. 2018). This experi-

ment was conducted by four institutes (Institut des Sciences de la
Terre [ISTERRE], Grenoble, France; Instituto Nationale di Geofisi-
cale Vulcanologia [INGV], Rome, Italy; GeoForschungsZentrum
[GFZ], Potsdam, Germany; Institute of Engineering Seismology and
Earthquake Engineering [ITSAK], Pilea Chortiatis, Greece) and the
continuous recorded data are available through the European Inte-
grated Data Archive (network code 4C in www.orfeus-eu.org/eida/).
Hereafter, we present results obtained from a limited part of this net-
work, named here from N1 to N11 and which corresponds to the 11
velocimeters installed by INGV (KER02, KES02, KES04, KES06,
KES08, KES11, KES13, KES14, KES16, KES18, and KES22 in
Theodoulidis et al. 2018). All of these velocimeters were Lennartz
5 s with 100 Hz sampling rate. This subarray was roughly aligned
along a profile across the sedimentary basin, as shown in Fig. 3. N1
is the rock reference site while N6 was chosen as the sedimentary
reference site. Hundreds of regional weak motion earthquakes have
been recorded (Cultrera et al. 2014). The shear-wave velocity profile
at the centre of the sedimentary basin is given in Fig. 3. Both the geo-
logical map and the velocity profile were determined afterwards, by
the Sinaps@ project (http://www.institut-seism.fr/projets/sinaps/).
The ‘Argonet’ permanent vertical network was installed in 2015 at
the surface and the depth of the borehole, and was used together
with ambient noise array measurements to determine the velocity
profile (Hollender et al. 2015; Cushing et al. 2016; Perron et al.
2018).

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/215/2/1442/5078357 by guest on 15 O

ctober 2021

https://cordis.europa.eu/project/rcn/96282_en.html;
http://www.orfeus-eu.org/eida/
http://www.institut-seism.fr/projets/sinaps/


Site responses assessment from ambient noise 1447

Figure 3. Geological map and section of the recording area near Argostoli. N1 is the reference rock site located on limestone, while N2 to N11 are the soil
sites across the basin. At site A (red square) three boreholes allowed for determination of the shear-wave velocity profile with depth [Vs(z)—top right] from
two invasive techniques: crosshole and downhole. A temporary network at the surface also gave the opportunity to assess the velocity profile from the surface
waves dispersion curve inversion at sites N1 (bottom right) and A.

Processing

Classical earthquakes processing was used to compute the SSR.
In Provence, the FAS of the SSR in eq. (2) were processed from
the entire signal of tens to hundreds of weak motion earthquakes,
depending on the site. The SSR were estimated also from the P
waves, S waves and coda waves alone, leading to similar results
(an example is given later, in Fig. 6). The windowing procedure
proposed by (Perron et al. 2017b) was followed to select different
parts of the signal. The full signals are detrend and a 5 per cent cosine
taper is applied to the edge of the signal window. For each frequency,
the geometric mean is estimated from earthquake spectrum parts
that satisfy a signal-to-noise ratio >3. In Argostoli, the SSR curves
used here are those that were computed by Theodoulidis et al.
(2018), in a similar way.

Processing choices have been poorly discussed when dealing with
the amplitude of ambient noise, especially for the SSRn approach.
While guidelines were suggested by the SESAME team (2004) to
compute the HVSR, the ambient noise processing has been investi-
gated recently in the noise correlation framework mainly focused on

extracting information from the phase of ambient noise (e.g. Bensen
et al. 2007; Baig et al. 2009; Prieto et al. 2011; Seats et al. 2012;
Melo et al. 2013; Bowden et al. 2015; Yoritomo & Weaver 2016).
These studies were aimed at reducing transient noise to improve
the emergence of the Green’s function in the correlation functions.
Indeed, transient noise might perturb the stationarity of the ambient
noise field: at low frequency, transient noise is composed of tele-
seism events and storms, for example, while at higher frequencies it
corresponds principally to anthropic activity (e.g. footsteps, nearby
traffic).

Here, the general recommendations derived from the noise cor-
relation community were followed to select the ambient noise time
windows that are used to compute the HVSR, SSRn and SSRh
curves. In Provence, 150 files of 1 hr of noise were randomly se-
lected from the continuous data after having been through a com-
plete checking process. Each 1-hr file is windowed as 60 windows
of 1 min. Each 1-min window (at the site or at the reference) with
peaks that exceed 10 times the standard deviation evaluated from
the full 1 hr of data are removed, following Denolle et al. (2013). If
more than 70 per cent of the 1-min windows are removed then the
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full 1-hr window is rejected. Otherwise, for each 1-hr window, the
average spectrum and associated coefficient of variation are evalu-
ated from the selected 1-min windows. If the average coefficient of
variation on the whole frequency band is higher than 100 per cent,
or if the maximal coefficient of variation between 0.2 and 15 Hz
exceeded 150 per cent, then the full 1 hr is rejected. In Argostoli a
similar procedure was followed, although the continuous data were
recorded in 24-hr files and the ambient noise level was higher than
in Provence, leading to the selection of data for 8 hr at night from
25 daily files. Similar to the Provence dataset, 1-min windows are
extracted from each 8-hr record. At the end of the selection process
for both sites, thousands of 1-min windows were selected. These
selected 1-min windows recorded simultaneously for each compo-
nent at the site and at the reference site are then used to compute
the HVSR, the SSRn and the SSRh through eqs (3), (4) and (6),
respectively.

The processing of the FAS is identical for both ambient noise
and earthquake-based approaches. As the distribution of the results
that rely on spectral ratio techniques is log-normal (Perron et al.
2015), the geometric mean is considered for each approach. The
FAS are smoothed using the Konno & Ohmachi (1998) procedure,
with a b-value of 30, and resampled on a logarithmic scale. The
horizontal mean component is estimated as the quadratic mean of
the east–west and north–south component (

√
(EW 2 + N S2)/2).

C O M PA R I S O N B E T W E E N S P E C T R A L
R AT I O S F RO M M I C RO T R E M O R S ( H V S R ,
S S R n A N D S S R h ) A N D F RO M
E A RT H Q UA K E S ( S S R )

Figs 4 and 5 show the horizontal mean component of the site transfer
functions estimated from the HVSR (brown), the SSRn (green)
and the SSRh (blue) in comparison with the SSR (red), for the
Provence and Argostoli networks, respectively. The rock reference
stations are P1 and N1, and the soil reference stations for the SSRh
approach are P4 and N6, for the Provence and Argostoli arrays,
respectively. In Provence, taking P2 as rock reference has been
tested but is not represented here, as it showed no difference in
the observations that could not have been predicted by looking
at the SSR and SSRn between P2 and P1, and because it led to
the exact same interpretations as these drawn up with the rock-
reference P1. For each station, the distance to the reference (�d)
for both referenced microtremor approaches (i.e. SSRn, SSRh) is
indicated, as well as f0 for each site where the HVSR and SSR
curves allowed this to be picked (Figs 4 and 5, black dotted lines).
f0 is chosen, where it is possible, as the beginning frequency of the
plateau observed for the SSR. This plateau shape is certainly due
to lateral variations in the soil properties and to the geometry (i.e.
2-D/3-D effects) of the basins in Provence (e.g. Perron 2017) and in
Argostoli (e.g. Imtiaz et al. 2017). According to the available SSR
and HVSR curves, the lower f0 ( f0min) is approximately 3–4 Hz for
the Provence basin, and 1.5 Hz for the Argostoli basin. It is very
likely due to the pronounced velocity contrast present at 50 and 90 m
deep beneath the Provence and Argostoli basin, respectively. As
expected, f0min is obtained for the site that coincides with the deepest
parts of the basin for both areas (i.e. P4, P6; N2–N6). For Argostoli,
at sites N7–N11, f0 is less clear, and the amplification factors are
lower on average than for sites N2–N6. These observations agree
with the complex geological structures of the southwestern part of
the basin (Fig. 3), which indicates variations in the thickness of the

superficial layers and stiffer soil conditions (i.e. lower Pleistocene
and lower Pliocene).

Horizontal-to-vertical spectral ratio

In agreement with the literature, the HVSR for both of these net-
works shows a peak at the fundamental resonance frequency ( f0)
for some sites (e.g. P4, P6, N4, N5 and N6), which agreed with
the SSR curves. These sites correspond predominantly to those lo-
cated at the centre of each basin, where the lateral variations are
smooth. For some sites, the SSR plateau shape also appears to be
visible for the HVSR curve, where the first peaks are not sharp
(e.g. sites P3, N7–N11). Accurate picking of f0 can be difficult in
cases of broad-band HVSR shape. Whatever the HVSR curve, the
resonance frequencies for higher modes (above f0) are not visi-
ble, and the amplification factors are always underestimated for the
whole frequency band. Thus, this approach cannot reproduce the
site transfer function obtained from the SSR, and can only help to
detect f0 for some sites.

Noise-based standard spectral ratio

Good agreement is observed between the SSRn and the SSR curves
for every site at low frequency, as up to 4 Hz in Provence and
1.5 Hz in Argostoli. These frequencies are stable across all sites and
independent of the site-to-reference distance. It can be noted that
these frequencies are close to the f0min determined for each basin.
For frequencies higher than f0min , the amplitudes of the SSRn are
widely overestimated, even if the general shapes of the transfer
functions are roughly similar to the SSR ones. This overestimation
of the SSRn at high frequency has been widely reported in the
literature, and is considered further in Section ’Discussion’.

Hybrid standard spectral ratio

The SSRh site transfer functions are very similar to the SSR up
to approximately 10–12 Hz for all of the soil sites in Provence. At
higher frequency, very local noise sources may affect differently
noise recordings from one station to another leading to discrepan-
cies between SSRh results and SSR site transfer functions. In the
Argostoli basin, good agreement is seen for the full frequency range
available (up to 20 Hz) and for most of the sites. Indeed, a slight
discrepancy is seen for sites N10 and N11, which are located on
stiffer soils than the other sites. As for the SSRn, the reliability of the
SSRh results, when compared to the SSR, seems independent of the
site-to-reference distance (from 87 to 1835 m). The SSRh approach
thus appears to be reliable to predict a large part of the site transfer
function (i.e. f0 and higher resonance modes, and the amplification
factor) up to high frequencies. To the best of our knowledge, this
is the first time that a microtremor-based approach has accurately
reproduced the SSR transfer function over such a broad frequency
range.

D I S C U S S I O N

The ambient noise represents an appealing way to predict ground
motion in large areas at limited cost and time, especially in low
seismicity areas where only few earthquakes can be recorded in
several months. It is of major interest to understand what controls
the ability, or otherwise, of these microtremors approaches to predict
the ground motion that would be induced by an earthquake.
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Figure 4. Comparisons of the horizontal mean components of the SSR (red), the SSRn (green), the SSRh (blue) and the HVSR (brown) in Provence at stations
P2–P7, with the rock station P1 as reference. P4 is the soil reference used for the SSRh technique. The �d distances to station P1 (green) and to station P4
(blue) are indicated for each panel, while f0 (black dashed lines) is given for sites that provide a noticeable peak in the HVSR and/or the SSR. The solid and
dotted lines represent the geometric means with their corresponding plus and minus standard deviation computed from more than a hundred earthquakes for
the SSR, and from thousands of selected noise windows for the HVSR, the SSRn and the SSRh.

In the following, we discuss two issues to deal with when using
microtremors: (i) the response of sediments to ambient noise gener-
ated and propagating mainly at the surface has to be related to that
of the incident seismic waves from earthquakes and (ii) the source
and path terms of the ambient seismic field have to be canceled out
when computing the spectral ratio, to isolate the site influence.

On the agreement between microtremors and
earthquake-based approaches

The potential for the use of microtremors for evaluation of site ef-
fects has long been debated, as body waves emitted by earthquakes
are believed to arrive with a quasi-vertical incidence whereas mi-
crotremors are mainly composed of surface waves that propagate
horizontally. The theoretical point of view is not discussed here,
but we address this question through the experimental comparisons
between the SSR and the SSRn for two sites located inside the
Provence basin. Fig. 6 shows the comparison between the geomet-
ric mean of SSRn estimated at site P3 relatively to P4, which are
almost 2 km apart, and the geometric mean the SSR computed from
various phases of 100 earthquakes (i.e. P wave, S wave, coda wave,

full signal). The relative site responses for the mean horizontal com-
ponent estimated from ambient noise and from the different phases
of the signal are very close up to 12 Hz. This is also the case for
the vertical component, even if the discrepancy of the geometric
mean of the SSRn above 3 Hz is a little higher. This comparison
illustrates why the SSR and SSRh results are so close in Figs 4
and 5, the latter using a SSRn reference station inside the basin
(Fig. 1). This confirms the concept that the SSRn can be used to
assess responses of a site to weak motion solicitations when both
stations are placed inside the basin; that is in the same geological
configuration. This occurs despite different wavefield contents and
propagation between the earthquake signals and noise.

Few studies have proposed explanations for some of the appar-
ent agreement between spectral ratios from microtremors and from
earthquake recordings. Field & Jacob (1993) computed the theoret-
ical responses to ambient noise sources of a horizontally stratified
sedimentary layer, and they reported that the expected horizontal
component spectrum of ambient noise contains its most prominent
peak at the f0 predicted for incident shear waves. Horike et al.
(2001) observed good agreement between the SSRn and the SSR
for sites located under similar geological conditions. Based on the
study of Horike et al. (2001) and Satoh et al. (2001) explained this
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Figure 5. As for Fig. 4, but for stations N2–N11 in Argostoli, with the rock station N1 taken as reference, and N6 as the soil reference station used for the
SSRh technique.

according to the possible presence of surface waves in the S-wave
portion of the seismic signal that might be generated by near-site
inhomogeneities. In the context of discussing comparisons between
earthquake-based and noise-based results, Aki (1957) had already
noted that, ‘it is well known that the characteristics of the ground

are reflected more or less in its vibration, whatever the origin of the
vibration may be’. Our results appear to follow the same lines, espe-
cially in sedimentary basins where the strong trapping phenomena
can result in seismic wavefields inside the basin that are strongly
dominated by the basin response.
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Figure 6. Comparisons of the SSRn (red) estimated from ambient noise between two stations located inside the basin in Provence (P3/P4) with the SSR
estimated from various phases of the earthquake signal: Green, P waves; blue, S wave; yellow, coda waves; black, full signal. The horizontal mean and vertical
components are represented in the left- and right-hand panels, respectively. The solid and dotted lines represent the geometric mean with its corresponding
plus and minus standard deviation, computed from more than a hundred earthquakes for the SSR and from thousands of selected noise windows for the SSRn.

On the discrepancy between the rock-referenced SSRn and
the SSR

Discrepancies between the SSRn and the SSR have been poorly
discussed in the literature. The majority of the studies report an
overestimation of the SSRn amplification factor referring at a rock
site, especially at high frequency, but only a few studies investigated
its origin. This over-amplification was often supposed to be due to
the implantation of the rock reference site far from the human activ-
ities, in a quiet area, while the target soil sites are located inside the
basin, where human activities are generally concentrated. The target
soil site would thus be noisier than the reference rock site, which
would induce a systematic overestimated ratio between the records
from both sites. This interpretation cannot be supported in Argos-
toli, as the rock reference site is located in a noisier context to that
of the basin station. Indeed, the rock reference station was located
near to a road and the water pump factory of Argostoli, while most
of the sedimentary stations were within Koutavos Park. Moreover,
both the SSRn discrepancy and the SSRh similarity with respect
to the SSR do not change much with the site-to-reference distance
(from 87 to 1835 m). This supports the interpretation that our results
are relatively insensitive to local noise source disturbance.

Here, we propose that the SSRn cannot assess the amplification
at high frequency primarily because of the geological configuration.
The physics of wave propagation state that the energy of the waves
is partially trapped inside the sedimentary basin for frequencies
greater than or equal to f0min , due to the contrast of impedance
between the soft sediments and the surrounding rock. If this phe-
nomenon is known to explain part of the site effects, it also predicts
that the basin represents a natural barrier for seismic waves, which
limits their propagation into the stiffer medium surrounding the
basin. Thereby, any rock site located near to the sedimentary basin
might see only a limited part of the wave energy radiated at frequen-
cies greater than f0min if this energy is generated within the basin
(or crosses the basin during its propagation). This might typically
concern the ambient noise wavefield at the frequency range of in-
terest, which is generated by local surface sources and propagates

at the Earth surface. In contrast, the body waves emitted by a distant
earthquake are much less prone to such a phenomenon, as they are
expected to arrive at the Earth surface with quasi-vertical incidence.

Nevertheless, the phenomenological difference between ambient
noise and earthquake wavefields can explain at least a part of the
discrepancy observed with the SSRn referring to the rock site when
compared to the SSR. The rock-reference station records see, in-
deed, a truncated ambient noise wavefield for frequencies higher
than f0min , while this station is reached by the complete earthquake
wavefield in the whole frequency band. This interpretation gives a
suitable explanation for our observations: (i) the SSRn referring to
the rock site beside the basin systematically overestimates (up to
a factor 2–3) the amplification factor for frequencies higher than
f0min (e.g. SSRn above 4 Hz at sites P3 to P7 in Fig. 4, and above
1.5 Hz at sites N2 to N11 in Fig. 5). (ii) When both sites are inside
the basin, the SSRn (here observed through the SSRh) provides a
site transfer function which is similar to that obtained with the SSR
in a broad frequency range (e.g. the SSRh at sites P3 to P7 in Fig. 4,
N2 to N9 in Fig. 5, and direct SSRn at site P3 in Fig. 6). (iii) the
observed SSRn discrepancy and the SSRh similarity to the SSR are
independent of the site-to-reference distance.

Supporting this interpretation with numerical simulations will
need to be done in the future. This might provide a physical inter-
pretation in a controlled medium and promote the use of the SSRn
inside sedimentary basins, with the aim to capture the spatial vari-
ability of the site response. Moreover, it could help to define the
limits of this approach.

C O N C LU S I O N S

The use of ambient noise has received growing attention over almost
a century, and more specifically since the 1980s for site effects pur-
poses, with the introduction of the SSRn and the HVSR. Since then,
increasing numbers of studies have focused on site effect analysis
based on the HVSR, while the SSRn has been progressively aban-
doned. This can be explained by the success of the HVSR to assess
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f0, while the SSRn amplification factors were generally unrealis-
tically elevated at high frequencies (>1 Hz) where microtremors
are dominated by human activities. Thus, retrieving the SSR trans-
fer function from microtremors in a broad frequency range is very
challenging, and to the best of our knowledge, this has never been
successfully realized.

In this study, we compare the HVSR and the SSRn computed from
microtremors with the classical SSR computed from earthquakes,
for two different basins, the first in Provence (southeastern France)
and the second in Argostoli (western Greece). In agreement with
the literature, the HVSR only allow to recognize f0, as it does not
provide the higher modes or the amplification factors. Moreover, it
does not provide a reliable estimation of f0 when 2-D or 3-D site
effects induce broad-band amplifications. The SSRn shows similar
site transfer functions when compared to the SSR for frequencies
lower than the minimal fundamental resonance frequency of the
basin ( f0min). For frequencies higher than f0min , when the SSRn
refers to the rock site located beside the basin, the amplification
factors are widely overestimated (compared to the SSR). In contrast,
when both stations are inside the basin, the SSRn is similar to
the SSR in a broad frequency range (>10 Hz) for the two tested
datasets. Based on these observations, we propose that the ambient
noise wavefield generated inside and behind the basin (according
to the rock reference site) is only partially transmitted to the rock
reference site for frequencies higher than f0min due to the contrast of
impedance at the interface between the sediments and the rock. This
effect is expected not to occur with distant earthquake body waves
due to their quasi-vertical incidence at the basin and rock sites. This
interpretation might explain why the rock-referring SSRn transfer
functions overestimate the SSR amplification factor for frequencies
higher than f0min .

If this interpretation is correct, it might allow for new approaches
that are based on ambient noise to estimate site effects. The SSRn
might be a very practical and reliable tool to perform microzonation
campaigns inside sedimentary basins, to provide then the relative
site response at the scale of the entire basin and over a broad fre-
quency range. The rock relative site response for the entire basin can
then be deduced from information obtained at only one, or a few,
site(s) inside the basin. In this respect, we introduce here the SSRh
that aims to assess the spatial variability of the site response inside
the basin from the SSRn, and then correct it by the rock relative
SSR estimated at only one site inside the basin. This provides site
transfer functions very comparable to the SSR up to high frequency
(∼12 Hz in Provence, ∼20 Hz in Argostoli). This approach would
be a very practical tool for broad-band microzonation inside sed-
imentary basins. However, this probably requires good knowledge
of the geology beneath the area, and cross-validation with the SSR
at a few sites inside the basin.

To conclude, we consider that the SSRn should receive renewed
attention. Its physical understanding and further processing might
benefit from the recent concepts developed in the framework of am-
bient noise correlations. Further investigations on the approaches
and results presented here are necessary. Numerical modelling
might be useful to more deeply understand the role of the basin
on the ambient noise wavefield inside and outside the basin. Further
research should also consider other sites, to understand to what ex-
tent and under which conditions these results might be applicable,
and up to which frequency.
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