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Abstract Ambient vibration measurements with small, temporary arrays that produce
estimates of surface wave dispersion have become increasingly popular as a low-cost, non-
invasive tool for site characterisation. An important requirement for these measurements to
be meaningful, however, is the temporal consistency and repeatability of the resulting dis-
persion and spatial autocorrelation curve estimates. Data acquired within several European
research projects (NERIES task JRA4, SESAME, and other multinational experiments) offer
the chance to investigate the variability of the derived data products. The dataset analysed
here consists of repeated array measurements, with several years of time elapsed between
them. The measurements were conducted by different groups in different seasons, using dif-
ferent instrumentations and array layouts, at six sites in Greece and Italy. Ambient vibration
amplitude spectra and locations of dominant sources vary between the two measurements
at each location. Still, analysis indicates that this does not influence the derived dispersion
information, which is stable in time and neither influenced by the instrumentation nor the
analyst. The frequency range over which the dispersion curves and spatial autocorrelation
curves can be reliably estimated depends on the array dimensions (minimum and maximum
aperture) used in the specific deployment, though, and may accordingly vary between the
repeated experiments. The relative contribution of Rayleigh and Love waves to the wavefield
can likewise change between repeated measurements. The observed relative contribution
of Rayleigh waves is generally at or below 50%, with especially low values for the rural
sites. Besides, the visibility of higher modes depends on the noise wavefield conditions.
The similarity of the dispersion and autocorrelation curves measured at each site indicates
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that the curves are stable, mainly determined by the sub-surface structure, and can thus be
used to derive velocity information with depth. Differences between velocity models for the
same site derived from independently determined dispersion and autocorrelation curves—as
observed in other studies—are consequently not adequately explained by uncertainties in the
measurement part.

Keywords Ambient vibrations - Surface waves - Dispersion curves - Spatial
autocorrelation curves - Noise wavefield - Site characterisation

1 Introduction

Ambient vibration measurements with small, temporary arrays that produce estimates of
Rayleigh and Love wave dispersion have become increasingly popular for site character-
isation, with publications about improvements of measurement and processing techniques
steadily growing in number (e.g. Ohori et al. 2002; Cho et al. 2004, 2006a,b; Chévez-Garcia
et al. 2005; Roberts and Asten 2005, 2007; Wathelet et al. 2005, 2008; Tada et al. 2006;
Kohler et al. 2007; Féh et al. 2008; Garcia-Jerez et al. 2008; Gouédard et al. 2008; Morikawa
and Udagawa 2009). The appeal of these methods is due to several properties: their non-
destructiveness, for example in comparison to borehole measurements; their ease of use and
cost-effectiveness (e.g. in comparison to active seismics with large sources like vibrators or
explosives, and to the drilling of boreholes); their relatively fast operability (one day of mea-
surements at a given site); and their larger penetration depth (up to several 100 m) compared to
active seismics with a hammer source. All of these characteristics make them well-suited for
measurements in densely populated areas. An important requirement for these measurements
to be meaningful in the study of site effects, though, is the temporal consistency and repeat-
ability of the resulting dispersion estimates. A recent blind test on ambient vibration data
which involved field measurements, determination of dispersion and autocorrelation curves,
and the inversion of these curves to determine S-velocity depth profiles showed considerable
variability between results, at shallow depth as well as down to several 100 m (Cornou et
al. 2009). From these results alone, however, it is impossible to decide whether the observed
variability is due to differences in the measurement or in the inversion stage. Possible influ-
ences on the measurements include seasonal and more short-term (within hours or days)
variations in the location, type and strength of noise sources, as well as temporal variability
of the shallow ground structure, caused for example by seasonal variations in hydrological
parameters (ground water level).

Itis well known that instantaneous changes in shallow crustal elastic parameters can result
from catastrophic events, e.g. heavy rainfall (Rigo et al. 2008), fracturing by large earthquakes
(e.g. Peng and Ben-Zion 20006), stress build-up in volcanoes prior to an eruption (Wegler et
al. 2006) or stress drop after an earthquake (Nishimura et al. 2000). Theoretical calculations
have shown that more gradual seasonal rainfall variations, via influencing ground water level
and thus shallow crustal velocities, may also result in up to 10% amplitude variations for the
H/V peak at long periods (Tanimoto et al. 2006). Sens-Schonfelder and Wegler (2006) and
Wang et al. (2008) observe velocity perturbations in the shallow subsurface down to several
tens of metres depth due to precipitation. In a tropical environment, the velocity changes
can amount to more than 10% (Sens-Schonfelder and Wegler 2006). Wang et al. (2008) also
report diurnal cyclic velocity variations of significantly smaller amplitudes around 1% that
they interpret as response to barometric pressure. Mucciarelli et al. (2003) find a weak nega-
tive correlation between H/V peak frequency variations and the amount of rainfall preceding
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the measurements. They attribute these observations to the strong influence of various degrees
of soil saturation on P-wave velocities and vertical component amplification (Yang and Sato
2000). From active seismics, Beilecke et al. (2008) describe phase shifts of 180° between
surface waves generated by a high-frequency vibrator source at different times of the same
day. They tentatively ascribe these variations to varying near-surface moisture content.

The variability of sources is another important issue in noise analysis. At long periods
(> 5s), very strong inter-annual variations in the spectral amplitudes of noise are observed at
seismological broad-band stations (e.g. McNamara and Buland 2004; Tanimoto et al. 2006;
Aster et al. 2008). Amplitudes are largest during winter months, as the number and strengths of
storms, i.e. atmospheric low-pressure systems, which induce ocean swells near coastlines and
in this way create the primary and secondary microseismic peaks (Haubrich et al. 1963; Oliver
and Page 1963; Capon 1972), vary with season and have a maximum in winter. De Becker
(1990) describes how this relation can be used to forecast storm surges from Northern Atlantic
low pressure systems along the Belgian coast via the monitoring of microseisms. Grevemeyer
et al. (2000) use a 40-year record of microseisms recorded in Hamburg to reconstruct wave
climate in the Northeast Atlantic, and in this way find indications of climate change.

At higher frequencies, starting above 1 Hz, the contrasting properties of anthropogenic
noise during day and night time as well as during weekdays and weekends were investigated
(Fyen 1990; Yamanaka et al. 1993; Gorbatikov et al. 2004; McNamara and Buland 2004;
Bonnefoy-Claudet et al. 2006a; Guillier et al. 2007; Hanssen and Bussat 2008; Vassalo et al.
2008). Furthermore, Burtin et al. (2008) observe diurnal as well as seasonal fluctuations in
ambient vibration spectral amplitudes between 2 and 15 Hz correlating with varying runoff
and amount of bedload transport along a river with steep relief in the Himalayas. Similarly,
Fyen (1990) finds significantly increased noise levels between 1.5 and 20 Hz at sites close
to rivers related to the snow melt season and accordingly increased water flow as well as
transport of large ice blocks in Norway. For the same location, Kvarna (1990) describe
strongly increased noise levels between 2.5 and 2.9 Hz related to increased river discharge in
late spring, probably via the operation of a close-by hydroelectric power plant. De Angelis
(2008) reports significant disturbance of the noise spectra between 2 and 8 Hz by strong
tropical rainfall on Montserrat. Gurrola et al. (1990), Withers et al. (1996), Cara et al. (2003),
Gorbatikov et al. (2004) and Mucciarelli et al. (2005) describe increased noise levels in dif-
ferent frequency ranges, from 0.1 up to 60 Hz, with increased wind speed. In contrast, Fyen
(1990) finds no measurable effect of wind on the noise spectra between 2 and 20 Hz averaged
over the individual stations of the NORESS array (radius of 1.5 km). Wilcock et al. (1999)
observe the indirect effect of wind in creating high-frequency local wave noise in the oceans
and on Iceland. Similarly, Vassalo et al. (2008) report a good correlation between the noise
spectral amplitudes from 1.7 to 5 s and wind speed for ocean-bottom and island stations in
the Campi Flegrei Caldera.

The major interest concerning repeatability in ambient vibration studies has so far been
focused on the influence of varying noise sources on the stability of peak frequencies and
amplitudes of single-station H/V measurements (e.g. Cara et al. 2003; Mucciarelli et al. 2003,
2005; Guillier et al. 2007). From theory, the H/V curve should depend solely on the structure
below the station and not be influenced by variations in the signal source for the case of a
pure Rayleigh fundamental mode wave field (Tanimoto et al. 2006), which is often assumed
to describe seismic noise. In practice, though, ambient vibration measurements may con-
tain a varying amount of other wave types, i.e. body waves, higher modes, and Love waves
(Bonnefoy-Claudet et al. 2006a; Bonnefoy-Claudet et al. 2008; Kohler et al. 2007).

Guillier et al. (2007) observe stable frequencies and amplitudes only for the fundamental
H/V peaks, which are located below 1 Hz for the three sites they investigate. Peaks at higher
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frequencies (natural peaks) are stable in frequency but variable in amplitude, indicating their
sensitivity to the position and intensity of noise sources (Bonnefoy-Claudet et al. 2006b).
Parolai et al. (2004, 2005), from different studies with either repeated or long term continuous
measurements, report stability in H/V frequencies with time, but not in the corresponding
amplitudes, which exhibit diurnal and seasonal variations related to the ambient noise level.
Besides, Mucciarelli et al. (2005) show that wind might interact directly with the sensors
and wires of the recording system and thus adversely affect the H/V measurements at low
frequencies.

With the increased use of array noise recordings, the influence of varying source locations
and amplitudes on dispersion curves and spatial autocorrelation functions also becomes an
issue. On the one hand, dominant sources within the array might distort the results for both
methods (SESAME 2005). On the other hand, frequency-wavenumber (FK) analysis is based
on the assumption of plane wavefronts and should work best with a single dominant source,
while spatial autocorrelation (SPAC) analysis assumes that the microtremor wavefield is sto-
chastic and stationary both in space and time (Aki 1957). In some studies, ambient seismic
noise simulations have been used to investigate the reliability of the resulting data prod-
ucts depending on source distribution, e.g. distance between sources and array (SESAME
2005; Garcia-Jerez et al. 2008; Roberts and Asten 2008) or isotropic versus directionally
preferred distribution of sources (Cho et al. 2004; SESAME 2005; Asten 2006; Gouédard et
al. 2008). Simulations by SESAME (2005) also indicate that the attenuation structure has a
strong influence on measured dispersion curves, i.e. the distribution of modes in the observed
wavefield, showing another way in which the source-receiver distances of the measurement
configuration might influence the results.

The repeatability and temporal consistency of ambient vibration array measurements has
rarely been checked for actual sites. Chdvez-Garcia et al. (2005) present array measurements
at the same site for two time periods 8 years apart. However, their main motivation for the
second measurement was to check the reliability of their results at low frequencies and extend
the observations further in the low-frequency range. Accordingly, the second set of stations is
located outside (and around) the area covered by the first array and the interstation distances
and frequency bands covered by both installations simultaneously show little overlap. Cho et
al. (2006a) show results for measurements with two arrays that were repeated after about three
weeks, the first time under windy, the second time under windless conditions. The estimated
Rayleigh wave dispersion curves can be followed to significantly lower frequencies on the
windless day, which shows much less spectral contamination in the frequency range between
0.1 and 0.7 Hz. For frequencies above 0.9 Hz, however, the dispersion curves derived on both
days are similar.

At a larger scale, temporal consistency of results is an important indicator of reliability
and measurement uncertainty in noise cross-correlation studies for the retrieval of Green’s
functions and dispersion measurements from permanent broad-band stations (e.g. Bensen
et al. 2007). There, an observed frequency-dependent asymmetry of the cross-correlation
function has been interpreted in terms of different ambient noise sources (Stehly et al. 2006;
Frank et al. 2009). While it is possible to compare results over several months or years in these
cases, temporary array measurements for site characterisation are seldomly repeated at the
same location or run over a sufficiently long time to investigate the consistency of results. In
fact, the relatively short measurement time necessary to obtain dispersion curves is one of the
main points in favour of the use of temporary array measurements for site characterisation.

Thanks to a number of international research projects targeted at gaining a better under-
standing of ambient vibration measurements and developing a standard technique, repeated
ambient vibration recordings with small arrays, as typically used for site characterisation, are
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now available from a number of sites within Europe. Here, we investigate the repeatability
and consistency of three-component dispersion curve and spatial autocorrelation function
estimates by analysing array data from six sites, located in Greece (Aigio, Korinthos, Lefkas,
Lefkos Pirgos/Thessaloniki, Volvi) and Italy (Colfiorito). For these sites, different sets of
measurements conducted by different groups in different years and different seasons with
different instrumentation and array layouts are available. The sites provide a sample of differ-
ent EC-8 classes, shallow to deep sedimentary layers and urban (four sites located downtown)
as well as rural sites (two sites located in the countryside). Part of the measurements were
conducted within the European projects NERIES (NEtwork of Research Infrastructure for
European Seismology) and SESAME (Site EffectS assessment using AMbient Exciations),
others resulted from the Greek-French cooperation “Accelerograph stations site character-
ization using ambient noise” (Savvaidis et al. 2006).

The aim of this study is to investigate stability and consistency of estimates of Love
and Rayleigh wave dispersion curves as well as spatial autocorrelation curves which were
measured at different times of day and in different seasons in different years, using inde-
pendent installations and groups performing the field work. We do not aim to study the
underlying structure of the sites in this contribution or to map the variations of the disper-
sion and autocorrelation curves into depth-velocity profiles. Some of the datasets used have
been analysed in this respect before, and we will refer to these results and independent geo-
technical information to discuss the different conditions at the individual sites. However, a
detailed evaluation and inversion of the datasets to derive the shallow velocity structure is
beyond the scope of this study. Mapping the dispersion and autocorrelation curves into depth-
velocity profiles is a non-linear and non-unique process (depending for example on the
selected model parameterisation, and generally resulting in an ensemble of models that can
explain the data) and would add a new level of uncertainty compared to the direct juxtaposi-
tion of the data products (e.g. Wathelet et al. 2004, 2005, 2008; Parolai et al. 2005; Picozzi et
al. 2005; Endrun et al. 2008; Schevenels et al. 2008). Moreover, the direct comparison of the
measured curves enables us to judge whether the variability in the velocity models resulting
from ambient vibration blind tests (Boore and Asten 2008; Cornou et al. 2009) is likely
caused by problems in the measurement part or can mainly be attributed to uncertainties in
the inversion part of these studies.

2 Locations and data acquisition

The locations of the individual measurement sites discussed in this study are shown in Fig. 1.
Details on the data acquisition can be found in Table 1, while information on the subsur-
face structure at each site is listed in Table 2 and discussed in more detail below. Most of
the measurements were conducted within the framework of the European research projects
SESAME and NERIES. SESAME dealt with the study of the noise wavefield in general,
the development of numerical tools for noise simulation, the determination of guidelines for
single station and array ambient vibration measurements, and the development of software
tools for ambient vibration array processing. To provide best practice recommendations,
field measurements were conducted at a number of locations in Greece, Italy, Belgium and
Germany (SESAME 2002a), part of which are analysed again here. For the site at Colfiorito,
an analysis of the SESAME dataset has been published by Di Giulio et al. (2006). Within
NERIES, subproject JRA4 “Developing and calibrating new techniques for geotechnical site
characterization” in a certain sense builds upon the results of SESAME and aims at providing
low-cost, efficient geophysical tools for site characterisation at the huge number of Euro-
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Fig. 1 Locations of the ambient vibration array measurements

pean strong motion stations. One of its tasks is on-location tests of ambient vibration array
measurements. For these field tests, measurements at 20 European accelerometer sites have
been performed (Endrun and Renalier 2008), a subset of which is used in this study. Further
sources of data are the Greek-French Scientific Cooperation “Accelerograph stations site
characterization using ambient noise” (Savvaidis et al. 2006), that conducted ambient vibra-
tion array measurements near several accelerometer sites in Greece, and a tutorial course for
the sesarray software package organized by LGIT Grenoble, University Potsdam and ITSAK
Thessaloniki that took place in Thessaloniki, Greece, in December 2008.

With the exception of the site Lefkos Pirgos, all measurements employed the same type of
seismometer (Lennartz sensor’s Le3D), whereas various digitizers and sampling rates were
used (Table 1). The acquisition was done by different field teams, with some overlap in the
persons involved. Typical measurement times cover the whole day, with more measurements
conducted in the afternoon, while the SESAME experiment at Colfiorito was done mainly
during night time. Acquisition time for each individual array varies between 30 minutes and
2 h for different teams performing the measurements, and while the array layout is mainly
circular with a central station for the NERIES and Greek/French measurements, other layouts
were used in the SESAME experiments (Fig. 2). The season during which the experiments
were conducted ranges from early spring (NERIES measurements at Colfiorito) via midsum-
mer (SESAME measurements in general) to winter (sesarray course at Lefkos Pirgos). The
time elapsed between the repetitions of the measurements lies between two years (Aigio and
Korinthos) and more than 6 years (Lefkos Pirgos). The site locations range from urban to
rural and are described in more detail below.

The sites of Aigio and Korinthos are both located in towns at the southern shoreline
of the Gulf of Corinth, a Quarternary graben-type structure which is actively extending in
North-South-direction by 5-20 mm/a (Nyst and Thatcher 2004). The graben is antisymmet-
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Table 1 Acquisition parameters for repeated measurements

Experiment Time # Arrays # Stations Duration Sensors/ Sampling
dmin, max [min] digitizers rate [Hz]
[m]
Aigio
Greek/ French 11/05/2005, 3 6 30-60 Le3D (5s)/ 125
afternoon 10, 78 CityShark II
NERIES 09/17/2007, 3 8 100-150 Le3D (5s)/ 200
whole day 3,70 EarthData
Colfiorito
SESAME (Arr. E) 07/30+ 07/31/2002, 1 12 900 Le3D (5s)/ 125
evening to 30, 235 MarsLite
morning
NERIES 03/30/2008, 3 8 45-55 Le3D (5s)/ 100
afternoon 14, 183 EarthData
Korinthos
Greek/French 11/07/2005, 3 6 3040 Le3D (5s), 200
evening 7,60.5 CityShark II
NERIES 09/18/2007, 4 8 50-85 Le3D (5s), 100
whole day 4,142 EarthData
Lefkas
SESAME 08/03/2002, 1 13 190 Le3D (5s)/ 125
around noon 20, 199 MarsLite
Greek/ French 11/02/2005, 3 6 30-59 Le3D (5s)/ 200
evening 13, 117 CityShark II
Lekos Pirgos (Thessaloniki)
SESAME 08/06/2002, 1 13 120 Le3D (5s)/ 125
evening 48, 409 MarsLite
Sesarray course  12/09/2008, 3 10 35-55 Guralp 100
around noon 3.5,374 CMGO6-T
Volvi
SESAME 08/08/2002, 3 13 65-120 Le3D (5s)/ 125
whole day 21, 526 MarsLite
NERIES 09/22/2007, 4 8 50-80 Le3D (5s), 100
whole day 9,931 EarthData

# Arrays specifies the number of arrays (with increasing diameter) consecutively deployed at a single loca-
tion during an individual measurement campaign. The smallest and largest interstation distances realized
at each location, dp,i, and dmax, are also reported. # stations gives the number of stations used in each
of these arrays. The duration refers to the time each of these arrays was continuously recording, while the
time of the experiment describes the time range during which all the individual array measurements took
place

ric, with a rising Southern and a subsiding Northern coast (Pham et al. 2000). Accordingly,
the Southern shoreline is formed by normal faults dipping at 40-50° towards the rift (King
et al. 1985) and showing a well-developed en echelon system (Tiberi et al. 2000). Individ-
ual fault blocks are covered by thick Plio-Quarternary sediments incorporating lacustrine,
coastal plain, fluvial and alluvial fan deposits (Doutsos and Poulimenos 1992). The base-
ment around the Gulf consists of a West-verging stack of flat-lying nappes belonging to the
Hellenides, each of the nappes including a 2-3 km thick competent series of Mesozoic car-
bonates covered by a thinner incompetent layer of flysch (Doutsos and Poulimenos 1992).
At Aigio, the top-most sedimentary layer consists of Holocene sands and clays of about
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Table 2 Site characteristics from geotechnical measurements, as far as available, for the six sites

site vo[m/s] vg[m/s] vpd[m/s] dpq[m] Zm Reference

Aigio 190 430 1200 20 3.5 Athanasopoulos et al. (1999)
Colfiorito 144 160 977 61 7.6 Di Giulio et al. (2006)
Korinthos 270 — — — - Picozzi et al. (2007)

Lefkas 110 110 600 8 6.3 Triantafyllidis et al. (2006)
Lefkos Pirgos 240 530 2300 150 5.4 Anastasiadis et al. (2001)
Volvi 100 430 2600 196 7.6 Raptakis et al. (1999)

v refers to the S-velocity at the surface, vg to the average S-velocity of the sediment layers, and vpq to the
bed-rock S-velocity. dpg gives the depth to the bedrock (thickness of the sedimentary layers), and Zy, the
average impedance contrast across the sediment-bedrock interface. Zy, is calculated using the average sedi-
mentary S-velocity and—with the exception of Lefkas—fixed values of 2, 000 kg/m? and 2, 500kg/m? for the
average density of the sediments and of the bedrock, respectively. For Lefkas, density values were available
from the reference (1, 900kg/m3 for the sediments and 2, ZOOkg/m3 for the bedrock) and applied accordingly.
The last column gives the reference for the used velocity model. Information for Korinthos is sparse, as the
corresponding borehole (to a depth of 40 m) did not reach the bedrock
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Fig. 2 Array layouts deployed during the repeated measurements. Triangles of different colors and orienta-
tions represent seismometer positions belonging to one individual array. For circular arrays, the central station
which stays fixed for arrays with different diameters is marked by a black diamond. Gray shaded boxes
outline the location of the two measurements at the same location relative to one another. For repeated mea-
surement with arrays of different sizes and similar locations, only the position of the smaller array with respect
to the larger one is indicated. a Array deployments at Aigio. b Array deployments at Colfiorito. ¢ Array deploy-
ments at Korinthos. d Array deployments at Lefkas. e Array deployments at Lefkos Pirgos (Thessaloniki). f
Array deployments at Volvi
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20 m thickness (vs < 500 m/s) overlying Pleistocene and Pliocene conglomerates and marls
(vs > 1,000 m/s) above the limestone basement at about 120 m depth (Athanasopoulos
etal. 1999). At Korinthos, the morphology as well as the bedrock depth are less well known.
Slow sediments (vs < 600 m/s) extend to at least 40 m depth. Both array sites were located
within the towns. In Aigio, stations were installed in a park and on a neighbouring square,
with the cliff facing towards the Gulf of Corinth directly North of the recording sites. Noise
sources include pedestrians walking next to the stations as well as car traffic on close-by
roads. In Korinthos, the stations were installed on and around a large town square, with a lot
of pedestrian traffic during the morning. The square is bounded to the North—Northwest by a
large and busy road (compare Fig. 5). The array configurations used at Aigio and Korinthos
are shown in Fig. 2a and c.

The site at Colfiorito is located within a 3 km wide intramountain basin at a height of
~700 m above sea level in the southern part of the Apennine arc. This structural depression
is filled with Quarternary alluvial deposits composed of lateral debris fans interfingering with
lacustrine sandy-clayey deposits that constitute the main body of the fill (vs < 200 m/s).
The basement below these soft sediments consists of limestone and marl rocks (vs around
1,000 m/s) of the Umbria—Marche Meso—Cenozoic sequence (Di Giulio et al. 2006). The
sediment-basement interface has been mapped by Di Giulio et al. (2003) and shows a very
irregular topography, containing narrow sub-basins with sedimentary thicknesses of up to
180 m. These complex lateral variations have been attributed to recent karstic or tectonic
(normal-faulting) activity (Di Giulio et al. 2003). The bedrock is located between 55 and
70 m depth at the measurement location. Measurements took place in a rural environment on
the premises of a farm ~2 km to the North-East of the village of Colfiorito, with no cultural
noise sources in the form of industrial activity or pedestrians in the vicinity. However, the
state highway SS77, which is one of a limited number of East-West connections through the
Apennines, takes a bend around the valley ~1.5 km to the North-West of the array locations.
The array configurations used are depicted in Fig. 2b.

The site at Lefkas is located on the Ionian island of the same name, within the town at its
North-Eastern corner that is situated on a peninsular extending into the sea at 1-5 m above
sea-level. The town is almost completely underlain by Holocene shallow alluvial and lagoon
deposits (vs = 100-150 m/s) of low rigidity and resistance (Drouet et al. 2008; Kassaras et al.
2008). The thickness of this formation, which overlies a stiff marl (vg = 600 m/s), is variable
beneath the town, from 16 m in the town center to zero (marl outcropping) at its southern
boundary, implying a trough-shape (Kassaras et al. 2008). The variable layering of sands
and clays within these soft shallow deposits, covered by human in-fill, caused liquefaction
during the August 2003 earthquake (My, = 6.2). Due to the particular urban environment
at this site, the array stations had to be installed on parking lots and at the side of roads
within the town centre. The area covered by the arrays is situated between two permanent
accelerograph stations showing significant differences in their respective site response char-
acteristics, attesting to lateral heterogeneity. The array layouts deployed in Lefkas are shown
in Fig. 2d.

The site of Letkos Pirgos is located within the city of Thessaloniki, with more than a
million inhabitants the second largest town in Greece, next to the sixteenth century Ottoman
monument of the same name (“White Tower”). The town of Thessaloniki with its suburbs
extends along the Thermaikos Gulf coastal zone, from sea level to an altitude of about 100—
150 m towards the East-Northeast. It is situated on three large-scale geological structures,
which are oriented in the Northwest-Southeast direction, with an increasing thickness of the
sedimentary cover towards the coast (West-Southwest direction) (Anastasiadis et al. 2001):
The surficial formation consists of recent soft deposits of Holocene clays, sands and pebbles
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(vs =200-350 m/s) with a thickness of about 30 m at the measurement location. It is underlain
by alluvial deposits, largely belonging to the red silty clay series (vs = 350-850 m/s), and
mainly dating from the Neogene period. This formation extends to about 150 m depth at the
location of the measurements (Triantafyllidis et al. 2001) and is underlain by the bedrock con-
sisting of gneisses, epigneisses and green schists (vs = 1,750-2,500 m/s). The measurements
took place next to the seashore (fortified sea front and harbour) and the waterfront boulevard,
which are local sources of noise (compare Fig. 5). The shapes of the arrays realized at Lefkos
Pirgos are shown in Fig. 2e.

The site at Volvi is the subject of numerous studies as it has been declared a European test
site for site response estimations (e.g. Jongmans et al. 1998; Pitilakis et al. 1999; Chdvez-
Garcia et al. 2000; Raptakis et al. 2000; Savvaidis et al. 2000). It is located in the Volvi graben,
a part of the Mygdonian basin, between Lake Langhadia and Lake Volvi East-Northeast of
Thessaloniki. The graben is actively extending in a North-South direction at a rate of about
5.7 mm/a (Martinod et al. 1997). It is filled by sediments of the Mygdonian (fluviolacustrine,
deltaic, lacustrine, lagoonal and estuarine deposits; vg = 150—450 m/s) and Promygdonian
(conglomerates, sandstones, silt-sand sediments and red-beds; vg = 650-800 m/s) systems,
which are offset along two faults near each shoulder of the graben, on top of crystalline gneiss
(vs = 2,600 m/s; Pitilakis et al. 1999; Raptakis et al. 2005). Measurements were carried out
in the centre of the valley between the two lakes, where the sediment-basement interface
shallows compared to the area of the lakes to around 196 m depth. The location is in a
rural area, without any major roads, industrial activity, pedestrians or other known sources of
noise in the vicinity. 3 km North of the array, though, the Egnatia Motorway, which was still
under construction during the first measurement in 2002, crosses Volvi valley in a East-West
direction (compare Fig. 5). The array layouts deployed at Volvi are shown in Fig. 2f.

3 Methods

Two different processing techniques for obtaining surface wave phase velocities are generally
used in the array analysis of ambient vibration measurements, the FK method and the SPAC
method (Okada 2003). The capabilities of both methods have recently been investigated and
compared for synthetic ambient vibration data in a simple layer-over-a-halfspace case by
Wathelet et al. (2008).

The FK method can be divided into two subgroups, the beamforming (conventional) FK
method (Lacoss et al. 1969) and the high-resolution FK (Capon 1969). Both assume that the
signal is propagating across an array of sensors in the form of plane waves. If, at a given
frequency, the horizontal wavenumbers (corresponding to the azimuth and velocity of a plane
wave propagation across the array) are known, the output of the array can be optimized by
calculating the relative arrival times at all sensor locations, shifting the signals according to
these delay times, and stacking. As the propagation direction and velocity are usually not
known in advance, stacking is performed on a dense wavenumber grid for each frequency.
The maximum of beampower found on this grid gives an estimate of the propagation direction
and velocity of the plane wave. The high-resolution FK was introduced by Capon (1969) as
an improvement to this method. This technique adds weights to each sensor’s contribution
to the array output, which are calculated so as to minimize the energy at wavenumbers other
than the considered one. Thus, the capability to distinguish between two waves travelling at
close wavenumbers is improved and the resolving power increased.

The SPAC method was originally introduced by Aki (1957) for vertical recordings of
circular arrays with a central station. It is based on the assumption that the noise wavefield
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is random and stationary in both space and time. Under these conditions, the azimuthally
averaged vertical component spatial autocorrelation py between the stations along the circle
and the one at its centre can be expressed in terms of a Bessel function Jg of the first kind of

zero order:
_ 2 fr
,r) = Ji 1
pv(f.r) O(CR(f)) (D

The argument of the Bessel function is given by a ratio that, besides the investigated frequency
fand the radius of the circle r, contains the desired Rayleigh phase velocities cg ( f). Accord-
ingly, the Bessel functions can first be derived by correlating the seismic traces between
station pairs and averaging over azimuthal directions. In a second step, they may either be
inverted to determine the phase velocity curve (which is then subjected to another non-lin-
ear inversion procedure), or used directly to constrain the velocity distribution with depth
(Asten et al. 2004; Wathelet et al. 2005; Asten 2006). A number of advances have been
made to lessen the strong constraints on station distribution inherent to the original version
of SPAC. Among these are the extended spatial autocorrelation method [ESAC (Ohori et al.
2002)], the centreless circular array method [CCA (Cho et al. 2006a)], and the modified
spatial autocorrelation method [MSPAC (Bettig et al. 2001)]. The MSPAC method allows
the use of stations distributed on imperfect circles (for example due to obstacles like houses
and roads when measuring within towns) by substituting the single radius in Eq. 1 by an
integral over rings of a limited radial range. A further improvement is the extension of the
MSPAC method to all three components of the recordings, allowing for the determination
of the Love wave dispersion curve and the relative amount of Rayleigh and Love wave con-
tributions to the ambient vibration wavefield (Kohler et al. 2007). The radial component p
and the transverse component pr of the azimuthally averaged spatial autocorrelation can
be expressed as a combination of Bessel functions of the first kind of the orders zero and
two with arguments similar to Eq. 1, but containing either Rayleigh phase velocity cg (f) or
Love phase velocity ¢y (f), and weighted against one another using a coefficient a( f) that
describes their frequency-dependent relative contributions to the wave field. Similar to Eq.
1, the formulas are given here only for the case of a single fixed array radius (Bettig et al.
2001). Their generalisation to the case of an imperfect circular array by integration over a
limited radial range can be found in Kohler et al. 2007.
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With the help of the Rayleigh wave information determined from the vertical component by
Eq. 1, the Love wave phase velocity and « can be extracted from Eq. 2 and 3.

Other improvements to the SPAC method include the multiple mode spatial autocorrelation
method [MMSPAC (Asten et al. 2004)], which involves the simultaneous direct inversion
of several SPAC curves measured for different array radii. Fitting the curves over multi-
ple maxima and minima improves the resulting estimates of shear-wave velocities, includ-
ing the resolution of near-surface low-velocity layers, as well as the recognition of higher
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mode wave propagation in the SPAC curves (Roberts and Asten 2005; Asten 2006, 2009).
Cho et al. (2006b) and Tada et al. (2007) have formulated a general theory for circular array
measurements of ambient vibrations based on ratios between different types of spectral den-
sities of Fourier expansions of the set of records with azimuth. Other methods rely on the
equivalence of azimuthal averaging by either distributing stations in various azimuths on a
circle or using a pair of only two stations, but with recordings of a sufficient duration to
assume azimuthally evenly distributed sources (e.g. Chavez-Garcia et al. 2005, 2006).

In the analysis of our array datasets, both the conventional and the high-resolution FK
were applied to the three-component recordings of each array to determine a branch of the
Rayleigh as well as Love wave dispersion curves. Traditionally, only the vertical component
of ground motion recordings is used to derive Rayleigh wave dispersion curves. An appli-
cation using all three components to additionally determine the dispersion of Love waves
was given by Fih et al. (2008). To isolate Love from Rayleigh waves on the horizontal com-
ponents, they are rotated into a radial and a transverse component for each individual time
window and each frequency band by regarding each azimuth on the horizontal wavenumber
grid as corresponding propagation direction. Naturally, this strategy can work only if each
time window in each frequency band contains energy from only one main source direction
and if sources are the same for Love and Rayleigh waves. These constraints result in an
incomplete separation of Rayleigh from Love waves on the horizontal components for some
field datasets, especially when using the high-resolution FK. However, with the aid of the
Rayleigh wave dispersion measured on the vertical component, Love wave dispersion curves
could be reliably derived in all cases.

For some measurements, i.e. the ones conducted during SESAME at Colfiorito, Lefkas
and Lefkos Pirgos, data were recorded with one large array consisting of a large number of
stations and featuring variable, small as well as large, interstation distances. For the NERIES
measurements, less stations were available. But instead, data were accessible in near-real
time through communication by a wireless mobile ad-hoc network between stations in the
field (Ohrnberger et al. 2006). Having data readily at hand allows for preliminary in-field
processing. A data-adaptive concept was used in the design of consecutive arrays, based
on the already available partial dispersion curve branches from near-real time processing.
This concept helps to determine the dispersion curve within overlapping frequency bands to
increasingly longer periods from one array to the next.

Curves from the individual arrays at each site and from both conventional and high-
resolution FK were combined to yield a single dispersion curve across a broad frequency
range. Conventional and high-resolution FK give very similar dispersion curves in all cases,
while the high-resolution FK shows some potential to enlarge the usable frequency range
to longer periods, as was also observed by Wathelet et al. (2008) for a synthetic case. The
well-resolved frequency range for FK processing with each array is derived from the array
response function, as described by Wathelet et al. (2008) and Cornou et al. (2009).

In addition to the FK techniques, the SPAC method was applied in the form of the three-
component MSPAC (Kohler et al. 2007). Autocorrelation functions were computed for the
vertical as well as transverse and radial components, averaging across five or more station
pairs with comparable interstation distances and variable azimuths. Then, a grid search can be
conducted across velocities and frequencies for all three components of the SPAC functions
and various interstation distances. It results in the simultaneous determination of Rayleigh
and Love wave dispersion curves and the coefficient « indicating the relative Rayleigh and
Love wave contributions to the wavefield. However, in the following we mainly choose to
directly compare the three components of the SPAC functions between repeated measure-
ments at the same location. Data products derived from them, e.g. dispersion curves, give
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rise to additional uncertainties because of the inverse problem solution necessary to obtain
them (Asten 2009). The SPAC functions are usually displayed covering a broad frequency
range for each individual ring used in azimuthal averaging. Due to the variable array layouts
deployed by the different groups performing the repeated measurements, however, similar
ring radii were seldom, and only by chance, available for comparison. So instead, the SPAC
functions are displayed for single frequencies and covering all available ring radii (Ohori
et al. 2002), which is an equivalent representation according to Eq. 1.

4 Results
4.1 Amplitude spectra

To test the stability and consistency of the ambient vibration wavefield from one measure-
ment to another at the same location, we compare average properties of the wavefield from
repeated measurements. The first of these properties are amplitude spectra, which show the
energy content and distribution with frequency. The variability of spectra reflects changes in
the wavefield composition. Its analysis is therefore essential for the interpretation of varia-
tions in dispersion curves. In the following, three examples are discussed in detail—one from
a relatively calm and unproblematic urban location, Korinthos, one from a more noisy and
complex urban location, Lefkos Pirgos in Thessaloniki, and one from a rural location in the
same area, Volvi.

Figure 3 shows the spectral variations at the central station of each deployment within an
individual measurement cycle for the three locations. In each of the three cases, the exper-
iment with the longest recordings for the central station is displayed, which means that for
Korinthos and Volvi, the analysed data were obtained during the NERIES measurements,
while for Lefkos Pirgos data from the SESAME experiment are used. For Korinthos, the
four array deployments of various sizes were carried out between 09:00 am and 04:30 pm.
For Volvi, the complete time range covered by the four deployments lies between 09:40 am
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Fig. 3 Three-component amplitude spectra and H/V spectral ratios of the central array station at three sites
averaged over different time windows (solid lines). Dashed lines indicate standard deviations

@ Springer



548 Bull Earthquake Eng (2010) 8:535-570

and 05:00 pm. For Lefkos Pirgos, the analysed data are from continuous recordings, which
were available at the central station for 3 h and split into three equal time windows between
06:00 pm and 09:00 pm. In addition to the amplitude spectra, H/V spectral ratios (Nakamura
1989) are also presented.

Spectra from the three sites show different shapes and amplitudes. The urban sites both
have broad spectral maxima between 8 and 15 Hz on all three components, caused by anthro-
pogenic sources (traffic, machinery, pedestrians; e.g. McNamara and Buland 2004). Lefkos
Pirgos shows an additional peak, especially on the horizontal components, around 1 Hz, while
the main peak at the rural site of Volvi is located at 0.27 Hz with much reduced amplitudes
for all higher frequencies. This peak is a manifestation of the secondary microseismic peak,
which is caused by interaction of oceanic waves. A peak below 0.5 Hz is also observed at the
urban sites, but due to its small amplitudes (around 5 m/s) does not appear as prominently
on the recordings of Korinthos and Lefkos Pirgos. Similarly to Volvi, this peak shows larger
amplitude on the horizontal than on the vertical component. The well-defined microseismic
peak in the measurements from Volvi is explained by comparison with weather data (ECMWF
ERA-interim dataset, available at http://data-portal.ec\discretionary-mwf.int). They show a
prominent low-pressure system over the Northern Atlantic South-West of Iceland on the day
the measurements were conducted, which is absent during the measurements at Korinthos
and Lefkos Pirgos. Storms associated with low-pressure systems over the Northern Atlantic
and Pacific are known to increase the amplitude of microseisms in the Northern hemisphere
during fall and winter (e.g. Capon 1972; Cessaro 1994; McNamara and Buland 2004; Stehly
etal. 2006), in such a way that an increase in microseismic activity can even be used to predict
storm surges (De Becker 1990). Variations in closer environmental sources, i.e. associated
with wave action in the northern Aegean, could also influence the low-frequency part of the
spectra at Volvi. For these sources, no data are available for comparison, though. Likewise,
the horizontal component peak around 1 Hz at Lefkos Pirgos can be related to waves, i.e. the
direct interaction of the sea with the harbour walls of Thessaloniki South-West of the array
location, or to anthropogenic sources, as in this frequency band both natural and cultural
sources are active (Bonnefoy-Claudet et al. 2006a).

Comparison of the spectra for different time windows shows that, though spectral shapes
remain similar throughout the day, spectral amplitudes do vary. For both, the rural site of
Volvi and the urban site of Korinthos, amplitudes of all three components decrease with time,
by an average amount of 35% from morning to afternoon. At Lefkos Pirgos, the picture is
different, though: Here, amplitudes on the horizontal components increase by an amount of
about 35% with time from afternoon to early evening. Besides, the main amplitude peak on
the horizontal components shifts in frequency, from 1.07 to 0.92 Hz. The vertical component
shows less amplitude variations, though the shape of the small peak around 1 Hz also varies
with time. In contrast, and as reported in various other studies (e.g. Parolai et al. 2004; Panou
et al. 2005; Guillier et al. 2007), the shape and amplitude of the H/V curves remains fairly
constant.

Additionally, the shape of the spectra can change considerably between repeated mea-
surements (Fig. 4), which is illustrated for Volvi and Lefkos Pirgos, a rural and a very urban
site in the same area. For example, in Volvi, the three components of the amplitude spectrum
show an additional maximum between 1.5 and 5 Hz for the SESAME measurements, with
almost double amplitudes around 3 Hz, that was not observed during the NERIES exper-
iment, even though the location of the central station was the same for both deployments
within 23 m and the time of day of the recordings is about the same. This additional peak can
be explained by an additional man-made source near the array, for example due to work on
the fields around the test site. This explanation is in keeping with the fact that the SESAME
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Fig.4 Comparison of three-component amplitude spectra and the H/V spectral ratios between the two repeated
measurements for two sites. As in Fig. 3, solid lines indicate average spectra (spectral ratios, respectively)
and dashed lines their standard deviations

measurements were done on a workday (Thursday), while the NERIES experiment was
conducted at the weekend (Saturday). In addition, the main low-frequency peak, which is
observed at 0.27 Hz in the NERIES data, is not observed during the SESAME measurements.
Here, the high amplitudes at low frequencies terminate at around 0.35 Hz, a frequency that is
more in keeping with the higher peak frequencies observed in Korinthos and Lefkas Pirgos
(Fig. 3). The different visibility of the microseismic peak can be explained by different, and
stronger, storm activity during the NERIES measurements.

At Lefkos Pirgos, no recordings were made during similar time windows. The spectra are
compared between the closest stations of the two layouts, at a distance of 35 m, which are
the South-Eastern station of the SESAME deployment and the North-Western station of the
medium-sized sesarray array. Comparing the spectra, the broad high-frequency maximum
around 12 Hz on the vertical component has a twice as large amplitude for the sesarray mea-
surements than for the SESAME data. Besides, amplitudes on the horizontal components are
also more than twice as large between 1.5 and 8 Hz for the sesarray measurements. Together,
these observations point to stronger background activity during this measurement, which
is probably both anthropogenic as well as meteorological. Around the low-frequency peak
around 1 Hz, on the contrary, the horizontal amplitudes of the sesarray spectra are smaller,
most significantly on the East component of the recordings. Interestingly, the low-frequency
peak is observed at different frequencies on both horizontal components during the sesarray
recording. If the source is indeed the waves running against the harbour wall, the different
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frequencies could indicate different wave resonances within the harbour, which has a
somewhat larger North-South than East-West extension near the measurement location.

Again, H/V spectral ratios show a fairly constant behaviour—at least at frequencies down
to the lower flank of the main peak—for both measurements. The amplitude of the main peak
varies slightly for both measurements at Volvi, which might be caused by a different amount
of Love waves present in the wavefield.

Together, these observations show that, already during the limited time range of each
measurement, changes in the spectral amplitudes and, sometimes, shapes do occur, while
spectral shapes might vary widely between measurements conducted on different days and
in different years. This has also been observed during longer-term deployments of single
stations for H/V measurements (Parolai et al. 2004; Panou et al. 2005; Guillier et al. 2007).
Nevertheless, consistent with the findings in this study, the derived H/V peak frequencies are
reported to be stable with time. However, no investigation has yet been conducted of the influ-
ence of the spectral variability on dispersion curve measurements with ambient vibrations
arrays.

4.2 Location of main ambient vibration sources

In addition to the stability of amplitude spectra, the stability of the ambient vibration sources
as derived from FK analysis between the first and second measurement at the different loca-
tions has been investigated. During conventional FK analysis, the records of each array are
split into time windows of 50*T, overlapping by 5%, where T is the central period of each
frequency band considered. FK analysis is carried out for each of these time window and the
azimuth and slowness of the position of maximum energy in the wavenumber plane is stored.
Figure 5 shows the distribution of these slowness values from all individual time windows
for the vertical component FK for the two independent experiments conducted at Korinthos,
Lefkos Pirgos and Volvi, respectively. The frequency bands shown were selected in order to
illustrate variations over the complete analyzable bandwidth. For each location, the selected
frequency band was determined by the resolving capabilities of individual arrays in each
deployment. It is apparent that the azimuthal location of the main sources that contribute
to the ambient vibration wavefield changes between the two measurements at each site, for
urban sites as well as for the rural site. Some of the sources can be identified, taking into
account the array locations and the imaged azimuthal distribution (Fig. 5).

The location of sources can most easily be explained in the case of Volvi: During both
measurements, a large part of the energy in the frequency band between 1.5 and 2.2 Hz is com-
ing from the area between 110°and 180°. In this azimuth from the array, the Thessaloniki-
Kavalas road at the southern boundary of Volvi valley crosses the village of Stivos. The
village, which, at a distance of about 1.6 km to the centre of the arrays, is the settlement
closest to the measurement site, as well as traffic entering and leaving this road, act as noise
sources. During the SESAME measurement, another isolated source of noise is found in
the direction of the village of Nymfopetra, while during the NERIES measurements, a well
defined source is found at a direction of ~300°. It might be related to the village of Scholario
as well as the Egnatia Motorway, which has a junction with on-ramps, exits and bridges to
enter and leave the highway in this direction at about 3.4 km distance from the centre of the
arrays. The junction leads to locally increased as well as accelerating and decelerating traffic
that, together with movement of cars over the bridges, provides a significant source of noise.
The motorway’s construction started in 2000, and while the part North of Thessaloniki in
Volvi valley was ready and in use during the NERIES measurements in 2007, it was still
under construction and not open to traffic during the SESAME measurements in August
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Fig. 5 Slowness distribution, determined by FK analysis, of the main contributing energy on the vertical
component within specific frequency bands for two experiments at each of the three sites (left and center
column). The corresponding Rayleigh wave dispersion curves can be found in Figs. 6 and 7 and the two circles
on each plot indicate the maximum and minimum slowness of the measured dispersion curves in the considered
frequency windows. For comparison with possible noise sources, schematic maps of the array locations are
shown in the right column, where black rectangles outline the approximate location of the array deployments

2002, which means that the junction was not yet available as a source. This is consistent with
our observations.

For Lefkos Pirgos, the recordings of the sesarray course show energy contributions from
a broad azimuthal range, between 320° and 170°, for frequencies between 3 and 5 Hz. These
sources are clearly located in the city of Thessaloniki and show a good correlation with
the course of several major roads, which follow the Thermaikos Gulf by taking a turn from
North-West to South on the land side of the arrays. During the SESAME recordings, the dis-
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tribution of sources looks more scattered and might be more focused on individual crossroads
or bends in the roads.

During the NERIES measurements at Korinthos, sources—probably associated with
traffic—can be found almost all around the array in the frequency range of 4.5-8 Hz, though
locations between 200° and 30° dominate. This is in agreement with the course of the largest
and most busy road North of the square were the measurements took place. The strongest
maxima at about 10° and 225° might be related to the crossroads at the North-West and
South-West corners of the square. The Greek-French measurements, which were concen-
trated more in the North-East part of the square (Fig. 2) shows a different picture with only
a few well-defined concentration of energy around 190°, 300° and 340° in the considered
frequency range. They could be related to individual crossroads or construction sites around
the area where the measurements took place.

4.3 Dispersion curves

Figure 6 shows all Rayleigh and Love wave dispersion curves determined at the site of Volvi.
All dispersion curves from FK analysis shown in the following represent a combination of
the results for all arrays deployed during each measurement at each locations and the analysis
with conventional as well as high-resolution FK. Dispersion curves can be determined over
a broad frequency range, from 0.3 Hz up to 30 Hz for the NERIES Rayleigh wave data. The
high-frequency limit extends to considerably higher frequencies here than in the case of the
SESAME data due to the significantly smaller interstation distance of the smallest NERIES
array (Table 1). The reliable frequency range for the determination of dispersion curves by
FK was derived from the analysis for the respective array response functions (Wathelet et al.
2008). Within these limits, an excellent agreement is observed for both wave types between
the results derived by FK analysis and by SPAC for each individual experiment, on the one
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Fig. 6 a Comparison of Rayleigh wave dispersion curves derived from ambient vibration data recorded at
Volvi during different measurements (NERIES and SESAME) and using different methods of analysis (FK
and SPAC). Constant-wavenumber lines outline the upper and lower resolution limits (Wathelet et al. 2008) of
the correspondingly colored FK curves (solid kpyin/2, dashed kpyin and kmax, dotted kmax/2; where kpin/2
is the radius of the central peak of the array response function at mid-height and kpax is the minimum wave-
number at which this amplitude is reached again outside of the central peak) b same as a for Love waves,
where a higher mode is consistently observed in addition to the fundamental mode
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hand, as well as between results from both of the measurements on the other hand. A Love
wave higher mode is consistently identified from FK analysis of both datasets. The disper-
sion curves derived from SPAC show significantly larger uncertainties than the FK data. The
uncertainties are in this case directly determined from the gradient of the misfit function at
each frequency around the optimum slowness determined by the grid search. In contrast, the
uncertainties shown for the FK curves correspond to standard deviations derived from the
edited distributions of slowness values from all analysed time windows at each frequency,
which are close to Gaussian in shape. It is also apparent that outside the lower limit of the
reliable frequency range, the dispersion curves determined by FK systematically deviate to
lower slownesses, and thus higher phase velocities, compared to the dispersion curves derived
from SPAC. This observation is similar to what was found in a recent synthetic test (Wathelet
et al. 2008) and in applications of different variants of the SPAC method (Cho et al. 2004;
Kohler et al. 2007). It can be explained by the different factors that limit resolution for the
FK and SPAC methods, respectively (Asten and Boore 2005). For FK methods, resolution
at low frequencies is limited by the inability to separate between different wave components
(which implies that resolution at low frequencies can be improved by the high-resolution FK,
as is indeed observed in our datasets). Smeared azimuthal distributions of wave energy due
to limited resolution lead to average estimates of wavenumber which are biased to shorter
wavenumbers, i.e. higher velocities (Asten and Boore 2005; Claprood and Asten 2009). SPAC
methods, on the contrary, do not aim at the resolution of individual wave components, but
perform an azimuthal averaging of wave energy. Rather, their low frequency resolution limit
depends on the mutual coherence of the recordings at different stations (Cho et al. 2004) and
accordingly, they are more susceptible to incoherent noise which will bias the coherency, and
the velocity estimates, to lower values (Asten and Boore 2005). Still, they can potentially
resolve the dispersion curves to lower frequencies than FK methods (Claprood and Asten
2009).

For the five other sites, a similarly good agreement between the dispersion curves derived
by FK and by SPAC is observed for each individual measurement. Comparisons between
the repeated measurements are depicted individually for Rayleigh and Love wave dispersion
curves derived from FK analysis (Figs. 7 and 8). Here, the dispersion curves from FK are only
shown between the upper and lower resolution limits as determined from the corresponding
array responses.

For all sites, the agreement between the Rayleigh wave dispersion curves is excellent in the
frequency part covered by both measurements (Fig. 7). At Aigio, Rayleigh wave dispersion
can be measured up to 45 Hz (which is close to the Nyquist limit for the employed sampling
frequency of 100 Hz) and in Korinthos, up to 30 Hz from the NERIES data, whereas for the
other locations and experiments, the dispersion curves start at lower frequencies due to the
larger sizes of the smallest deployed arrays (Table 1). At Aigio, the dispersion curve derived
from NERIES data shows a complex shape and large standard deviations between 15 and
30 Hz. Part of this frequency range is influenced by a sharp spectral peak around 25 Hz, with
large amplitudes on the vertical components, that was observed during the recording of the
smallest array, but not during the following recordings of the larger arrays. In the urban envi-
ronment of the site, this kind of sharp and temporally variable peak is likely caused by some
machinery. In fact, it is probably due to work on the street light electrics that was performed
close to the array location during the recording of the smallest array. However, the deviation
of the dispersion curve to lower slownesses between 18 and 22 Hz can also be explained by
the influence of a higher mode which is not generated at lower frequencies. At Colfiorito,
the derived Rayleigh wave dispersion curves show an excellent agreement for both Rayleigh
fundamental and higher mode. At Korinthos, a similarly good agreement is obtained over a
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wide frequency range, while at Lefkas and Lefkos Pirgos, the overlapping frequency range
is smaller, but the agreement still fine.

For the Love wave dispersion curves derived from FK (Fig. 8), the agreement between
dispersion curves from different measurement campaigns is also very good, though in some
urban locations the analysis of horizontal components proved more difficult. At Aigio,
Korinthos and Lefkas, a Love wave higher mode could only be detected in one of the two
measurements—the one that was capable of reaching higher frequencies. For Aigio, the Love
wave dispersion curve derived from the Greek/French cooperation data shows mode jump-
ing at frequencies above 11 Hz—it deviates from the fundamental mode dispersion curve
and approaches the higher mode dispersion curve as derived from NERIES data. With only
the Greek/French dataset available, it would become very difficult to correctly identify this
tendency. For the rural location at Colfiorito, the agreement between curves is once more
excellent, and very good correspondence is also observed for the urban site of Korinthos.

For Lefkas, and, more pronounced, for Lefkos Pirgos, there is a discrepancy between the
measured Love wave dispersion curves at high frequencies. At Lefkas, both curves are still,
though barely, contained within each other’s standard deviation, which is no longer the case
for Lefkos Pirgos. As these are the two sites with the most urban environment of all locations
considered, where stations were installed directly next to roads, the observed discrepancies
might point to general problems with the interpretation of horizontal components in a difficult
measurement environment with heavy and local cultural noise.

Indeed, at Lefkas it was not possible to obtain any dispersion curve from the horizontal
components of the smallest array of the Greek/French deployment. For the smallest two
arrays, the spectra of both horizontal components of the central station show a strong rise in
amplitudes for frequencies below 3 Hz and exceptionally large amplitudes in this frequency
band, up to eight times as large as the average of the other stations. Still, analysis without
the central station does not improve the FK results for the smallest array as the concerned
frequency range is below the resolution limit of this array. For the medium array, another
station, the one due East of the centre, also shows anomalous spectra, with a peak twice the
amplitude of the other stations around 4 Hz on both horizontal components. This observation
can be explained by horizontal motion or tilting of the seismometer due to a close-by, strong
noise source (e.g. traffic or people passing immediately next to this individual seismometer).
It might have a strong influence on the part of the dispersion curve estimated from the data of
this array (Forbriger 2009), i.e. the higher-frequency part of the dispersion curve that shows
the discrepancy to the SESAME measurement. FK analysis without this problematic station
indeed leads to a curve that can be followed to higher frequencies and is much closer to the
SESAME data. Compensating for this kind of problems occuring on a single station’s hori-
zontal components during in-town measurements is probably easier if the array deployment
contains a larger number of stations than was available during the Greek/French campaign.
With only 6 stations, the influence of each individual station is larger and it becomes more
important that each station is working correctly.

At Lefkos Pirgos, several explanations are possible for the observed high-frequency dif-
ferences. On the one hand, similarly to the measurements at Aigio, the fundamental mode
curve derived from SESAME data might actually lie between the fundamental and higher
mode above 3 Hz. It approaches the observed higher mode curves, while the fundamental and
higher mode curves derived from the sesarray experiment are more or less parallel at these
frequencies. On the other hand, another possible reason for the discrepancies between the
two measurements are actual lateral structural variations. At this location, the centres of the
arrays used in both experiments are more than 300 m apart, the largest distance of all locations
considered for the repeated measurements (Fig. 2). The smallest interstation distances close
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to the array centres are used in the dispersion estimation at the highest frequencies. At 5 Hz,
the highest frequency covered by both curves simultaneously, the wavelength is estimated to
be around 65 m from the measured phase velocities, indicating that the arrays were separated
by several wavelengths at this frequency. Thus, the two experiments might easily sample dif-
ferent structures at depth within the heavily reworked and urbanized environment at Lefkos
Pirgos. As the sensitivity of Love waves is more concentrated in the shallowest part of the
underground than the one of Rayleigh waves of the same frequency, this effect is expected
to be more pronounced for Love waves. Besides, higher modes at the same frequency are
influenced by structure at larger depth than the fundamental mode, which can explain the
observed good agreement between the two measurements for the Love wave higher mode
dispersion curves. In addition, some general shallow structural variation due to the different
seasons during which the measurements were conducted (high summer vs. early winter) can
neither be completely excluded.

4.4 Spatial autocorrelation curves

The three components of the spatial autocorrelation functions from the repeated measure-
ments at the five locations are shown in Fig. 9. For each site, the curves are shown for three to
five logarithmically equidistant frequencies between the upper and lower limit for which both
Love and Rayleigh wave dispersion curves could reliably be derived from the autocorrelation
functions. Theoretically calculated values for the Bessel function expressions describing each
of the components are shown together with the measured data to give an additional impres-
sion of the goodness of fit. They are calculated using the phase velocities and average values
of « derived from the joint grid-search inversion of all three-component MSPAC data at the
corresponding frequencies (Kohler et al. 2007), which results in Rayleigh and Love wave dis-
persion curves and values for « as illustrated for Volvi in Fig. 6. For all sites, a generally very
good agreement between the spatial autocorrelation values from different arrays belonging
to one experiment as well as between the two repeated measurements is observed, in some
cases to quite low frequencies (e.g. 0.8 Hz in the case of Colfiorito) and in others up to several
zero-crossings of the autocorrelation function (e.g. Korinthos). Often, the measured points
follow a common curve not only for the vertical, but also for the radial and transverse com-
ponents, which indicates that there is no large variation in the relative amount of Love and
Rayleigh wave energy between the individual measurements. For example, for a frequency of
1.25 Hz the data on the radial and transverse components at Colfiorito (Fig. 9b) clearly show
a much better agreement with the theoretical curve for o equal to 0.15 (dashed line) than to
the curve for a larger value of 0.5 for « (solid line), indicating a larger Love wave contribution
to the wave field. Both theoretical curves are drawn, however, as the « values determined
from the NERIES data show large variations around 1.25 Hz. There are some exceptions, i.e.
the radial and transverse SPAC curves at the lowest frequencies in Aigio and Korinthos. In
these cases, a different value of « is required to fit both of the measurements equally well.
The observed deviations from the theoretical curves also show some common character-
istics: They mainly occur for the smallest ring radii and at low frequencies (Aigio, Colfiorito,
Lefkas and Lefkos Pirgos). This can be explained by the long wavelengths of these data
compared to the ring radii that impede a meaningful correlation between the recordings of
different sensors. Generally, only higher frequencies would be considered at these small
ring radii to, for example, determine dispersion curves from SPAC measurements. For the
comparison between different measurements, though, all rings were sampled at the same
frequencies when calculating the autocorrelation curves. During the Greek/French experi-
ment at Aigio, the smallest two arrays were measured two times, one time immediately after
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Fig. 9 continued

the other, as seismograms of the first measurement looked rather noisy and unsatisfactory.
This can be confirmed by looking at the autocorrelation curves which show a larger deviation
from the expected values for the first set of measurements. At Korinthos, a single outlier from
the measurements is observed for a ring radius of 13.34 m, which is the largest ring of the
smallest array from the Greek/French experiment, at high frequencies (6.3 Hz and 8.5 Hz).

Interestingly, the differences observed in the Love wave dispersion curves derived by FK
for Lefkas are not apparent in the transverse component of the SPAC curves. At frequencies
above 3 Hz, where the deviation in the dispersion curves is evident, the SPAC data from both
measurements still agree closely with the same Bessel-type curve (Fig. 9d). This might be an
indication that SPAC analysis is more tolerant of the type of problem affecting the horizontal
components in this urban location.

5 Discussion

The analysis of the average spectral and propagation properties of the ambient vibration
array measurements shows that the noise wavefield is variable with time, for example due
to different anthropogenic activity or different meteorological conditions. However, in all
cases this variability, which has previously been observed in other measurements (e.g. Panou
et al. 2005; Bonnefoy-Claudet et al. 2006a; Vassalo et al. 2008), shows little influence on the
dispersion curves derived by FK and on the SPAC curves extracted from the array record-
ings. For urban as well as rural sites and for shallow (i.e. Aigio, Lefkas) as well as large
(i.e. Volvi, Lefkos Pirgos) bedrock depths (Table 2), the dispersion and SPAC curves show
good agreement between different measurements. For all sites, the dispersion curves from
both measurements are contained within each other’s standard deviation, which means that
they can be explained by compatible sub-surface structure. The curves are also consistent
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Fig. 9 continued

between different arrays from a single installation, and the dispersion curves derived from
SPAC agree very well with the results of the FK. In addition, for the NERIES sites disper-
sion curves from active seismic measurements (Multichannel Analysis of Surface Waves,
MASW) that were conducted simultaneously with the array recordings, were available for
comparison (Endrun and Renalier 2008). In general, the MASW dispersion curves cover a
slightly different frequency range than the ambient vibration array data, extending to higher
frequencies (up to 50-60 Hz), but missing the low-frequency part of the dispersion curve
(below 5-10 Hz), though details depend on the configuration of the respective measure-
ments. However, in the frequency range covered by both active and passive measurements,
the agreement is good for all sites considered here (Aigio, Colfiorito, Korinthos and Volvi)
for Love as well as Rayleigh waves.

The excitation and visibility of higher modes within the ambient vibration wavefield might
vary from one measurement and one set of measurement conditions to the other, especially
for Love waves (for example, see dispersion curves for Aigio, Korinthos and Lefkas). The
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Fig. 9 continued

SESAME measurements at Colfiorito, which lasted for 15 h, lead to an interesting obser-
vation in this context: The Rayleigh wave higher mode, which is clearly observed during
the early hours of the morning (from 04:00 am to 09:00 am) in the FK data from this array,
cannot be found during the middle of the night (11:00 pm to 04:00 am). It seems that the clear
excitation of the higher mode is dependent on the source distribution: The energy distribution
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between fundamental mode and higher modes in the ambient-vibration wavefield is known
to dependent on the distance distribution of the sources, as damping leads to a preferential
attenuation of the fundamental mode for more distant sources (SESAME 2005). Accordingly,
the observation of the higher mode during certain time windows or during one of two repeated
measurements indicates that either a strong, distant source capable of mainly exciting the
higher mode was only active during this time windows or strong, close sources that transmit
energy mainly to the fundamental mode were inactive during this time windows, permitting
the higher mode to be seen. The temporal variability of long-term array measurements will
be the subject of further study.

Accordingly, while it is hard to find indications of variations in the frequency band that
is covered by the dispersion curve due to the activity or inactivity of distinct sources in the
comparison of the repeated measurements—mainly due to the variations in array layout that
have similar and competing effects—the variable visibility of higher modes hints at this kind
of fluctuations in the noise wavefield. The additional information given by a higher mode
dispersion curve—if correctly identified—can help during inversion to further constrain the
velocity profiles that might explain the data. However, while some models might be excluded
based on the additional information, no fundamentally different type of velocity models is
expected.

It is remarkable that higher modes are observed during at least one of the two repeated
measurements at five of the six sites for Love waves, but only at one site, Colfiorito, for
Rayleigh waves. This observation agrees with what is predicted, for example, by Fih et al.
(2008), who state that one of the advantages in using horizontal component data is that the
separation between different modes is larger for Love waves, and thus, they are easier to
identify. Intriguingly, the only site where a Rayleigh wave higher mode is observed is the
only one where no Love wave higher mode is found, even though the Love wave contribution
to the wavefield is very large for this site. This, together with the variable observance of
the Love wave higher mode between repeated measurements (e.g. at Aigio, Korinthos and
Lefkas) and, most strikingly, the temporally variable occurrence of the Rayleigh higher mode
during the continuous measurements at Colfiorito, illustrates the importance of appropriate
sources generating energy in the right frequency-wavenumber band for the observability of
higher modes in the ambient vibration wavefield.

While the dispersion and SPAC curves do not vary between repeated measurements, the
relative amount of Rayleigh wave energy in the wavefield can change, probably due to the
activity of different sources. Variations are for example found for the two lowest frequencies
(6 and 7.2 Hz) at Aigio (Fig. 9a), where the fit of measured data with the theoretical Bessel-
function type curves for the largest array radii on the horizontal components points to a dif-
ferent and larger value of o during the Greek/French experiment (around 0.5) compared to
the NERIES measurements (around 0.3). A similar observation can be made for the lowest
frequencies (2.6, 3.5 and 4.7 Hz, respectively) at Korinthos (Fig. 9c), where again a larger
value of o (around 0.5 vs. 0.3) is found during the Greek/French experiment. At higher fre-
quencies (8.5 Hz) the measured data at small radii point to an exceptionally large value of «
for the NERIES measurement (around 0.7), while the Greek/French experiment still shows
a consistent value of around 0.5. Contrastingly, for the sites at Lefkas (Fig. 9d) and Lefkos
Pirgos (Fig. 9¢), which are similarly located in an urban environment, the relative contribu-
tion of Rayleigh waves is consistent between the repeated measurements at all frequencies,
even though different sources contribute to the wavefield (Fig. 5). The same holds true for
the rural site of Colfiorito, where a very low amount of Rayleigh waves (« about 0.15) is
observed at all frequencies (Fig. 9b). This tendency towards lower values of « is also found in
the data from Volvi, which are not displayed here. In general, Fig. 9 shows that the value of «
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is at or below 0.5 at all frequencies for all measurements, indicating a strong contribution of
Love waves to the ambient vibration wavefield. Additionally, « is not constant, but variable
with frequency and seems to be especially low for the rural sites. Similar observations of at
least 50% and up to 90% Love waves in the ambient vibration wavefield have been reported
for single sites (e.g. Kohler et al. 2007; Bonnefoy-Claudet et al. 2008), but the results from
SPAC shown here indicate this to be a common case in a wide variety of settings, even if the
individual sources of the wavefield vary.

The different array configurations, using between 6 and 13 stations in a single array, do not
have any discernible influence on the resulting dispersion curves, apart from the fact that the
minimum and maximum aperture of the deployed arrays (Table 1) influences the frequency
range across which the dispersion curves can be determined. For example, in the case of
Korinthos, the smallest array radius in the case of the NERIES measurements was 5 m, while
the largest one is ~60 m. The Rayleigh wave dispersion curve was determined between 30
and 2 Hz from these data. In the Greek/French experiment, the smallest array radius was
8 m and the largest 30 m, and the Rayleigh wave dispersion curve could only be determined
between 20 and 3.5 Hz. The precise frequency range that can be covered by a given array size
depends on the local velocity structure and also on the frequency and distance distribution of
noise sources. Besides, with a larger number of stations available, less individual arrays have
to be deployed to cover the same frequency range. For example, compare the Rayleigh wave
dispersion curve derived from three six-station arrays of increasing size in the Greek/French
experiment and the curve derived from a single 13-station array deployed during SESAME
in Lefkas. In this case, it is possible to extend the dispersion curve to high as well as low fre-
quencies arrays using a single array, which contains smaller and larger interstation distances
than the three arrays deployed during the Greek/French experiment (Table 1).

The instrumentation used neither seems to influence the resulting data products signifi-
cantly. Most of the measurements actually used the same seismometer, Lennartz’s 5 s, which
was found to be the overall best sensor of those tested for measurements down to 0.1 Hz
by Guillier et al. (2008). Their comparative test of digitizers, sensors and digitizer-sensor
couples was aimed at deriving recommendations for ambient vibration H/V measurements.
However, the tests of the consistency, accuracy and stability of the different instruments
have general applicability, also for stations used in another context. The study of Guillier
et al. (2008) did not include the Guralp CMG6-T instrument, which was not available at
the time the study was conducted (SESAME 2002b). A Guralp 30 s seismometer, though,
was used in the test, and showed very good results in terms of signal shape in time and
spectral domains. All of the digitizers—again except the built-in one in the CMG6-T—used
during the repeated measurement were investigated by Guillier et al. (2008). They observe
good consistency between channels, no drift or polarity problems and a sensitivity close to
the one specified by the manufacturer for all three digitizer types. This is consistent with
our observation that no clear influence of the used equipment on the resulting data products
can be determined. Rather, the measured dispersion and SPAC curves are independent of
the equipment used—as far as tested in this study, e.g. we cannot confirm the satisfactory
performance of 4.5 Hz sensors as observed by Guillier et al. 2008. Likewise, we cannot
derive any recommendations on the necessary measurement durations for ambient vibration
recordings—from the consistency of results, it seems that each of the recordings lasted long
enough to provide a stable estimate of the dispersion and SPAC curves.

Comparing the results for the sites where the seasonal conditions between the two mea-
surements differ most, i.e. Colfiorito (early spring, with snow still covering the mountains
around the valley, vs. high summer) and Lefkos Pirgos (high summer, with large heat dur-
ing the day, vs. winter), no systematic variations are apparent. Precipitation data (ECMWF
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ERA-interim dataset) shows that no heavy rains occurred at either of the two locations in
the week before either of the repeated measurements. However, the volumetric soil mois-
ture (determined for the uppermost 2.89 m of the subsurface) shows some variations with
season for both locations (ECMWF ERA-interim dataset). At Lefkos Pirgos, variability in
soil moisture is large (around 25%) only for the uppermost soil layers (to 21 cm depth) and
decreases rapidly below, to average around 5% for the total depth range to 2.89 m. This
is clearly insufficient to explain the observed Love wave fundamental mode discrepancies
at high frequencies. Rather, they can be convincingly explained by the influence of higher
modes or the sampling of different structures (see Sect. 4.3). At Colfiorito, the differences in
soil moisture content are larger, showing an average increase by 20% across the 2.89 m depth
range during the NERIES measurement in early spring compared to the SESAME acqui-
sition in summer. Velocity variations in such shallow depths, however, cannot be resolved
by our measurements, which in this case are only influenced by velocity changes below
~2.5 m depth for the NERIES Rayleigh wave dispersion curve and below ~6 m depth for
the SESAME data. Though the soil moisture may vary to larger depths than covered by the
soil moisture model, at least the values provided by the model are hardly—if at all—covered
by the datasets, preventing a meaningful comparison of the influence of different volumetric
soil moisture contents. The measured Love and Rayleigh wave dispersion curves at Colfi-
orito actually show excellent agreement, indicating that any possible seasonal variation of
sub-surface properties is below the resolution threshold of the ambient vibration array mea-
surements. With the use of smaller arrays (e.g. starting with 5 m diameter like for the NERIES
measurements in Aigio and Korinthos), this could potentially change, if dispersion curves
could be determined to higher frequencies, especially at slow sites like Colfiorito, Volvi and
Lefkas. With the present dataset, though, further investigation of this question is not possible.

Another seasonal effect that is related to changes in the noise wavefield rather than varia-
tions in the subsurface conditions can be observed in the data: The variability in the excitation
of microseisms (Fig. 4b). However, the corresponding frequency is so low that it can hardly
be resolved in FK analysis even by the largest arrays used in this study. Tanimoto et al. (2006)
and Tanimoto and Alvizuri (2006) report an influence of the seasonal source location changes
of long-period microseisms on the long-period (0.1-0.2 Hz) H/V ratio, explained by variable
contributions of higher modes. The possible impact of this seasonal variability on long-period
ambient vibration dispersion measurements would also warrant further investigation, using
larger and non-temporary arrays, though.

Some variations in the noise wavefield with the day of week are found in the measure-
ments, e.g. in Fig. 4b) which compares spectra measured at Volvi on a weekday (SESAME)
to those measured at the weekend (NERIES). A similarly enhanced noise level between 2 and
4 Hz is also observed when comparing the SESAME measurement (performed on Monday
and Tuesday) with the NERIES measurement (conducted on a Sunday) at Colfiorito. Here,
the noise amplitude doubles for the weekday compared to the weekend. However, as these
two rural sites provide very good agreement between dispersion curves for the repeated mea-
surements (Figs. 6, 7, 8), no adverse effects of the varying noise generation can be found. Due
to the limitations of the dataset, a further systematic comparison between noise recordings
at different times of day is not possible and may be subject of future projects.

In general, we observe excellent agreement between dispersion and SPAC curves measured
during different years at different times of day on different weekdays in different seasons by
different teams using different array layouts and different instrumentation. This indicates that,
though the noise wavefield is variable at high as well as at low frequencies on the time scales
considered here, the measurement results are independent of these variations and repeatable.
Accordingly, variations of up to 50% in slowness as well as velocity observed in the sub-
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surface models resulting from a recent blind test (Cornou et al. 2009) cannot be ascribed to
different measurement conditions or problems in the determination of the dispersion curve,
but are very likely due to uncertainties and differences in the applied inversion schemes. This
can already partly be inferred from the experiment of Cornou et al. (2009), where, in addition
to real data, synthetic datasets were used, thus excluding effects of the field measurements,
and only inversion results that were not based on any gross misestimation of phase veloc-
ity or misidentification of modes are presented. However, it implies that future work aimed
at improving the usefulness of ambient vibration recordings for site characterisation should
mainly be focused on the inversion issue, for example allowing a better comparison of results
by also producing reasonable uncertainty estimates for the depth profiles.

6 Conclusions

In summary, our study shows that while average properties of the ambient vibration wave-
field, i.e. strength, number and location of sources, vary with time, the derived data products,
i.e. dispersion and SPAC curves, can be reproduced in a stable and consistent fashion. They
also prove to be independent of the team conducting the measurements, the instrumentation
and array-layout used and the timing (within the year as well as within the week or day)
and duration of the measurements, at least within the limits investigated here. The frequency
range over which the dispersion and SPAC information can be determined and used primarily
depends on the array layout—with a large number of station (more than 10), a single array
containing both large and small interstation distances can be sufficient to cover the whole
frequency-range of interest. However, if less stations are available, it is necessary to deploy
several arrays of different sizes to achieve similar coverage in the frequency-wavenumber
space. The observability of higher modes, which depends on the underground structure as
well as on the sources contributing to the wavefield, is variable and hard to predict in advance.
Based on the data from the six sites examined here, the stability and consistency of the ambi-
ent vibration data products is best for rural sites without much anthropogenic noise sources
located close to or even inside the arrays. However, good agreement is also found for urban
locations, especially for Rayleigh waves, while the analysis of horizontal components, specif-
ically in urban locations, requires careful data analysis procedures and critical interpretation.
To sum up, array recordings of ambient vibrations do indeed contain structural information
and can be used to gather information on the shallow subsurface structure in a relatively
quick, cost-efficient and nondestructive way. The main reason for the variability observed
in inversion results from recent blind tests using ambient vibration datasets is thus probably
unrelated to problems in the field measurements or the determination of dispersion and SPAC
curves from the data.
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