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Abstract

This study presents results of ambient noise measurements from temporary single station and small-scale array
deployments in the northeast of Basle. H/V spectral ratios were determined along various profiles crossing the
eastern masterfault of the Rhine Rift Valley and the adjacent sedimentary rift fills. The fundamental H/V peak
frequencies are decreasing along the profile towards the eastern direction being consistent with the dip of the ter-
tiary sediments within the rift. Using existing empirical relationships between H/V frequency peaks and the
depth of the dominant seismic contrast, derived on basis of the A/4-resonance hypothesis and a power law depth
dependence of the S-wave velocity, we obtain thicknesses of the rift fill from about 155 m in the west to 280 m
in the east. This is in agreement with previous studies. The array analysis of the ambient noise wavefield yield-
ed a stable dispersion relation consistent with Rayleigh wave propagation velocities. We conclude that a signif-
icant amount of surface waves is contained in the observed wavefield. The computed ellipticity for fundamental
mode Rayleigh waves for the velocity depth models used for the estimation of the sediment thicknesses is in
agreement with the observed H/V spectra over a large frequency band.

Key words H/V ratio — ambient vibration — array quakes such as the 1356 Basle event could be
analysis — fundamental frequency — Rhine Rift Valley more frequent than previously thought. For the
prediction of strong ground motion during po-
tential future earthquakes, it is therefore of con-

1. Introduction siderable interest to gain knowledge about wave

propagation properties in the unconsolidated

The Southern Rhine Rift Valley is among sediment layers.

the most active seismic regions within Central In this study we present results from an am-
Europe. Re-evaluation of the seismic hazard bient vibration measurement campaign for a re-
based on paleoseismological studies (Mayer- gion north-east to the city of Basle extending
Rosa and Cadiot, 1979; Meghraoui et al., 2001; the work of Kind (2002) and Fah et al. (1997).
Becker et al., 2002) showed that larger earth- Kind presented H/V results from microtremor

recordings together with a geological model for
the urban area of Basle. The geology of the

Mailing address: Dr. Matthias Ohrnberger, Institut fiir measurement area outside of the city border of
Geowissenschaften, Universitdt Potsdam, Karl-Liebknecht- Basle must be seen as not verified due to lack of
Str. 24, 14476 Golm b. Potsdam, Germany; e-mail: akoch- available data but can be extrapolated from the
ler@rz.unipotsdam.de . . . .

(") Now at: Converium Ltd., General Guisan Quai 26, geOIOglcal proflles shown in Kind’s paper.
CH-8022 Ziirich, Switzerland. Basle is situated within the Rhine Rift between
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the Allschwil fault zone and the eastern mas-
terfault. Near the masterfault, the St. Jakob
Tiillingen synclinal structure consisting of 100-
400 m thick tertiary sediments forms the
boundary of the rift fill.

The analysis of ambient seismic vibration
recordings for site effect estimation is con-
sidered a low-cost alternative to expensive in-
vestigation methods such as drilling or active
seismic experiments (Aki, 1957; Milana et al.,
1996; Bard, 1998; Ohmachi and Umezono,
1998). It has become very popular to estimate
the natural frequencies of soil columns from
horizontal to vertical (H/V) spectral ratios at
single stations (Kudo, 1995; Bard, 1998). Fur-
thermore, the array analysis of surface wave
dispersion characteristics from ambient vibra-
tion data allows to derive shallow shear-wave
velocity profiles (Aki, 1957; Lacoss et al.,
1969; Asten and Henstridge, 1984; Horike,
1985; Tokimatsu, 1997).

Nakamura and Ueno (1986) and Nakamura
(1989, 2000) suggested that taking the H/V ra-
tio reduces the effect of the source, and thus the
spectral ratio represents the stationary amplifi-
cation function of the soft rock due to «shear
wave resonance» (A/4-hypothesis). The condi-
tion for this interpretation is that the wavefield
contains a significant portion of body waves
and that there is a sufficiently high impedance
contrast between sediment layer and underlying
bedrock. Under the assumption that these con-
ditions are met, empirical correlations between
sediment layer thicknesses 4 and peak frequen-
cies fo can be determined, if independent infor-
mation about sediment bedrock interface depths
is available.

On the basis of phase velocity analysis re-
sults from microtremor array measurements
(Asten and Henstridge, 1984; Tokimatsu and
Miyadera, 1992) many authors argued, in con-
trast to Nakamura’s interpretation of the H/V ra-
tio, that the ambient vibration wavefield is often
dominated by surface waves (Lachet and Bard,
1994; Fih et al., 2001; Cornou and Bard, 2003;
Scherbaum et al., 2003). Assuming that a sig-
nificant portion of the wavefield is due to the
propagation of fundamental mode Rayleigh
waves, the fundamental peak in the H/V ratio
can be explained as an effect of the frequency
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dependence of the ellipticity of Rayleigh waves
as a response to the site structure.

In general, the peak frequencies of Rayleigh
wave ellipticities (fonr) differ from those caused
by SH-resonance effects (fg;). A quantitative
characterization of this problem was given re-
cently by Malischewsky and Scherbaum (2004)
for a simple single layer over halfspace model.
The ratio f;/fs, varies from 0.5 to 1.5 for S-
wave velocity contrasts below 3.5. For S-wave
velocity contrasts above 3.5, however, the peak
frequencies fe1 and f;,; match closely.

2. Measurement and data

In April 2002, the Institute of Geosciences
of the University of Potsdam, the Landesamt
fiir Geologie, Rohstoffe und Bergbau (LGRB)
and the ETH in Ziirich carried out a field ex-
periment in the area around Weil and Lorrach
using a homogeneous set of Lennartz LE3D-5s
sensors connected to MarsLite stations with
GPS timing and Mars88 station with DCF77
time receivers.

Two dense array configurations (A, B) were
realized, consisting of 22 (A) and 21 (B) sen-
sors with an aperture of about 900 m and 600
m, respectively. The site of these measurements
was located at the southern border of the city of
Weil, close to the location of a deep drillsite in
Otterbach (fig. 1). The total recording time
(continuous mode) was 4 to 5 h for each array
setting. The sampling rate f; was set to 125 Hz.

In addition, single station measurements
were performed along profiles as shown in fig.
1. In the western part of the profile, measure-
ments started at the Rhine River. Towards east-
ern direction, crossing the city of Weil in the
north of the array sites, the profile traversed a
topographic height, the «Tiillinger Berg». From
there, the profiles extend through the city cen-
ter of Lorrach in northern and eastern direc-
tions, crossing the eastern masterfault of the
Rhine Rift Valley.

The average station distance in between the
108 individual measurement points was around
100 m along the profile. The recording time
(continuous mode) for each site was about 30
min each (at f;=62.5 Hz).
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Fig. 1. Location of the single station measurements (filled triangles) and array settings (open triangles) in the
study area in the Rhine Rift Valley near Basle. The dashed lines indicate the city borders and the cross shows the

location of the deep drillsite in Otterbach.

All measurements were carried out during
working hours at day time.

3. Analysis of H/V spectral ratios

In accordance to the recommendations de-
scribed in Bard’s review paper (1998), sum-
marizing the experiences of different authors with
respect to H/V processing, we selected transient-
free time windows for further analysis. Time win-
dow selection was performed visually and the re-
sulting time windows had lengths of 3 to 10 min.
For the single station H/V analysis along the pro-
file, two independent data windows were used for
the processing, while 3 to 7 data windows were
selected from the array measurement data.

For the computation of H/V spectral ratios,
we removed the overall mean from the indi-
vidual records in a preprocessing step. We cal-
culated the single component amplitude spectra
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for overlapping segments using a standard FFT
algorithm. The selected segment length of 2048
FFT points at a sample rate of 62.5 Hz (125 Hz
for array stations) corresponds to a frequency
resolution of 0.0305 Hz (0.061 Hz). The spec-
tra were smoothed by a logarithmic shaped ta-
per window as introduced by Konno and Ohm-
achi (1998) (bandwidth parameter »b=30) and
the H/V spectral ratio was computed for each
segment. For the horizontal component (H) in
the H/V spectral ratio computation, we com-
bined the individual horizontal component
spectra of N and E by using the geometric mean
(H= /ﬁ : Tokimatsu, 1997). Finally, we cal-
culated the mean and variances of the H/V ra-
tios from all segments under the assumption of
a log-normal distributed amplitude spectra. De-
pending on the window length 10 to 56 seg-
ments were used for averaging.

For further quantitative interpretation of the
fundamental H/V peak frequencies, we intro-
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Fig. 2a-f. Averaged spectral H/V ratios for representative stations; fundamental frequency peak lower than 1
Hz (a), higher than 1 Hz (b, c, d), lower than 1 Hz and secondary peak (e, f). The dashed lines indicate the un-

certainty estimate as one standard deviation.

duced consistent criteria for the visual determi-
nation of H/V peaks. We considered only peaks
within a frequency band from 0.3 to10 Hz. The
lower frequency limit was chosen to stay away
from inevitable long-period disturbances of the
data caused by instrumental effects (stabilizing
time of the feedback sensor electronics) in rapid
mobile experiment setups or weather conditions
(Cara et al., 2003). The upper limit was specified
due to the temporal instability and physical limit
for a sensible interpretation of H/V ratios within
the context of site effect characterization for
peak frequencies above 10-20 Hz.

To select the peak frequencies, a log/log dia-
gram was chosen. Shown in fig. 2a-f are six typi-
cal H/V ratio examples averaged from the H/V
spectra of all processed recordings being represen-
tative for particular profile segments. Only the first
(lowest frequency) peak was analysed. It was
checked if the same peak was identified consis-
tently in the H/V spectra of all available recordings
for the site before averaging.

Analysing all sites along the profile (108)
and the individual array stations (43) we found
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clear H/V spectral ratio peaks meeting our cri-
teria defined above for 82 sites. From these
spectra we determined fundamental peak fre-
quencies between 0.5 to 0.9 Hz for sites lying in
the western profile part from the Rhine River to
the city of Weil including the two arrays locat-
ed south of Weil. At some of those sites, espe-
cially at the stations from the array deploy-
ments, secondary peaks between 7 to 10 Hz
were found and documented. This observation
is supported by the results of Kind (2002) for
his sites more southernly.

Within the urban center of Weil only one
spectral ratio fulfilled our criteria. Several peaks
could be identified for the profile part crossing
the «Tiillinger Berg» between Weil and Lorrach
showing intermediate frequencies between 3.5 to
8 Hz. Again, no peaks were identified within the
urban center of Lorrach, but well resolved spec-
tral peaks ranging from 1 to 10 Hz appeared in
the adjacent areas to the east and north of Lor-
rach. Figure 3 summarizes the spatial distribu-
tion of all determined fundamental peak fre-
quencies. Considering the geological model
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Fig. 3. Fundamental peak H/V frequencies found in the study area, location of profile A-A” and B-B’ (see fig.
4) and the position of the eastern masterfault of the Rhine Rift Valley. The cross indicates the location of the deep
drillsite in Otterbach.
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Fig. 4. Spatial evolution of spectral H/V ratios along profile A-A” (profile stations and stations from array A
and B) and B-B’. The averaged H/V spectral ratios were plotted for each individual site where the abscissa of the
diagrams corresponds to the relative distances between the stations projected onto the profile axis. The geolog-
ical profile was modified after Kind (2002). The length and position of the boxes in the profile show the ap-
proximate H/V measurement locations.
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(Kind, 2002) it turned out that the distribution of
peak frequencies apparently correlates well with
the variation of the thickness of the sediment fill
within the western part of the study area.

In order to allow the identification of the
spatial relation between the fundamental peak
frequencies, we created fig. 4, showing aver-
aged H/V spectral ratios for two profile seg-
ments A-A” and B-B’ as indicated in fig. 3. The
H/V spectral ratios were plotted together with
their relative position with respect to the geo-
logical profile after Kind (2002).

4. FK analysis of array data

The use of array analysis methods allows us
to decompose the ambient noise wavefield and to
derive frequency dependent phase velocities of
individual wavefield components. In particular,
it is possible to derive the dispersion properties
of the surface wave contribution at a particular
site. This allows us to invert for shallow S-wave

360 . " .
300 | =
240 R ——
180 | —
120
60 |

Slowness [s/km]

@ Frequency [Hz]

velocity structures (Horike, 1985; Herrmann,
1987; Malagnini et al., 1995; Tokimatsu, 1997;
Scherbaum et al., 2003; Wathelet et al., 2004).

For the analysis we selected the vertical
component data of the same time windows as
have been used previously for the determination
of H/V ratios at the array station locations. As
stations with both GPS timing and DCF77 time
receivers had been used in the experiment it
was necessary to apply a time shift correction
for the DCF77 receivers before computing the
FK spectra. The time shift delays were deter-
mined by crosscorrelation techniques during a
laboratory experiment (Kind ez al., 2002).

We applied two different FK methods for the
estimation of the wavefield properties. First we
computed conventional FK spectra in a sliding
window analysis for narrow frequency bands.
The dispersion curve information was then de-
rived by averaging the slowness values obtained
from the peak location for each single analysis
window as well as by visualizing the histogram
statistics as shown in fig. 5a,b. Beside the mean

360 - -

@ Frequency [Hz]

Fig. S5a,b. Source azimuth and dispersion curve of array A (a) and B (b). The results of the FK methods are
shown in a histogram-contour plot of slowness maxima for each frequency taken from the FK spectra of indi-
vidual analysis windows. The median (black diamond with the 75% and 25% quantile as given by the error bars)
and mean (black circle) are plotted. The white triangles are the slowness estimates calculated by Capon’s
method. The black curves represent the dispersion curve of the site obtained by forward calculation. The solid
one was determined from the geological model after Kind (2002) and the dashed one was calculated based on

the power law velocity depth distribution.
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value (black circle) we computed the median
(black diamond) and the 25% and 75% quantiles
(represented by black error bars) of the overall
distribution. Additionally, we used Capon’s high
resolution method (1969) for single target fre-
quencies and, following the underlying assump-
tion of wavefield stationarity, used the block-av-
eraging technique proposed in Capon’s original
work for stabilization. As result we obtained a
single slowness estimate for each target frequen-
cy (white triangles in fig. 5a,b).

In fig. 5a,b we observe a clear dispersion re-
lation in the frequency band between 0.8 and 2
Hz allowing the conclusion that a considerable
part of the wavefield is composed of Rayleigh
waves. Above 2 Hz, significant alias effects are
recognized indicating that the spatial sampling
of the array settings were insufficient for the
corresponding wavelength-ranges. In the upper
panel of fig. 5a,b, we show the directional dis-
tribution of the FK results. For the temporary
array deployments, we observed a rather nar-
row source azimuth region at around 240° cor-
responding to the direction of the railway sta-
tion in Basle.

5. Discussion and conclusions

In order to allow a quantitative interpreta-
tion of the relation between peak frequency and
sediment thickness cover, we derived a depth
estimate from the measured H/V peak frequen-
cies. Assuming that the origin of the H/V spec-
tral ratio fundamental peak is related to S-wave
resonances in a single sediment layer over half-
space (A/4-hypothesis for shear waves: Naka-
mura, 1989), the layer thickness % can be relat-
ed to the H/V fundamental peak frequency f as

ny,

=45

where n are uneven integers n=1, 3, 5, and vy is
the shear wave velocity of the sediment layer.
In sedimentary basins, the depth-depend-
ence of the S-wave velocity can often be de-
scribed by a power law relation of the form
v(Z)=vs(1+Z)* (Budny, 1984). Here, Z is the
depth, vy the S-wave velocity at the surface and
x the exponent of the power-law relation. Then,
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by integrating the velocity function with fixed
parameters v,o and x over the depth range from
surface to the depth of the seismic contrast £, it
is possible to derive a modified relation be-
tween H/V peak frequency f and & of the form

h=afuy. (.1
This relation can be used to obtain parameters a
and b (related to vyo and x) empirically by fitting
data sets of H/V frequencies f at sites where inde-
pendent information about the sediment thick-
ness / is available (e.g., borehole data).

Lacking accurate depth information for our
study region, we used relation (5.1) to deter-
mine the depth of the main seismic contrast
from the observed peak frequencies using em-
pirical estimates of @ and b derived for the Low-
er Rhine Embayment (LRE) in NW-Germany
by Ibs van Seht and Wohlenberg (1999), Paro-
lai et al. (2002) and recently by Hinzen et al.
(2004). The parameters a and b found by these
authors are given in table I. Finally, we com-
pared the depth estimates with the geological
model after Kind (2002; details are given in
table II).

Along the profile A-A’, as shown in fig. 6,
we found that the values specified by Hinzen et
al. (2004) are in very good agreement with the
geological model. Both the depth and the dip of
this seismic contrast is in good correspondance
to the lithological boundary described in Kind
(2002) between the Oligocene Meletta Layers
and the lower Tertiary unit forming the St.
Jakob Tiillingen synclinal structure in the Basle
area. From west to east the estimated depths of
the interface increase from 155 m to 280 m.

Table I. Different model parameters for the empiri-
cal relation between peak frequency and depth of the
dominant seismic contrast.

Study a b
Ibs van Seht and 96 —1.388
‘Wohlenberg (1999)

Parolai et al. (2002) 108 —1.551
Hinzen et al. (2003) 137 —1.190
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Table II. Depth and velocity models for location A (PO01) and A" (P019). The models for PO19 and the array

site are identical.

Model 1 Model 2
Layer thickness vs model Avg. v, Layer thickness Vs power Avg. v
after Kind (2002) after Kind (2002) derived from f,;,, law model

P0OO1 10 m 450 m/s 590 m/s 155 m Power law: x=0.225 534 m/s
Vso= 215.5 m/s
(Hinzen et al., 2003)
165 m 600 m/s
halfspace 2000 m/s 2000 m/s halfspace 2000 m/s 2000 m/s
PO19 10 m 450 m/s 607 m/s 280 m Power law: x=0.225 595 m/s
vs0=215.5 m/s
(Hinzen et al., 2003)
70 m 650 m/s
200 m 600 m/s
halfspace 2000 m/s 2000 m/s halfspace 2000 m/s 2000 m/s

1<)
S
1
-
T

Depth from surface [m]
n
o
2

-300

T T T T
0.5 1.0 15 2.0 25

A Distance along profile [km] A‘

Fig. 6. Calculated interface depths (black triangles)
h from fundamental peak frequencies fy (10% uncer-
tainty: black error bars) after Hinzen et al. (2003)
based on the «shear wave resonance» and a power
law velocity depth distribution leading to an empiri-
cal relation of the form: h = af},,. The solid line rep-
resents the depth of the dominant seismic contrast af-
ter Kind (2002) for profile A-A” (P001-P019).

Using the alternative power-law depth mod-
els given by Ibs van Seht and Wohlenberg
(1999) and Parolai et al. (2002), the depth esti-
mates (110-220 m and 130-270 m, respectively)

seem to be too shallow considering the geolog-
ical background information. A more detailed
comparison between the individual studies is
discussed by Hinzen et al. (2004).

We further observed clear secondary peaks
at higher frequencies around 7 to 10 Hz along
the profile A-A’, which convert to interface
depths of 9 m to 14 m. These shallow layers can
be attributed to the Quaternary low velocity lay-
ers overlaying the tertiary sediments, as sug-
gested by Kind (2002) and recently validated
by results of S-wave seismic experiments (U.
Polom, pers. comm.).

For the eastern part of the H/V profile (see
B-B’ in fig. 4b) the relation between the geo-
logical structure and the depth estimates from
H/V frequency peaks is apparently more com-
plicated. A first order interpretation allows us to
divide the results in three major regions. To the
West of and above the eastern masterfault, as
supported by the geological model, a shallow
inclined structure dipping towards western di-
rection is hypothesized. However, to the East of
the fault, due to the existence of parallel «sub-
faults» and probably complicated geologic pat-
terns, no systematic spatial correlation between
the H/V ratios is observed along the profile in
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eastern direction. Finally, to the East of the fault
zone two dominant peaks at high frequencies
around 8 Hz suggest the existence of a shallow
dominant seismic contrast, which was also re-
cently validated by the S-wave seismic experi-
ments (U. Polom, pers. comm.).

Considering the observed dominant energy
contribution of Rayleigh waves in the wavefield
derived from the array measurements we tested
additionally whether the observed peak fre-
quencies are in accordance with the Rayleigh
wave ellipticity assumption and the velocity
structure. Therefore we computed fundamental
mode Rayleigh wave dispersion curves and el-
lipticities (Herrmann, 1987) for the two outer-
most stations (PO01, PO19) from the profile sec-
tion A-A” using two types of velocity models
(table II). The first model (model 1) is based on
the velocity model given by Kind (2002), with
interface depths approximated from the geolog-
ical model. The alternative model (model 2) is
an approximation of the power-law distribution
by a stack of thin layers over bedrock, where
the parameters a and b are selected according to

station POO1

Spectral ratio

Frequency [Hz]

-

[

¥

o

=
)

1e+03

1e+02 4 -

Spectral amplitude

Hinzen et al. (2004). In both models the
bedrock depth was set to the previously deter-
mined value from the H/V fundamental peak
frequencies at the station locations. For the
bedrock velocity we used the value given by
Kind (2002). The models parameters are sum-
marized in table II.

In fig. 7a-d we superposed the observed H/V
spectral ratios and the theoretical Rayleigh
wave ellipticities (absolute value). We find that
all computed peak frequencies of the ellipticity
curves for both models and stations overesti-
mate the observed fundamental peak frequen-
cies. The relative peak frequency mismatch
ranges from 10% to 30%, depending on veloci-
ty model assumption and station. However, for
station PO19 (fig. 7b) we observe remarkably
similar broadband shapes for the ellipticity
curve and the H/V ratio for the power-law ve-
locity depth model (model 2).

Considering the results of Malischewsky
and Scherbaum (2004) who demonstrated the
strong dependence of the ratio between f,, and
f-; on the velocity contrast in a single layer over

station P019

Spectral ratio

Spectral amplitude

Fig. 7a-d. Measured H/V ratio (solid line) and theoretical ellipticities for station POO1 (a) and PO19 (b). The el-
lipticities were determined for the power-law model (dashed line) of Hinzen et al. (2003) and a three-layer over
halfspace model (dotted line) after Kind (2002). Model parameters are found in table II. Additionally, the indi-
vidual component spectra (E, N, Z) for both stations are plotted (c and d). The vertical arrows point to the H/V
peak frequencies in panels (a) and (b) and relate those to the individual component spectra in panels (c) and (d).
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halfspace situation, the discrepancies of peak
frequencies could be explained by shear wave
velocity contrasts in the range of 2.5 to 3.5. Us-
ing the model parameters from table II, we de-
rive velocity contrasts ranging from 2.6 to 3.35.
Interestingly, although the velocity models used
are more complicated in our case, this value
range is consistent with the theoretically de-
rived statement made in Malischewsky and
Scherbaum (2004).

Due to the lack of independent information
on the interface depth, the question regarding
the physical cause of the observed fundamental
frequencies f, remains ambiguous. In favour of
the f,,, hypothesis is the fact, that for station
P019, both the power law model and the con-
stant model after Kind (2002) reproduce the ob-
served fundamental peak frequency and inde-
pendently show the same sediment layer depth.
In favour of the Rayleigh wave hypothesis are
the results of the dispersion analysis from the
array measurements and the spectral shape of
the individual component spectra as shown in
fig. 7c,d. There we recognize a trough in the
vertical component spectrum around the fre-
quency of the observed fundamental H/V peak.
The horizontal components do not show any
amplification at these frequencies as would be
suggested from the alternative interpretation as
a resonance effect (f).

Most likely we observe some mixed contri-
bution from both resonance and ellipticity ef-
fects. Although, at present, we cannot validate
this hypothesis, we want to point out the conse-
quences for a possible misinterpretation of fun-
damental peak frequencies from ambient noise
H/V measurements. Without knowing the phys-
ical cause of the observed fundamental peak
frequency fo, we would interpret this frequency
as the dominant frequency of site amplification
during strong ground motion. However, for the
case of observing f;, at a site with weak imped-
ance contrast, the energetically most important
frequency of site amplification during strong
ground motion — fg,; — would differ significant-
ly from our estimate.

Beside the possible mismatch of fundamen-
tal resonance frequencies for certain impedance
contrasts and its implications for hazard related
site effect studies, the question to what degree fo
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measured from H/V spectral ratios is controlled
by resonance of body waves f,, or by Rayleigh
wave ellipticities f;,, contains another important
consequence. Given that fy is related to f,, we
could interpret the amplitude of the resonance
peak as an estimate of the amplification factor
for moderate to strong motion (as long as non-
linear effects are not concerned). However, if £,
is the physical cause of fy, the peak amplitude
would carry no direct relation to the site ampli-
fication factors, as the amplitude solely depends
on the relative P-SV energy partioning on hori-
zontal and vertical components.

In order to obtain further insight into this
problem, we need quantitative estimates of the
energy partitioning between body and surface
waves in the ambient vibration wavefield. This
makes it necessary to use densely deployed
three component array measurements to reli-
ably distinguish the individual wavefield com-
ponents one from another.
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