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S U M M A R Y
We investigated the sequence of 2-D resonance modes of the sediment fill of Rhône Valley,
Southern Swiss Alps, a strongly overdeepened, glacially carved basin with a sediment fill
reaching a thickness of up to 900 m. From synchronous array recordings of ambient vibrations
at six locations between Martigny and Sion we were able to identify several resonance modes,
in particular, previously unmeasured higher modes. Data processing was performed with
frequency domain decomposition of the cross-spectral density matrices of the recordings and
with time-frequency dependent polarization analysis. 2-D finite element modal analysis was
performed to support the interpretation of processing results and to investigate mode shapes
at depth. In addition, several models of realistic bedrock geometries and velocity structures
could be used to qualitatively assess the sensitivity of mode shape and particle motion dip
angle to subsurface properties. The variability of modal characteristics due to subsurface
properties makes an interpretation of the modes purely from surface observations challenging.
We conclude that while a wealth of information on subsurface structure is contained in the
modal characteristics, a careful strategy for their interpretation is needed to retrieve this
information.
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1 I N T RO D U C T I O N

Besides constituting an important site effect in earthquake hazard
analysis, resonances of seismic waves trapped in sedimentary bod-
ies are commonly applied to study the properties of the resonating
sediment. While often a 1-D model of sediment layers over bedrock
half-space is sufficient to describe fundamental resonance frequen-
cies and corresponding amplification levels, for deeply embanked
valleys this approach was found inadequate (e.g. King & Tucker
1984; Bard & Bouchon 1985; Field et al. 1990; Guéguen et al.
2007). A deeper understanding of 2-D and 3-D basin resonance
is therefore necessary both from a practical and a scientific point
of view.

Although several studies have investigated 3-D resonance of sim-
plified basins (e.g. Rial 1989), most studies have focused on 2-D
models. This is because many locations where such resonances
occur are indeed elongated and deeply incised valleys, so that
along-valley variation of the sediment fill is small compared to
the variation in the valley. Such valleys are commonly found in
alpine regions. The importance of 2-D resonances in such settings
has been investigated in a thorough numerical study by Bard &
Bouchon (1985, hereafter abbreviated BB85). BB85 established a
relation for the critical shape ratio (h/l)crit of a basin, above which

2-D resonance and below which 1-D resonance and laterally propa-
gating surface waves dominate. This critical shape ratio depends on
sediment–bedrock velocity contrast and on incident wave type. It is
lowest for SV modes and highest for P modes (i.e. P modes occur
only in very deeply incised basins).

Subsequent modelling results from Moczo et al. (1996) indicated
that 2-D resonance may occur also in valleys not fulfilling this
condition, so that (h/l)crit should be viewed more as an approximate
indication than a strict criterion for the occurrence of 2-D resonance.

Different modes of basin resonance are characterized by their
eigenfrequencies and mode shapes. BB85 have presented the modal
characteristics of the three (SH, SV, P) fundamental modes. A
schematic picture of these modes is shown in Fig. 1. In simpli-
fied terms, the sequence of modes of a sedimentary basin shows
modes with a progressing number of nodes (locations where no
motion occurs) at increasing frequencies. However, little is known
about the sequence of modes occurring in a realistic basin.

Given their effects on ground motion, extensive theoretical stud-
ies on 2-D resonances exist already, including analytic and semi-
analytic approaches (e.g. Trifunac 1971; Wirgin 1995; Yeh et al.
1998; Paolucci 1999) and a large number of numerical simulations
(e.g. BB85, Fäh et al. 1994; Moczo et al. 1996; Steimen et al.
2003; Frischknecht & Wagner 2004; Roten et al. 2006; Roten et al.
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Figure 1. Schematic representation of the fundamental P and SV and the fundamental and first higher SH mode. Schematic mode shapes are shown by coloured
curves. Sediment–bedrock interface is shown by grey line. Different depths of the sediment trough indicate different critical shape ratios for P, SV and SH
modes. Note that P and SV mode each include horizontal and vertical motion. Modified from Steimen et al. (2003) and BB85.

Figure 2. Geographic setting. Coordinates on map are Swiss national coordinates in metres. Array stations are shown by red triangles. Green lines indicate the
location of the seismic profiles from Pfiffner et al. (1997).

2008; Havenith et al. 2009; Le Roux et al. 2012). Conversely, only
a small number of studies include actual observations of the phe-
nomenon. In particular, observational evidence has been suggested
for a valley in Flushing Meadows, USA (Field et al. 1990), the
Chusal valley, Tajikistan (King & Tucker 1984), the Grenoble basin
(Guéguen et al. 2007) and the Romanche valley (Le Roux et al.
2012), both in the French Alps. A well-documented case of 2-D
resonance is known from several studies performed in the Rhône
valley, Swiss Alps (Steimen et al. 2003; Roten et al. 2006). Here,
resonance frequencies obtained from synchronous array record-
ings of ambient vibrations were used as additional constraint in
an inversion for sediment shear wave velocity (vs) by Roten &
Fäh (2007).

The goal of this study is to investigate the sequence of modes of
a realistic basin. More insight on higher modes is to be gained. Be-
sides, we aim to determine whether 2-D resonance frequencies, but
also mode shapes, are suitable for inversion for subsurface structural

characteristics (similar to, and adding upon the inversion conducted
by Roten & Fäh 2007). Ambient vibration measurements from pre-
vious surveys in the Rhône valley and from two new synchronous
array measurements at Sion (cf. map in Fig. 2) are analysed with
two new data processing techniques, frequency domain decompo-
sition (Brincker et al. 2001) and time-frequency dependent polar-
ization analysis (Burjánek et al. 2012). Finite element simulations
are presented in order to support observational results, and also to
investigate sediment motion at depth. Observations and numerical
results are compared in terms of eigenfrequencies and surface mode
shapes. This comparison allows deducing the node number at depth
from surficial observations. Particular attention is paid to the ap-
pearance of (1) modes with a node in vertical direction (inside the
sediment fill), which could previously not be observed from mea-
surements, and (2) the so-called breathing or P0 mode, because this
mode was predicted to occur in deeply embanked valleys by BB85,
but also remained yet unobserved.
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Figure 3. Geological interpretations of the sediment fill at four locations in Rhone Valley based on seismic reflection results. Modified from Pfiffner et al.
(1997). The dashed line on Bramois profile shows the approximate location where the seismic line enters a tributary valley.

In addition, modelling results permit to qualitatively investi-
gate the sensitivity of the fundamental SH and SV mode shapes
to bedrock–sediment interface shape (which is referred to as valley
shape in the following) and to velocity structure. The fundamental
SH mode shape is directly compared to valley shape, while in the
SV case the dip angle of particle motion can be used to assess per-
pendicular and vertical components conveniently in one quantity.
The dip angle can be observed directly by time-frequency depen-
dent polarization analysis of the recorded time-series (cf. chapter
methods) from single stations. The question of sensitivity of the
mode shapes is also approached by comparing them to results from
reflection seismics (Pfiffner et al. 1997).

Different terminologies for describing 2-D resonance are found in
literature. Here, we use the terminology introduced by Field (1996).
The components of sediment motion due to resonance are denoted
by axial or SH (the component along the valley axis), perpendic-
ular (the component perpendicular to the valley axis) and vertical.
Previous studies (BB85; Steimen et al. 2003; Roten et al. 2006)
distinguish between modes excited by incident P and incident SV
waves. In this study, we summarize them as P–SV modes since
generally both include motion on perpendicular and vertical com-
ponent; however, we denote the ‘in-plane shear and in-plane bulk
mode’ described by BB85 as SV0 and P0, respectively.

2 G E O G R A P H I C A L A N D G E O L O G I C A L
S E T T I N G

The Rhône valley, situated in the Southern Swiss Alps, is a glacially
carved valley. Glacial and fluvial sediments reaching a thickness
of up to 900 m overly different types of bedrock from crystalline

basement to sedimentary rocks of the Helvetic nappes (Pfiffner et al.
1997).

A considerable amount of geophysical data on the lower part of
the Rhône valley is available from previous studies, which makes
this area an ideal site to investigate the sensitivity of 2-D reso-
nances. In particular, four high-resolution seismic reflection profiles
perpendicular to the valley axis at the locations shown in Fig. 2 were
acquired during a Swiss national research project (NRP20, Pfiffner
et al. 1997). Geological interpretations based on these profiles are
shown in Fig. 3. At most of the investigated locations, the bedrock
interface is deeply incised with resulting shape ratios well above
the critical shape ratio. Only close to Sion (line Bramois) the shape
ratio is relatively low (approximately critical). Concerning the lo-
cation of the Bramois profile, it should be noted that the seismic
line followed the Borgne tributary so that the SE end of the line is
located more than 500 m up the tributary valley (Fig. 2). Thus, at
Bramois, the southeasternmost part of the sediment fill represents
the sediment fill of the tributary rather than the main valley. Glacio-
lacustrine deposits of the main valley are therefore only found in
the northwest part of the profile. Cross-sections at Martigny and
Vétroz show strongly asymmetric shapes of the sediment–bedrock
interface. Velocity and bedrock shape based on these profiles were
used by Roten & Fäh (2007) as base for their vs inversion study.
Information from the profiles is used here together with results of
this inversion in our finite element models.

3 P RO C E S S I N G M E T H O D S A N D DATA

Both single station and array ambient vibration records have been
used in the past to measure 2-D resonance frequencies (Field et al.
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1990; Steimen et al. 2003; Roten et al. 2006). Methods based on
ambient vibration recordings are most suitable for regions of mod-
erate seismicity, such as the Rhône valley, since array earthquake
recordings require a long operation time of the instruments. Precise
sources of ambient vibrations as well as the relative contributions
of body and surface waves to the ambient wavefield are gener-
ally unknown (Bonnefoy-Claudet et al. 2006). Therefore, statistical
approaches to processing are used. In this study, we implement fre-
quency domain decomposition (FDD) (Brincker et al. 2001; Michel
et al. 2010) and polarization analysis (PA) (Burjánek et al. 2012).
Earlier studies (Steimen et al. 2003; Roten et al. 2006) used the
reference station or standard spectral ratio method. This technique
exploits spectral ratios of the array stations with respect to a refer-
ence station on bedrock in order to obtain apparent amplification
of the sediment. The main disadvantage of this method is that it re-
quires a reference station on bedrock, a suitable location for which
cannot always be found.

3.1 Frequency domain decomposition (FDD)

The FDD method has proven useful for determining eigenmodes
of civil engineering structures with ambient vibration excitation
(Michel et al. 2010). The method is based on the spectral decom-
position of the cross-power spectral density (PSD) matrix between
all receivers of the array. Ideally, the source wavefield consists of
Gaussian white noise and material behaviour is perfectly elastic. In
this case, the eigenvalues of the cross-PSD matrices equal the auto-
PSD functions of single degree of freedom systems representing
the modes occurring at this frequency. Thus, the largest eigenvalue
of the PSD matrix at all frequencies shows peaks at the resonance
frequencies, as demonstrated by Brincker et al. (2001). The eigen-
vectors associated with these peak eigenvalues yield estimates of
the corresponding mode shapes. Stacking of many realizations of
the array cross-PSD matrix ensures minimization of uncorrelated
noise (including sensor noise, short-time local ground vibrations,
etc.).

Although the assumption of a perfect white noise source wave-
field is clearly not fulfilled in our measurements (as for example
a spectral peak due to oceanic microseisms is often observed), ap-
proximate results for the modal characteristics can still be obtained
(Brincker et al. 2001). The FDD method can be applied profitably
to three components, i.e. correlating all components recorded by
the seismometer. Although we ran preliminary tests on this, we
ultimately decided to enforce a 2-D modal analysis by analysing the
P-SV and SH components separately. This simplified the modelling
approach greatly; furthermore, it allowed us to directly link our in-
terpretation to the description of 2-D modal sequences by BB85.
Compared to the standard spectral ratios, the frequency domain de-
composition has the advantages that no reference station is needed
and that phase information is included in the mode shapes (e.g.
upward/downward motion of SH01), so that nodes can be identified
more reliably, which should allow to map more of the higher modes.

3.2 Polarization analysis (PA)

Results from FDD were compared to results obtained with time-
frequency dependent PA (Burjánek et al. 2012). This method
allows quick assessment of ground motion polarization at each
station. It is expected that ground motion polarization reveals 2-D
resonance, since resonance causes the ground to oscillate prefer-

entially in the direction of the resonance mode, whereas generally
ambient vibration, under the assumption of regularly distributed
sources, is of random orientation. If close-to-linear motion with a
consistent frequency and direction occurs frequently at several sta-
tions across a valley, it can indicate a resonance frequency. Spatial
orientation of the motion with respect to the valley axis indicates
additionally whether a SH or P–SV mode is observed. For a de-
scription of the PA procedure the reader is referred to Burjánek
et al. (2010, 2012). The procedure is only briefly summarized in the
following.

Time-frequency dependent polarization analysis is an extension
of the complex polarization analysis procedure proposed by Vidale
(1986). To investigate polarization in different frequency bands,
each signal is first decomposed by continuous wavelet transform
(CWT). The particle motion ellipse obtained from complex PA is
fully described by strike (angle of the semi-major axis from North),
dip (angle of the semi-major axis from the horizontal) and ellipticity
Pe (ratio of semi-minor to semi-major axis).

As mentioned, strongly polarized motion is indicated by preferen-
tial occurrence of one orientation (ϕ, δ) and close-to-linear motion
(low ellipticity). Histograms showing the frequency of occurrence
of strike, dip and ellipticity over time are therefore constructed for
each frequency band obtained in CWT. Histograms at all frequencies
are then combined in polar plots for ϕ and δ and in a Cartesian plot
for ellipticity. These plots allow convenient assessment of ground
motion polarization across the array. An example for plots of strike
and ellipticity is shown in Fig. 4.

Even though polarization analysis does not add further informa-
tion that cannot be retrieved with FDD, it has one strong advantage
over this method: given a sufficiently stable wave field, it can in
principle be performed with a single receiver, whereas for FDD an
array is needed. If consistent results are obtained from both meth-
ods, therefore, PA can be considered the method of choice if only
one or few stations are available.

3.3 Data

For applying the FDD method, synchronous array measurements
are needed. In addition to already available linear array recordings
from the locations Martigny, Saillon, Vétroz and Bramois (Roten
et al. 2006; Roten & Fäh 2007), two new synchronous array mea-
surements were acquired near Sion (Fig. 2) during the night from
August 9 to 10, 2012. A bedrock reference station is not necessary
for the processing methods used here, but was used to retain the
possibility to perform standard spectral ratios. About 170 min of
ambient vibrations were recorded with a short linear array spanning
half the valley width and about 315 min with a long array covering
almost the entire valley width (Fig. 2). The short configuration with
denser receiver spacing was intended to resolve higher mode shapes,
assuming that mode shapes are more or less symmetric. Twelve 3-
component seismometers (Lennartz 3D-5s) were employed for the
measurement. Two recordings from each configuration had to be
discarded due to low quality, resulting in usable array recordings of
nine instruments in the basin, respectively.

Recordings are oriented east–north-vertical and had to be ro-
tated around the vertical axis before FDD processing so that one
horizontal component aligns with the valley axis and the other is
perpendicular to the valley axis. For consistency, we defined the val-
ley axis at each location as the line perpendicular to the respective
array.
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Figure 4. Polar plots showing the occurrence of strike orientation dependent on frequency (horizontal axis). Strike is 180◦-periodic. Peaks of strike at an
orientation parallel and perpendicular to the valley axis are interpreted as SH and P–SV resonance peaks, respectively.

4 R E S U LT S O F DATA P RO C E S S I N G

4.1 Incomplete mode separation

Fig. 5 shows the PSD curves of the axial and perpendicular com-
ponent at Sion, first (short duration) measurement. These were ob-
tained from the time-series by computing and averaging power spec-
tral densities of 60 s Tukey windows with a 10 per cent taper and
moving average smoothing applied in the frequency domain. A nar-
row smoothing window of a width of 0.004 Hz was applied so as not
to broaden resonance peaks. The PSD curves contain several clear
peaks, which were confirmed as resonance peaks by FDD (described
below). They are indicated by arrows. Upon comparing the axial
and perpendicular components shown in Fig. 5, it is evident that
the separation into SH and P–SV modes is imperfect. A clear peak
appears on the perpendicular component close to 0.5 Hz. A corre-
sponding smaller peak is observed on the axial component. FDD
enabled us to associate both peaks with the fundamental SV mode,
since the axial component did not show any meaningful mode shape
at this frequency. Thus, the peak was interpreted as fundamental SV

mode and we discarded it from the set of SH modes. Such an overlap
is expected, since the 2-D assumption is a clear simplification of
the behaviour of the valley, and since sensor orientation, as well as
rotation of traces, is not exact.

4.2 FDD results

From FDD processing, we obtained a large number of eigenvalue
curves, such as those in Fig. 6(a). This example shows the axial
component eigenvalues from both arrays at Sion. All peaks up to
a frequency of 1 Hz were selected and the corresponding eigen-
vectors inspected. Wherever eigenvectors showed a mode shape
that fit to our expectation drawing upon previous studies, frequency
and mode shape were accordingly interpreted. As an example, the
eigenvectors associated with the peaks at 0.46, 0.66, 0.78 and 0.98
Hz (marked by vertical solid black lines) are shown in panel (b).
Orientation of the eigenvectors is SE–NW. They are normalized
by their maximum absolute value. Due to their number of nodes,
the eigenvectors shown here are interpreted as SH00–SH03 mode

Figure 5. Power spectral densities of axial and perpendicular components of all array stations at Sion. The fundamental mode peaks can be seen at 0.42 Hz
on the axial and at 0.52 Hz on the perpendicular component (marked by arrow here). The second peak on the axial component occurs around 0.55 Hz (also
marked by arrow). We interpret it as being caused by the fundamental SV mode due to 3-D valley response or imperfect orientation of sensors.
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Figure 6. An example for the identification and interpretation of modal characteristics. The left plot shows eigenvalue curves obtained from the axial component
of both arrays. Resonance frequencies are marked by vertical lines. Normalized eigenvectors are shown on the right with interpretation. These eigenvectors are
the ones corresponding to the highest singular values marked by solid vertical lines on panel (a).

Table 1. All resonance frequencies identified with FDD and PA (italic numbers). Numbers in brackets denote frequencies identified by Roten & Fäh (2007)
with the reference station method. Node numbers from surface observations (second column) determined the interpretation that is given on the right. Node
number ?/1 for one of the P–SV modes indicates that this mode could only be observed on the vertical component.

Component Horiz. node number Martigny Saillon Vetroz Sion (short) Sion (long) Bramois Interpretation

Axial 0 0.3, 0.28 (0.29) 0.31, 0.31 (0.32) 0.35, 0.32 (0.31) 0.46, 0.47 0.46, 0.47 0.45, 0.45 SH00

Axial 1 0.38, 0.39 (0.38) 0.44, 0.42 (0.43) 0.43, 0.45 (0.43) 0.65, 0.66 0.66, 0.66 0.65 SH01

Axial 2 0.44, 0.45 (0.43) 0.49, 0.50 0.50, 0.55 0.77, 0.77 0.78, 0.78 0.75 SH02

Axial 3 0.51, 0.5 0.58 0.58 0.98 0.99 SH03

Axial 4 0.57 0.67 SH04

Axial 5 0.63 0.76 SH05

Perp./Vert. 0/1 0.33, 0.35 (0.325) 0.38, 0.38 (0.37) 0.39, 0.35 (0.35) 0.52, 0.52 0.52, 0.52 0.54, 0.55 SV0 of BB85
Perp./Vert. 1/2 0.45, 0.45 0.51 0.81 0.81
Perp./Vert. ?/1 0.55
Perp./Vert. 2/3 0.64
Perp./Vert. 3/4 0.69
Perp./Vert. 4/5 0.78
Perp./Vert. Varying 0.84 0.84 0.84 0.84 0.84 0.84

shapes. Interpretation in the SH case was possible without referring
to numerical modal analysis, since the sequence of modes is simple.
Vertical dashed lines in Fig. 6(a) mark peaks which were discarded
since they are not associated with any meaningful mode shapes.
Similar to the example presented here, FDD results from all loca-
tions were interpreted. All interpreted 2-D resonance frequencies
are listed in Table 1. PA results (see below) are listed in italics. For
comparison, results from Roten & Fäh (2007), obtained with the
reference station method, are listed in brackets.

Using the FDD method, it was possible to identify and extract a
larger number of modes than previously. Previous attempts to iden-
tify mode shapes were mostly limited to the fundamental SH and
SV as well as the first higher SH mode, since spectral ratios with
respect to bedrock yield clear peaks only for the lowest resonance
modes, which are most amplified. Resonance frequencies observed
on the axial component were directly interpreted as sequential SH
modes (SH00, SH01, SH03, . . . ). Conversely, we did not assign inter-
pretations to most P–SV modes prior to modelling. The P–SV case
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contains both P and SV modes and shows a complicated sequence
of modes due to the coupling of horizontal and vertical motion.
Except for the fundamental P and the fundamental SV mode, there
is no indication from previous studies (in particular BB85) as to the
expected mode sequence. Therefore, we only assigned an interpre-
tation to the SV0 mode, for which a description is found in BB85
and which was previously observed (Roten et al. 2006). Modelling
results shown below elucidated P–SV mode shapes in depth.

4.3 PA results

From PA processing, polar plots of strike, dip and a Cartesian plot
of ellipticity for each station were obtained, from which frequency
and orientation of strongly polarized motions were determined.
First, peaks of strike were selected. If these occurred at several
stations with consistent spatial orientation, either aligned with the
valley axis or perpendicular to it, they were interpreted as reso-
nance peaks. An example from Sion is shown in Fig. 4. An ap-
proximate value of the resonance frequencies was read from the
plots, after which a simple grid search around this value was used
to determine the frequency band containing the largest amount of
polarized wavelets. This yielded the resonance frequencies listed
in italic numbers in Table 1. Mode shapes of SH modes were
reconstructed from PA by plotting the strike histogram value at
the frequency and orientation associated with one mode against
profile distance. The comparison with FDD result showed approx-
imate agreement, as Fig. 6(c) illustrates. For the P–SV case, no
mode shapes for the two components could be reconstructed from
PA histograms due to the coupling of horizontal and vertical motion.

4.4 Comparison of observed mode shapes to bedrock
interface shape

We compared mode shapes of the fundamental SH and the perpen-
dicular part of the fundamental SV mode with the sediment–bedrock
interface shape based on seismic lines (Pfiffner et al. 1997). The
comparison is shown in Fig. 7. We placed the observed results with
respect to the geographic position of the seismic lines as accu-
rately as possible by considering endpoints of array and seismic
lines (Pfiffner, personal communication, 2013). Since at Vétroz, a
seismic model by Pfiffner et al. (1997) instead of the geological
interpretation of the seismic lines is used, relative location of the
array with respect to the valley shape is more uncertain than for the
other profiles.

We observe that both SH and SV fundamental mode shapes re-
semble valley shape and cover almost the entire width of the valley
at Martigny and Saillon. At Martigny, in particular, SH fundamental
mode shape appears to mirror bedrock shape. On the other hand,
the situation is more complicated at Vétroz. Mode shape is slightly
narrower than valley shape. Moreover, it appears to map only the
southern half of the valley shape. The bench-like feature at the
south edge of the valley as well as the approximate slope of the
interface are visible in the mode shape. However, the northern half
of the mode shape terminates several 100 m before the valley edge.
A particularity of the sediment fill at Vétroz is that seismic re-
sults show discontinuities interpreted by Pfiffner et al. (1997) as
collapse structures of the sediment fill (Fig. 3). These are asso-
ciated with lateral variation of several sedimentary strata, which
might be linked to the focusing of the mode shape around the
valley centre.

Figure 7. Comparison between the shape of the sediment–bedrock interface from seismic reflection studies (Pfiffner et al. 1997) and the mode shapes of the
fundamental SH mode and the perpendicular component of the fundamental SV mode. Mode shapes are normalized to unity. Grey shaded area on Bramois
profile shows approximate range of seismic line that is inside the tributary valley.
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As pointed out above, the seismic line at Bramois enters a trib-
utary valley approximately 800 m before the SE end of the line.
Thus, the obtained mode shape covers approximately the extent of
the main valley. A pronounced asymmetry is visible in mode shapes
both from Sion (Fig. 6) and from Bramois (Fig. 7 lower right).
Mode shapes have the peak on the northwest side of the valley. A
possible explanation is that resonance is more strongly influenced
by the glaciolacustrine deposits of unit C (Fig. 3), the extent of
which coincides spatially with the peak of the mode shape.

5 F I N I T E E L E M E N T M O D E L L I N G
O F M O D E S

A detailed numerical study of 2-D resonance was performed in
order to both interpret observations and understand the develop-
ment of the higher modes in the valley. Two methods were adopted
for modelling: (1) a semi-analytical approximate method based on
Rayleigh’s method; (2) fully numerical finite element modelling.
The semi-analytic method allows for estimation of eigenfrequen-
cies based on approximation of the mode shapes for simplified
basin shapes. It was first applied to sediment resonance by Paolucci
(1999). We used his REFORM code. Detailed description of the
method can be found in Paolucci (1999), and in Roten & Fäh (2007)
who applied REFORM as forward model in their inversion study
for the shear wave velocity profile.

Resonance modes were modelled in 2-D with the modal analysis
procedure of finite element package ANSYS (ANSYS R© Academic
Research, Release 14.0). The modes of the model structure are ob-
tained directly from mass and stiffness matrices. No actual wave
propagation is modelled. Due to several simplifications detailed
below the approach here is less realistic than, for example, the fi-
nite difference models of Steimen et al. (2003) and Roten et al.
(2006). However, it allows faster, more convenient and more exten-
sive assessment of all sediment modes, even those with low energy
content. All modes are evaluated regardless of the excitation level in
the actual valley, and the approach is independent of any arbitrarily
chosen sources.

PLANE183 elements with plane strain option were used to model
the P–SV case, while FLUID29 elements were used for the SH case.
Due to the analogue form taken on by the elastic wave equation
simplified for SH waves and the acoustic equation, the latter can be
used to model out-of-plane displacement in a sediment body in 2-D.
This can be seen by comparing the acoustic equation in 2-D:
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(e.g. Cerveny 2005), where λf is the first Lamé parameter of the
fluid, ρ f its density and p pressure, to the elastic wave equation
simplified for 2-D SH waves
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(e.g. Aki & Richards 1980), where ρel is the density of the elastic
material, μ is its shear modulus and uy is out-of-plane displacement.
Instead of solving the wave equation for displacement, one can
obtain the same result by solving the acoustic equation for pressure,
if the following substitutions are taken

1

λ f
= ρel , (3)

v f = vs, (4)

where vs and vf correspond to shear velocity of the elastic material
and P-wave velocity in the fluid, respectively.

Meshing was done automatically in ANSYS, maximum element
size was chosen manually. While for the homogeneous models a
uniform edge length was used, for the layered models element edge
length was varied from layer to layer in order to achieve adequate
element sizes for thin layers. Maximum element edge length was
30 m in both cases. Considering modes with no more than 10 nodes
in horizontal direction, that is, about five wavelengths inside the
valley, with a 30 m element edge size, the mesh has more than 10
elements per wavelength.

A free surface and a perfectly rigid bedrock interface were as-
sumed as boundary conditions. Resonance frequency is relatively
insensitive to sediment–bedrock velocity contrast (BB85; Paolucci
1999). Only absolute amplification (which we do not consider) de-
pends strongly on it. A rigid bedrock boundary ensures that results
contain only modes of the sediment fill. It was implemented in the
P–SV case by prescribing zero displacement (in both directions of
motion) on the lines forming the basin bottom. In the SH case, zero
pressure was prescribed in all nodes forming the basin bottom.

In both P–SV and SH case, 30 modes including mode shapes
are extracted with a starting frequency of 0 Hz. The Block
Lanczos solver chosen here includes a sequence check, which en-
sures completeness of the obtained mode set.

The modelling approach was compared to several other numerical
and analytic approaches for the prediction of resonance frequencies
and mode shapes of a basin, namely, the analytic solution for SH
modes of a rectangle as found in BB85; the empiric formula by
BB85 for basin P–SV fundamental modes and the analytic-based
Rayleigh’s approach implemented in REFORM. Excellent agree-
ment was found between the homogeneous rectangle and the cor-
responding analytic solution for the SH case. Further tests revealed
that the approach to model the SH case with acoustic elements
in ANSYS cannot be extended to a layered medium. Thus, only
homogeneous models were analysed in the SH case.

For the P–SV case, good agreement was found with the empir-
ical formula of BB85. However, results from ANSYS and RE-
FORM deviated strongly both in terms of resonance frequency
(from about 40 per cent deviation for the fundamental mode to
more than 80 per cent deviation for the second higher) and mode
shape.

6 M O D E L L I N G R E S U LT S

We investigated the influence of different model parameters on
modal shapes and eigenfrequencies. We studied effects related to
different bedrock geometries, velocity structure of the sediment
infill and Poisson ratio ν. The goal of this small parametric study was
to support the interpretations of observations presented in Section 7.
In particular, we focused on the addressing of the higher modes
analysing the order of the eigenfrequencies and the relation of the
mode shapes to the model geometry. In other words, the results of
this section should serve as a guide for interpreting 2-D resonance
observations, complementing the reference study BB85 with more
realistic models.

6.1 Set-up of the parametric study

An overview of the models included in the parametric study is given
in Table 2. Models 1–4 are intended for testing effects of different
generic valley shapes and for comparison with analytical solution
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Table 2. Properties of finite element models.

Nr.
Valley

geometry Layer nr.
Layer depth
bottom (m) Velocity model Vp (m s–1) Vs (m s–1)

Density
(kg m–3) Purpose of model

1 Box 1 Variable Generic 1200 600 2000 Comparison to analytic solution,
FD simulation and to empirical
formula by BB85

2 Ellipse (Roten
06 elliptic
valley)

1 770 Generic 1200 600 2000 Comparison to REFORM,
comparison of valley shapes

3 Asymmetric
(Roten 06
asymmetric
valley)

1 770 Generic 1200 600 2000 Comparison to REFORM,
comparison of valley shapes

4 Trapezoid 1 1000 Poisson ratio 0.2 1033 633 2000 Comparison of Poisson ratios
1 1000 Poisson ratio 0.33 1193 601 2000
1 1000 Poisson ratio 0.45 1908 575 2000

5 Vetroz 1
(NRP20)

1 890 Reflection
seismic/inversion
Martigny (mean)

1993 624 2000 Comparison of valley shapes

6 Bramois
(NRP20)

1 480 Reflection
seismic/inversion
Martigny (mean)

1993 624 2000 Comparison of valley shapes

7 Martigny 1
(NRP20)

1 950 Reflection
seismic/inversion
Martigny (mean)

1993 624 2000 Comparison of valley shapes

Comparison of velocity structures
Comparison to observations

8 Martigny 2
(NRP20)

1 170 Reflection
seismic/inversion
Martigny (mean of
upper and lower
part)

1827 340 1900 Comparison of velocity structures

2 950 2034 766 2000 Comparison to observations

9 Martigny 3
(NRP20)

1 170 Exaggerated velocity
contrast

1000 200 1500 Comparison of velocity structures

2 950 2000 1200 2300 Comparison to observations

10 Martigny 4
(NRP20)

1 3 Reflection
seismic/Inversion
Martigny

737 140 1500 Comparison of velocity structures

2 26 1600 248 1600 Comparison to observations
3 169 1930 374 2000
4 497 1970 705 2000
5 565 2300 816 2000
6 950 2050 822 2000

and code REFORM; models 5–7 are intended for testing effects of
different realistic valley shapes and models 7–10 for testing effects
of the velocity structure as well as comparison to observations. In
addition, model 4 was run with different Poisson ratios.

Material was assumed throughout to be linear elastic and
isotropic. For the simplified valley shapes (box, and models com-
pared to REFORM) several sets of generic material properties
(see Table 2) were used. For the realistic valley geometries, a ve-
locity model for Martigny from previous studies was employed:
S-wave velocities are inversion results from Roten & Fäh (2007).
P-wave velocities are taken from the NRP20 reflection seismic sur-
vey (Pfiffner et al. 1997). In addition, four versions of the realistic
Martigny model were implemented to investigate sensitivity of the
modal characteristics to velocity structure: In the first, velocities
of all layers were averaged into a homogeneous model by using
the traveltime-based average (cf. Roten et al. 2006). In the second,
a simple two-layer model was obtained by traveltime averaging

the upper three and the lower three layers, respectively. The third
was the full six-layer model. In addition, a two-layer model with a
strongly exaggerated velocity contrast (vP contrast of 2 instead of
approximately 1.1) between upper and lower layer was run. Only
internally homogeneous and flat layers were considered to facilitate
modelling procedure and interpretation of the modes and to permit
comparison between ANSYS and REFORM.

6.2 Influence of valley shape

In a first step, we analysed the effect of bedrock geometry. The SH
modal sequence of the simple box, ellipse and asymmetric models
is shown in Fig. 8. The first row of plots shows the progression of
axial modes with frequency as observed at the surface. Dashed lines
are added for better readability. We found that especially for the SH
case, such plots were excellent for assessing the mode sequence,
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Figure 8. SH modes of three simplified models. Upper row of plots shows progression of modes (characterized by their horizontal node number) with frequency,
which approximately follows a straight line for modes with the same number of vertical nodes. Line plots show surface mode shape (our observable). Contour
plots show mode shapes in depth. Variations such as the one shown by the fourth mode of the asymmetric model (third column) illustrate that the sequence of
node numbers can be strongly influenced by the valley shape.
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since modes with the same number of nodes in vertical direction
fall on an approximately straight line. This line is broken when
an additional vertical node appears, as the horizontal node number
drops in this case (as the sequence would read, e.g. SH00 – SH01 –
SH02 – SH10. . . ).

Concerning the mode shapes, two observations were made. First,
the sequence of modes varies even with these simplified and rela-
tively similar models, as for example, the SH10 mode appears later
in the sequence in the elliptic model than in both others. Secondly,
the valley shape induces variations of the mode sequence, as for
example, the SH10 mode is replaced by an SH11 mode in the asym-
metric model (fourth mode). Thus, not every node index occurs in
each direction but modes may be left out.

Besides these simplified models, three different realistic valley
shapes (Martigny, Vétroz, Bramois) were compared in order to qual-
itatively assess sensitivity of the SH fundamental mode shape. This
sensitivity is indicated in our models by asymmetric valley shapes
producing asymmetric mode shapes. Comparison of the location of
peak in the mode shape with the valley centre shows that for each
model the location of the maximum amplitude is shifted towards the
side where the sediment deposit is deepest. However, the shift from
the valley centre is subtle with approximately 200 m at Bramois
and about 100 m at the other locations, corresponding to less than
10 per cent of the entire valley width in each case.

6.3 Effect of Poisson ratio on P–SV modes

In a second step, we tested the effect of two Poisson ratios used in
the sensitivity study of BB85 (0.33 and 0.45) and one additional low
Poisson ratio (0.2) on the modal sequence of a trapezoidal-shaped
valley. By comparing resonance frequencies, we found the effect of
the Poisson ratio on SV fundamental frequency is indeed very small,
as reported by BB85. SV fundamental frequency varies by roughly
2 per cent. However, Poisson ratio does influence the P fundamental
frequency, which varies by roughly 23 per cent. Consequently, the
sequence of modes ordered by frequency changes. This is illustrated
in Fig. 9.

Moreover, we observed that at high Poisson ratio, the P0 mode
does not appear (cf. Fig. 9). Instead, a mode of similar shape but
with two nodes on the vertical component is observed. This demon-
strates again that a one-by-one progression of node numbers cannot
be expected. A detailed assessment is therefore necessary to inter-
pret surface observations, which for the P–SV case of Martigny is
presented in Section 7 (Synthesis).

6.4 Effects of the layered medium on P–SV modes

In a third step, we compared the influence of a varying number of
flat sediment layers with different seismic velocities on the modal
sequence. This was done only for P–SV modes due to the above-
mentioned modelling constraints (SH case with acoustic elements
in ANSYS could not be extended to a layered medium). An exam-
ple of the three lowest modes of models Mar (Martigny) 1, Mar
3 and Mar 4 is shown in Fig. 10. The homogeneous model (left
column) develops mode shapes affecting the entire valley fill. In
contrast, the model with a high velocity contrast between lower and
upper layer (middle column) shows modes that are clearly focused
within the upper layer. Indeed, all first five modes of this model
affect the upper layer only, which is illustrated by the one-by-one
progression of node numbers shown in the upper plot. Comparison
of surface mode shapes shows that these are symmetric in the case

of the two-layer model, while strong asymmetries due to the valley
shape can be observed in the homogeneous model. The realistic
six-layer model shows intermediate behaviour. Although most dis-
placement is focused in the upper three layers, the lower layers are
also influencing the mode shapes. The sequence of modes, for the
modes shown here, is similar to the homogeneous model. A smaller
amount of asymmetry due to bedrock shape than in the homoge-
neous model is visible. The comparison between the models with
different velocity structures evidence the sensitivity of P–SV sur-
face mode shapes—and therefore related dip angles—to velocity
structure.

6.5 Observations on the dip angle of SV0

Finally, dip angles of the SV0 mode were modelled to determine
whether they carry meaningful information on the subsurface. Sen-
sitivity of the SV0 dip angle to both velocity structure and valley
shape is presented in Fig. 11. Comparison of different valley shapes
indicates that the maximal values of dip angle correlate spatially
with the steepest parts of the bedrock interface. Also, the effect of
the small bench-like feature in the Vétroz model is visible in the dip
angle curve.

As indicated above, dip angle is also sensitive to the velocity
structure of the sediment layers. The sensitivity to bedrock shape
decreases with the introduction of a layered structure compared to
a homogeneous velocity profile. Dip angles of the layered models
are found to be more symmetric showing smaller variations.

Dip angle curves from the four models with different velocity
structure show a common zero crossing and similar values at the
valley edges. This suggests that zero crossing and dip angle at the
valley edge are not sensitive to velocity structure, but rather related
to valley shape.

7 S Y N T H E S I S O F M O D E L L E D
A N D O B S E RV E D R E S O NA N C E

The foremost aim of finite element modal analysis was to support
the interpretation of observed modes, especially by determining the
sequence of modes as characterized by node numbers in horizon-
tal and vertical direction. As was discussed earlier, the curves of
node number versus eigenfrequency were found useful in the as-
sessment of the SH mode sequence. Such a curve for the observed
axial modes is shown in Fig. 12. All node numbers identified from
FDD and plotted with respect to corresponding eigenfrequencies
fall on approximately straight lines. Thus, although a realistic lay-
ered model was not constructed for the SH case, modelling supports
our interpretation that all of these measured modes belong to the
SH0x mode family. Moreover, the curves demonstrate that two dis-
tinct resonance behaviours exist in the southeast part of the studied
area (locations Martigny, Saillon, Vétroz) as compared to the north-
west part (locations Sion, Bramois).

A further example of how the modal analysis procedure com-
plements observations is shown for Martigny. At this location most
resonance frequencies were observed and the most detailed model
was constructed. Table 3 lists observed and modelled modes. In the
SH case we had to deal with the limitation of the homogeneous
model.

In the P-SV case, a model equivalent of every observed mode can
be found in the six-layer model, while not every modelled mode
is actually observed. Surface mode shape was used as criterion to
assign modelled to observed modes (Table 3). It was found that
the mode shapes of the six-layer model Mar 4 generally fit best
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Figure 9. P–SV modes of models with three different Poisson ratios. Again, mode sequence, surface mode shapes and contour plots of mode shapes at depth
are shown. Mode sequence depends on Poisson ratio. Moreover, the P0 mode is not observed in the high-Poisson-ratio model (right column).

with the observed mode shapes. With the comparison that results
from assigning observed modes to modelled ones based on their
horizontal node numbers (observed at the surface), frequencies fit
well with deviations of less than 10 per cent. Moreover, mode shapes

show excellent agreement on certain details. Four examples are
shown in Fig. 13. The broad shape of the fundamental mode is
reproduced by the model. Note that on the observed mode shape, the
edges are cut off since the array does not reach the very edge of the
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Figure 10. Lowest three P–SV modes of Martigny models. Sequence of modes, surface mode shapes and contour plots of mode shapes in depth are shown. Left
column shows the homogeneous model, which has the same average velocity as the six-layer model shown in right column. Middle column shows a two-layer
model with enhanced velocity contrast for comparison.
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Figure 11. Dip angles for different valley shapes (left) and for different velocity models of the Martigny valley cross-section (right) also including observed
dip angles from polarization analysis.

basin. Moreover, realistic mode shapes may extend into the bedrock.
The model matches relative maximum amplitudes of perpendicular
and vertical component in a qualitative way, although on close
comparison, observed vertical amplitudes are smaller than expected
from the model. When considering the perpendicular component of
the mode at 0.662 Hz (lower right), the bulges in the valley centre
are smaller compared to those at the edges. This can be observed
also in the modelled mode shape. Such details are not reproduced
by the homogeneous model Mar 1.

A further goal approached by modelling was to determine where
in the modal sequence the first modes with nodes in vertical di-
rection and the P0 ‘breathing’ mode appear. For the P–SV case,
homogeneous and layered model provide slightly different frequen-
cies: For the homogeneous model the first mode with a node in
vertical direction occurs at about 0.48 Hz and for the six-layer
model at 0.52 Hz. One observed mode may be linked to the latter.
This mode is shown in Fig. 13, upper right panel. A corresponding
observational mode shape could only be identified by processing
the vertical component separately, as combined processing of per-
pendicular and vertical component resulted in inconclusive shapes
with high uncertainties. Both modelled and observed mode shapes
are narrower than the vertical component of the fundamental mode,
distinguishing this mode from SV0.

The P0 mode in the strict sense does not occur in the six-layer
model. As in the high-Poisson-ratio model in Fig. 9, only a similar
mode with two horizontal nodes on the vertical component is mod-
elled. FDD results were scanned carefully for a mode close to this

Figure 12. Progression of node numbers with frequency for observed SH
modes at all locations. Node number is the number of zero crossings of the
mode shape on the surface, as it was observed with FDD. The comparison
to similar curves obtained from numerical modal analysis suggests that all
the observed modes fall into the SH0x family. Moreover, one can see two
distinct behaviours at Sion/Bramois on one hand (slow progression of node
number with frequency) and the locations in the lower part of the valley on
the other hand (steep progression of node number).

frequency, but none could be found. Thus, the P0 mode could not
be observed.

A comparison of modelled and observed dip angles (at location
Martigny) can be found in Fig. 11 (right panel). Dip angles were read

Table 3. Comparison of modelled and observed modes for cross-section Martigny.

Interpretation Observed Observed horiz. node Model Modelled vertical and
frequency (Hz) number(s) (in P–SV case frequency (Hz) horizontal node

perp./vert. component) number(s)

SH00 0.30 0 0.25 00
SH01 0.38 1 0.37 01
SH02 0.44 2 0.48 02
SH11 Not observed Not observed 0.56 11
SH04 0.51 3 0.60 13
SH05 0.57 4
SV0 0.33 0/1 0.34 00/01

0.45 1/2 0.47 11/12
0.55 Not observed/1 0.52 10/01

Not observed Not observed 0.55 11/02
0.64 2/3 0.58 12/13
0.69 3/4 0.66 13/14

Not observed Not observed 0.68 21/04
Not observed Not observed 0.68 13/16

0.78 4/5 0.75 14/15
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Figure 13. Comparison of observed to modelled P–SV mode shapes for location Martigny.

to the nearest 5◦ step from polar plots of dip obtained with PA. The
comparison shows that zero crossing and edge value of the observed
dip correspond closely to the modelled ones. The zero crossing is
insensitive to changes in velocity structure, but is sensitive to valley
shape. The fit obtained here indicates therefore that valley shape is
well represented by the model.

As suggested by the above comparison of dip angles from mod-
els of different velocity structure, the shape of dip angle curve is
sensitive to velocity structure. The observed curve does not fully
coincide with the realistic Martigny 4 model, as would be expected,
but in the northern part of the section is rather close to the high-
velocity-contrast two-layer model Mar 3. This might be partly ex-
plained by the soil classification map existing for this area (FOEN
2013), which shows soil class D (Vs30 in the range 150–300 m s–1)
dominating in the northern part of the section, and soil C (Vs30 in
the range 300–500 m s–1) dominating in the southern part of the
section. Moreover, the thickness of the glaciolacustrine deposits is
increasing from south to north (Fig. 3).

8 D I S C U S S I O N

Resonance frequencies for SH00, SH01 and SV0 obtained with FDD
compare very well with published resonance frequencies from
Roten et al. (2006) and Roten & Fäh (2007), with a deviation of
less than 5 per cent. Mode shapes were previously obtained from
measurements at Vétroz using site-to-reference spectral ratio. Com-
parison of our (arbitrarily scaled) FDD results to these mode shapes
also yields good agreement (compare Fig. 14).

Sensitivity of the mode shapes and dip angles could be assessed
in a qualitative way. Both SH fundamental mode shape and SV0

dip angles show sensitivity to valley shape. Sensitivity of the dip
angles of SV0 to bedrock shape is quite pronounced, but decreases

with the introduction of realistic layering in the model. Valley shape
appears to control the zero crossing and edge values of the dip an-
gle curve. Since this observation is based on one set of models
only (models 7–10), further work is necessary to strengthen this
conclusion. Observed dip angles at Martigny agree well with the
zero crossing and edge values of the models, indicating a realis-
tic valley shape has been employed. On the other hand, the shape
of the curve, which we found to be influenced by velocity struc-
ture, is in approximate, but not good agreement with the layered
velocity structure from reflection seismics and inversion of sur-
face wave dispersion curves. Variability of the soil conditions along
the profile might explain part of these differences. Moreover, the
uncertainty on dip angle values is still considerable. A more pre-
cise measurement of dip values is therefore necessary to resolve
this issue.

The six-layer model proved very valuable for the interpretation
of observations at Martigny. Modelled and observed mode shapes
fit very well in the P–SV case. It was, however, observed that vari-
ations of bedrock shape, velocity structure and Poisson ratio in-
fluence resonance frequencies, mode shapes and the sequence of
modes considerably. Therefore, the results from Martigny cannot
be extended easily to other locations, but more detailed modelling
of each location would be necessary to assess their mode sequences.

Table 3 suggests that several modes with nodes in vertical di-
rection have been found at Martigny. However, vertical nodes are
only suggested on the basis of modelling. For the SH case, a ho-
mogeneous model had to be used. Analogue to the P–SV case, we
argue that a layered model would show mostly higher modes that
are focused in the upper layers and do not contain nodes in vertical
direction. No indication was found that the observed SH modes are
modes with vertical nodes. This is why in Table 1 all SH modes are
listed as SH0x modes.
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Figure 14. Comparison of arbitrarily scaled mode shapes obtained in this study and by Roten et al. (2006).

In the P–SV case a node in vertical direction on at least one of
the two components is predicted for almost all modes. However, for
all of these modes except the one at 0.55 Hz, nodes in depth are a
result of our very strict definition that every zero crossing is a node,
even if effectively motion occurs only on one side of the node, while
on the other, close-to-zero motion is seen. The mode observed at
0.55 Hz, modelled at 0.52 Hz, remains the only observed mode with
a modelled node in vertical direction that shows significant motion
on either side of the node. Since its perpendicular component, the
component containing this node, could not be observed, we deduce
that resonance motion containing nodes in the vertical direction
is not excited to observable amplitudes by the incident ambient
vibration wavefield in the Rhône valley.

The fundamental P mode was not observed. We suggest that it is
indeed not part of the modal sequence of the cross-sections studied
here. BB85 obtained a critical shape ratio of 0.5–0.6 for the P0

mode, using a model with a bedrock–sediment velocity contrast of
5:1. Although they did not provide an explicit formula for the critical
shape ratio of P modes, with the velocity contrast of approximately
3:1 of our study area, the critical shape ratio may not be reached
in the studied cross-sections. Moreover, sediment Poisson ratio at
Martigny may be too high for this mode to occur (between 0.4 and
0.48), as with a high Poisson ratio the P0 mode is no longer part of
the modal sequence (suggested by model Mar 4).

9 C O N C LU S I O N

We obtained good agreement of the resonance frequencies identi-
fied here with published results. Good agreement was also found
between the two methods FDD and PA, and between observed
and modelled results. Therefore, we are confident about the pre-
viously unmeasured frequencies and mode shapes. The frequencies
recorded in Table 1 present a new extensive compilation of reso-
nance frequencies of the Rhône valley sediment fill, which may be
of use to further studies. The ‘breathing’ P0 mode could not be
observed and we propose that it is not part of the modal sequence
of the Rhône valley. Excitation of modes with nodes in vertical di-
rection is too low for these modes to be observed with our present
data and processing techniques.

Observations from PA can potentially be obtained using only
a single station or a small number of stations. Although we did
not test this possibility, the relatively stable results from two array
measurements at Sion indicate it is feasible. To test this approach,
and to develop a more reliable identification for the dip angle from
PA, is a subject for further research.

Observations and numerical modelling of the mode shapes fit
very well down to details in the case of section Martigny, as was
shown in Fig. 13. While the homogeneous model fails to reconstruct
certain details, they are well reproduced by the realistic six-layer
model. Thus, mode shapes apparently carry valuable information
on the properties of the different layers. This is underlined by other
observations, such as the coincidence of maximum of the mode
shape with the extent of glaciolacustrine sediments in the case of
section Bramois. It is a subject of further studies if and how this
information can be conveniently used. Our modelling efforts have
illustrated two important difficulties that have to be addressed here:
The first is that the sequence of modes as they appear by frequency
depends strongly on the subsurface properties. Therefore, observed
modes have to be interpreted carefully. The second is the ambigu-
ity concerning bedrock interface shape and velocity structure. For
example, a symmetric mode shape may be related either to a sym-
metric valley shape or it might develop due to a significant velocity
contrast at a layer boundary. Therefore, it may only be possible to
extract information from resonance observations by including prior
information on subsurface properties, similar to how it was done in
the inversion study performed by Roten & Fäh (2007).

A C K N OW L E D G E M E N T S

We would like to acknowledge the contribution of Daniel Roten who
has made the array data from previous studies available to us. We
also thank Clotaire Michel for his help with fieldwork and valuable
advice on the use of the FDD processing method.

Wavelet software used in the PA was provided by C. Torrence and
G. Compo, available at http://paos.colorado.edu/research/wavelets/.
The Reform code for approximating 2-D resonance frequencies was
kindly provided by Roberto Paolucci. Several figures in this paper
were made using Generic Mapping Tools (GMT) 4 by Wessel &
Smith (1998).

http://paos.colorado.edu/research/wavelets/


2-D resonance modes 811

R E F E R E N C E S

Aki, K. & Richards, P.G., 1980. Quantitative Seismology, Vol. 1424,
Freeman.

Bard, P.Y. & Bouchon, M., 1985. The two-dimensional resonance of
sediment-filled valleys, Bull. seism. Soc. Am., 75(2), 519–541.

Bonnefoy-Claudet, S., Cotton, F. & Bard, P.Y., 2006. The nature of noise
wavefield and its applications for site effects studies: a literature review,
Earth Sci. Rev., 79(3), 205–227.

Brincker, R., Zhang, L. & Andersen, P., 2001. Modal identification of output-
only systems using frequency domain decomposition, Smart Mater.
Struct., 10(3), 441–445.
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