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ABSTRACT - We are studying the seismic response of the Rhône valley starting with 
analysis of ambient noise recorded at different locations. Site-to-reference spectral ratios 
obtained from linear arrays exhibit properties characteristic of 2-D resonance and allow 
definition of the 2-D resonance frequencies for different modes. We introduce an 
inversion scheme that combines dispersion curves obtained from circular arrays with the 
observed frequencies of 2-D resonance to improve resolution of shear-wave velocities in 
the lower part of the sedimentary fill.  
The obtained shear-wave velocities are used for the development of a detailed velocity 
model of the Sion area.  We performed 3-D numerical simulations of strong ground 
motion with the finite difference method and predict the 2-D resonance frequencies SH00 
and SV0 at 0.45 and 0.60 Hz, respectively. Spectral ratios computed from a recorded local 
ML=4.9 event show significant amplification at the expected 2-D resonance frequencies. 
 
 

1. Introduction 
 

It is well known that ground motion amplification by local soft soils can contribute 
significantly to damage during earthquakes. In recent years, techniques to estimate shear-
wave velocities of soft soil sites by ambient noise records have become increasingly 
popular in seismic hazard assessment (e.g. Bard et al., 2005; Wathelet et al., 2005; Kind 
et al., 2005; Asten et al., 2005). These methods are based on two assumptions: 

1. Horizontally propagating surface waves prevail in the recorded ambient vibration 
wavefield.  This allows for estimation of Rayleigh wave phase velocities with either 
frequency-wavenumber (Capon, 1969) or spatial auto correlation (SPAC) 
techniques (Aki, 1957). 

2. The structure below the array can be approximated with plane horizontal layers.  
In this case, the recorded dispersion curve can be inverted for the shear-wave 
velocity using a 1-D computation of phase velocity as forward problem. 

Both assumptions are problematic when the method is applied to more complicated 2-D 
or 3-D structures. In deeply eroded Alpine valleys, the assumption of horizontal layers is 
no longer valid for the lower structure. As a consequence of 2-D resonance, standing 
waves may dominate at low frequencies (Roten et al., 2006), which violates the first 
assumption. 

But methods to estimate shear-wave velocities at such sites would be especially 
desirable, because the even higher amplification caused by 2-D or 3-D effects was 
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demonstrated in many numerical experiments (e.g. Frischknecht and Wagner, 2004) and 
also observed in some cases (e.g. Kawase, 1996). 

In the framework of the SHAKE-VAL project, we are performing ambient noise 
measurements at different sites in the Rhône valley (Fig. 1).  Previous studies suggest 
that the frequencies of the different 2-D resonance modes can be identified from ambient 
noise records (Steimen et al., 2004, Roten et al., 2006). 

We introduce an approach that combines information about the 2-D resonance 
behaviour of the valley with observed Rayleigh wave dispersion curves to bypass 
problems caused by the non 1-D structure of the sites.  Our combined inversion aims to 
find models that explain all observation, and to yield realistic estimations for shear-wave 
velocities. 

Together with other geophysical and geological information, the obtained values for the 
shear-wave velocities serve as input for 3-D numerical simulations of strong ground 
motion with the finite-difference method.  Additionally we analyze ground motion from a 
moderate local earthquake recorded on a temporary seismic array in the city of Sion to 
quantify the amplification. 

 
 
Figure 1 Sites analysed with linear (red) and circular (green) arrays in the Rhône valley. 
Ticks denote the Swiss coordinate system in meters. © 2005 Swisstopo 
 
 

2. AMBIENT NOISE MEASUREMENTS 
 
We acquired a series of ambient noise array measurements at different locations in the 
Rhône valley (Figure 1).  Our method requires measurements with two different array 
configurations: 
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• For the first configuration, the sensors were deployed on a profile running 
perpendicular to the valley axis. This configuration is used to identify the 
frequencies of the different 2-D resonance modes. 

• For the second array configuration, the receivers were arranged in concentric 
circles.  These circular arrays are used to measure the apparent velocity of 
Rayleigh waves propagating through the array from different directions. In order to 
sample different frequency ranges, concentric circular arrays with different 
apertures were recorded at most sites. 

In this text, we will show results for a site near the town of Martigny (Fig. 1). 
 
 
2.1 Analysis of noise recorded on linear arrays 
 
From ambient noise recorded with the linear arrays, site-to-reference spectral ratios are 
computed using a reference station on bedrock.  Spectral ratios are calculated for 
overlapping windows of 80 seconds length and averaged using a suppression trigger to 
remove heavily disturbed time windows. 
 

 
 
Figure 2 Contour plot of site-to-reference spectral ratios as a function of distance along 
the profile axis and frequency for the vertical component (top), the component 
perpendicular (centre) and parallel  (bottom) to the profile axis.  The cross-section of the 
valley indicates the position on the profile. 
 

Figure 2 shows spectral ratios in a contour plot as a function of distance along the 
profile axis and frequency for the Martigny site. The fundamental mode of 2-D resonance 
SV0 can be clearly identified on the component perpendicular to the valley axis at 0.33 Hz. 
On the component parallel to the valley axis, a single peak at 0.30 Hz indicates the SH00 
fundamental mode. The two peaks at 0.38 Hz represent the first higher mode SH01.  
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Figure 3 shows a cross-section through the contour plot at the identified 2-D resonance 
frequencies for the components involved.  The specific patterns at the individual 2-D 
resonance frequencies in Figure 3 were predicted more than twenty years ago from 
simulations with sine- shaped valleys using the Aki-Larner technique (Bard & Bouchon, 
1985). The good match between expected amplification patterns and spectral amplitudes 
in Figure 2 suggests that 2-D resonance dominates the noise wavefield at low 
frequencies.  This interpretation is supported by analysis of the phase behaviour at the 
frequencies of the identified modes (Roten et al. 2006).   

 
 

 
 
Figure 3 Left: Spectral ratios as a function of distance along the profile for vertical and 
perpendicular component at 0.33 Hz, interpreted as mode SV0. Center and Right: Spectral 
ratios for axial component at 0.32 and 0.44 Hz, interpreted as modes SH00 and SH01. The 
cross-section of the Rhône valley at Martigny is given below each figure to indicate the 
position on the profile. 
 
 
2.2 Analysis of noise recorded on circular arrays 
 
We applied the high-resolution frequency-wavenumber technique (Capon, 1969; Kind et 
al., 2005) to ambient vibrations recorded on the circular arrays.  The software package 
CAP (Ohrnberger et al., 2004) developed within the SESAME project (available at 
www.geopsy.org) was used for the f-k analysis.  

Figure 4 (top) shows f-k spectra for the vertical component at 0.33 Hz, where we 
identified the fundamental mode of 2-D resonance SV0.  The peak in the f-k map is 
located close to the plot origin, which suggests that standing waves prevail at this 
frequency.  At a higher frequency of 1.08 Hz (Figure 4 bottom), several peaks appear at a 
slowness of around 2 s/km, corresponding to an apparent velocity of 500 m/s.  This 
indicates that Rayleigh waves are propagating through the array from different directions.  
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Dispersion curves are derived from f-k spectra by selecting the apparent slowness for a 
range of frequency bands.  The pluses in Figure 6 (right bottom) show the dispersion 
curve extracted for the Martigny site. 

 

 

 
 
Figure 4 F-k spectra calculated from vertical component at a frequency of 0.33 (top) and 
1.08 (bottom) Hz in a polar (left) and Cartesian (center) plot.  The curves on the right show 
the mean and maximum over all directions. 

 

 
2.3. Combined inversion of 2-D resonance frequencies and dispersion curves 
 
To estimate shear-wave velocities of the Rhône sediments we introduce an inversion 
scheme that uses information derived from both the linear and circular array 
measurements. The combined inversion is seeking velocity models that explain both the 
recorded dispersion curves and the observed 2-D resonance frequencies. Dispersion 
curves are inverted with the geopsy program (Wathelet et al., 2005).  This code employs 
the neighbourhood algorithm for solution space sampling (Sambridge, 1999). 
 

 
Figure 5. Sediment-bedrock interface derived from reflection seismics (crosses) and 
approximated with the three different valley parametrisations for the combined inversion. 

 
The forward problem of calculating the frequencies of the different 2-D resonance 

modes can be solved very quickly with a method developed by Paolucci (1999), which 
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computes the 2-D resonance frequencies of valleys filled with horizontally layered 
sediments.  This approach requires a parametrisation of the sediment-bedrock interface 
with one of four equations defining sine-shaped, cosine-shaped, elliptic and asymmetric 
valleys.  For the structure at the Martigny site, the asymmetric relation represents the best 
approximation.  To account for uncertainties caused by the parametrisation we used three 
different values for the Martigny site.  Figure 5 shows the bedrock depth reported from 
reflection seismics (Pfiffner et. al, 1997) and described by the asymmetric relation. 

We implemented the method as an additional constraint in the inversion program of 
Wathelet (2005). For each velocity model created during the inversion process, the 
velocity profile is combined with the parameterization of the sediment-bedrock interface, 
and the corresponding 2-D resonance frequency is computed. The misfit M of each model 
is calculated from the difference between the measured and modeled dispersion curve 
MDC and between the observed and calculated 2-D resonance frequencies M2D: 
 

M=(1-w) MDC + w M2D 
 
The weighting factor w can be adjusted to give the fitting of the 2-D resonance 

frequencies higher or lower priority, though we mostly used equal weight for both misfits 
 

 
Figure 6 Comparison of simple (yellow) and combined inversion results with different 

valley parametrisations (green, cyan and red) for the Martigny site. Velocity models with 
no more than 10% higher misfit than the best-fitting solution are shown. Bottom: P-wave 
(left) and S-wave (center) velocities. Bottom right: Observed (pluses) and modeled (lines) 
dispersion curves. Top: 2-D resonance frequencies calculated from the best-fitting models 
in the combined inversion vs. misfit. Observed 2-D resonance frequencies are indicated 
by solid black lines, the dashed lines represent an uncertainty of 0.01 Hz. 
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Figure 6 shows results of the combined inversion at the Martigny site for the three 
different valley parametrisations and for simple inversion of only dispersion data. While all 
methods yield similar results for depths above 450 meters, the simple inversion results in 
unrealistically high values of up to 2000 ms

-1
 at greater depth.  The possibility of such high 

shear-wave velocities inside the basin must be rejected from consideration of the 
expected VP/VS ratio and from the values of the observed 2-D resonance frequencies.   

With the combined inversion, the shear-wave velocities never exceed 1200 ms
-1

 in the 
sedimentary fill, and the resolution at depth is greatly improved.  A certain variability for 
the lower structure can be observed depending on the chosen valley parametrisation. 

All solutions are able to explain the observed dispersion curve quite well. The fit of the 
observed 2-D resonance frequencies varies with the valley parametrisation. The most 
distinct feature of the resolved velocity models is the presence of a shallow low-velocity 
layer of about 10 meters depth, with a shear-wave velocity of only 100 ms

-1
. 

The second major velocity contrast occurs at a depth of about 180 meters, where 
shear-wave velocities rise from 400 to more than 750 m/s.  This impedance contrast ist 
probably representing the interface between lacustrine and glaciolacustrine deposits, 
which appears as a strong reflector in seismic reflection profiles (Pfiffner et al., 1997).  

The combined inversion method has been successfully tested on synthetic ambient 
noise and applied to two more sites in the Rhône valley (Roten and Fäh, 2006). 

 
 

3. Development of a local 3-D velocity model 
 
On the basis of array measurements performed at different parts of the Rhône valley, the 
analysed sites can roughly be subdivided into two categories: 
1. fine lacustrine and deltaic deposits (Martigny, Vétroz and Saillon,) Shear-wave 

velocities at these sites are very similar to the values derived for Martigny (Fig. 6).  VS 
ranges between 320 and 450 ms

-1
 near the surface, and a strong velocity contrast 

occurs at around 200 meters depth. 
2. alluvial fans (old town of Sion and Bramois): Shear-wave velocities at these sites are 

much higher, with values of more than 750 ms
-1

 measured close to the surface.   
The type of the local sedimentary deposit must therefore be taken into account for the 
development of a velocity model. We extracted the outline of the alluvial fans from 
geological maps of the central Valais area to define regions of higher shear-wave 
velocities inside the sedimentary fill. The depth of the sediment-bedrock interface is 
provided from analog maps published by Rosselli (2001) and from results reported from 
seismic reflection. 
 
 

4. NUMERICAL SIMULATION OF STRONG GROUND MOTION 
 
The new velocity model for the Sion area is used for 3-D numerical simulations of strong 
ground motion with the finite difference method. We employ two different simulation 
programs: the first code allows the inclusion of topography and variable grid spacing to 
minimize computational requirements (Oprsal & Zahradnik, 1999, 2002). The second 
program allows parallel computation and simulation of finite fault planes (Olsen 1994, 
2000; Marcinkovich and Olsen, 2003). 

To analyse the response of the Sion basin, we excited the structure with a vertically 
incident plane wave polarized perpendicular to the valley axis.  Figure 8 shows snapshots 
of the velocity on the perpendicular component created with a 3-D raycast visualization 
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method (Schroeder et al., 2004).  For this example, a computational grid of 318x318x132 
points and a spacing of 12.5 meters was employed to simulate frequencies up to 4 Hz.  
The snapshot after 0.96 seconds (Fig. 7) shows the increased amplitude after the plane 
wave enters the lower basin. At 1.12 seconds, surface waves are generated at the valley 
edges and propagating horizontally trough the basin. 2-D resonance is caused by 
interference between the edge-generated surface waves and the direct wave, creating the 
high amplitudes near the valley center at 1.76 seconds. 
 

 
 
Figure 7. 3-D raycast visualization of a vertically incident plane wave entering the Sion 
basin. The absolute velocity of the direction perpendicular to the valley axis is displayed. 
The position of the sediment-bedrock interface is indicated by the semi-transparent grey 
surface.  Distances are in m, velocities in ms

-1
. 

 
Figure 8 (left) shows site-to-reference spectral ratios calculated from the synthetic 

ground motion in Figure 7 for a profile perpendicular to the valley, similar to Figure 2. The 
fundamental mode resonance frequencies SV0 and SH00 can be identified at about 0.60 
and 0.45 Hz, respectively.   
 
 

4. Earthquake records 
 
A temporary array of weak motion seismometers has been operated in Sion, which 
recorded the ML=4.9 event from September 8

th
 2005 near Vallorcine, France, at around 



ESG2006, Grenoble, 30/08-01/09/2006 

 
 

 9 

43 km epicentral distance from the city.  We calculated spectral ratios from these records 
using a permanent station located on bedrock above the city as a reference (Fig. 8 right).  

The first peaks appear at about 0.60 Hz on the vertical and perpendicular axis and at 
about 0.45 Hz on the axial component.  These values are very similar to the fundamental 
mode 2-D resonance frequencies of SV0 and SH00 identified in spectral ratios computed 
from synthetic ground motion (Fig. 8 left).  
 

 
 

Figure 8. Left: Site-to-reference spectral ratios as a function of distance along the profile 
and frequency calculated from the synthetic ground motion in Figure 7. Right: Site-to-
reference spectral ratios computed from a recorded ML=4.9 event. 
 
 

5. Conclusions 
 
Ambient noise recorded on linear arrays allows definition of the different mode 2-D 
resonance frequencies. The values of these frequencies can be used as an additional 
constraint in the inversion of dispersion curves to improve resolution of shear-wave 
velocities in the deeper part of the basin.  Numerical simulations performed with a detailed 
velocity model are able to explain the observed response of the Sion basin at frequencies 
below 1 Hz in terms of 2-D resonance. 
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