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Identifying 2D Resonance in Microtremor Wave Fields

by Sibylle Steimen, Donat Fäh, Fortunat Kind, Christian Schmid,
and Domenico Giardini

Abstract To predict local site effects during earthquakes, we must know the geo-
metrical and mechanical properties of local sedimentary structures and their reso-
nance behavior. We present a concept to identify resonance modes for 2D structures.
This is done for synthetic as well as measured microtremor wave fields. The micro-
tremor data were investigated by using the reference station and horizontal-to-vertical
(H/V) methods. Analyzing the synthetic microtremor data in profiles across 2D
structures, the reference station method (RSM) turned out to be much more suitable
for the detection of 2D resonances than the H/V method. We therefore focused on
RSM when analyzing the measurement data from two test sites in Switzerland, the
St. Jakob–Tüllingen trough near Basel in the north and a site in the Rhone valley
near the village Vetroz in the south. The results of these two test sites led to dif-
ferent conclusions. Whereas the spectral peaks in data of the St. Jakob–Tüllingen
trough were not well developed and could only tentatively be interpreted, those from
the Rhone valley clearly exhibited 2D resonance effects: the SH00 and the SV-
fundamental mode could be successfully identified at 0.32 � 0.03 and 0.35 �
0.03 Hz, respectively.

Introduction

Using the horizontal and vertical spectral ratio of seis-
mic noise, a microzonation study of the Basel area (Fäh et
al., 1997), determined the fundamental resonance frequency
of the unconsolidated sediments. The St. Jakob–Tüllingen
syncline, filled with Tertiary marls, showed a low, constant
resonance frequency around 0.4 Hz (Fig. 1A). The authors
suggested a 2D resonance due to the syncline shape of this
trough. The goal in this study was to investigate a possible
2D effect visible in the microtremor wave field measured
over a 2D structure. Using synthetic modeling, we developed
a method to identify such 2D resonance effects in the mi-
crotremor wave field and tested it at two different measure-
ment sites: the St. Jakob–Tüllingen trough near Basel and
the upper Rhone valley near the village of Vetroz (Fig. 1B).

The St. Jakob–Tüllingen syncline is part of the Rhine-
graben and bounds this structure to the East (Fig. 1A). The
geology of the trough is known, because data from numerous
drillholes for groundwater and a few deep wells are available
(Hauber, 1991, 1993). The syncline of St. Jakob–Tüllingen
has asymmetric geometry, with a steep slope to the East and
a gradual slope in the West (Fig. 2B). The structure is filled
by Mesozoic deposits (Triassic to Jurassic), covered in turn
by Tertiary sediments. The maximum depth to the crystalline
rock is about 1700 m; the maximum depth to the first strong
impedance contrast, relevant to this study, is about 600 m
and lies between the Meletta and the Meeressand layers. The
soft sediments consist (from bottom to top) of the Meletta

layer (argillaceous marls), the Molasse Alsacienne (sandy
marls), and the Tüllinger–Süsswasserschichten (chalks in the
northern part of the structure and argillaceous marls more to
the South, at the study area).

The subsurface structure of the Rhone valley in the re-
gion of Vetroz in Switzerland is well known from a reflec-
tion seismic study done there (Pfiffner et al., 1997). The
unconsolidated deposits consist of five main layers from bot-
tom to top (Frischknecht et al., 1998): subglacial deposit
(gravel), lodgment and till, meltout and reworked till (boul-
ders and fine particles), glaciolacustrine deposit (turbidites,
gravel, sand, till), and deltaic sediments. The maximum
depth to the sediment rock boundary is 890 m; the width of
the structure at the cross section is 3000 m (Fig. 2C).

Because 2D structures tend to amplify ground motion,
Bard and Bouchon (1985) analyzed 2D resonance effects in
sine-shaped valleys. To calculate frequencies of resonance
in such structures, they presented approximate analytical for-
mulas as well as formulas derived from numerical modeling.
We could use their results to test and complement our own
modeling. We calculated finite difference microtremor spec-
tra along profiles perpendicular to the valley axis of two
simplified sine-type structures. Next, we analyzed the syn-
thetic microtremor using the reference station method (RSM)
and the horizontal-to-vertical (H/V) spectral ratio. We were
able to detect frequencies of resonance corresponding to the
values we derived using the Bard and Bouchon (1985) for-
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Figure 1. (a) Geographical and geological overview of
the study site in Basel, Switzerland. The geological units
show the prequaternary surface. The small numbers in the
figure give values for resonance frequencies measured using
the H/V method by Fäh et al. (1997). Major geological units
are the Rhinegraben to the west and the Tabular Jura in the
east. In between the Syncline of St. Jakob–Tüllingen is
marked in light gray. The measurement profile in the south-
ern part of the syncline is marked by a thin black line with
the positions of the receivers A to D and the reference R on
top of it. The inset gives the location of the measurement
site within Europe. (b) Map showing the location of the two
measurement sites in Basel and Vetroz within Switzerland.
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Figure 2. (a) Definition of the sine-type valleys, the two boxes mark the section of the sine curve used for
the geometrical shape of the corresponding valley. Both sine-shaped basins have a maximum depth of 0.6 km
and a total width of 3.7 km. The trough was supposed to be filled uniformly by Molasse Alsacienne, surrounded
by a uniform half-space (VP � 4.5 km/sec; VS � 2.4 km/sec; QP � 125; QS � 50; q � 2.3 g/cm3).
(b) Geological cross section through the St. Jakob–Tüllingen trough used as basis for the geometrical model
for the complex 2D model of this structure. The white shapes show the geometry of the sine valley approxi-
mations within the real model for comparison. The source zone for the modeling process is indicated by the
white band with stars to the left of the model; receiver positions in the computation work are given as numbers
on the top axis of the figure; receiver positions in the measurement campaign are indicated by letters A to D
and R (reference) on the surface of the topmost layer. (c) Geological cross section through the Rhone valley
near Vetroz. The cross section shows the model as it was used in the calculation of the synthetic noise with
the sources to the left of the model and the receiver positions for the analysis of the synthetic data on the top
axis of the figure. Elastic parameters for the sediment layers are given in the legend. The receivers on the
topmost layer give the positions of the receivers in the measurement campaign.

mulas. We used this match as evidence that using our mod-
eling and analysis technique would help to detect the reso-
nance frequencies of sediment-filled valleys, at least in those
simple structures. We then proceeded to the two realistic
structures whose 2D resonance properties we wanted to in-
vestigate. After calculating the synthetic microtremor sig-
nals, we used the same procedures to analyze the data and

then compared the results with those derived from our mea-
sured data in Basel and Vetroz.

It should be noted that throughout this article we use
the term “microtremor” to address long-period ambient vi-
brations in the same sense as Ohta et al. (1978) used the
term “long-period microtremor” for the seismic noise in the
period range of 1–5 sec mostly generated by sea waves. In
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sections where we use the term “ambient vibrations” or
“seismic noise,” we speak more generally of ambient vibra-
tions in the whole bandwidth.

2D Resonance in Sediment-Filled Valleys:
Basic Concepts

Bard and Bouchon (1985) used the structure of a sine-
shaped valley to analyze the effects of the 2D resonance and
presented simple analytical formulas as well as formulas de-
rived from numerical computations to estimate the resonance
frequencies. Next, we give a short overview of their method.
Their starting point was an analytical formula for SH-
resonance frequencies in a rectangular basin immersed in a
homogeneous half-space.

2b h1SH 2 2f � (2m � 1) � (n � 1) , (1)mn 2�4h w

where w is the half-width of the basin, h is its depth, b1 is
its seismic S-wave velocity, m is the number of nodes in the
vertical standing wave, and n the number of nodes in the
horizontal. In valley models of arbitrary (nonrectangular) ge-
ometry, equation (1) must be adapted using an equivalent
width 2w* defined as the length over which the local sedi-
ment thickness is greater than half the maximum thickness
(Bard and Bouchon, 1985).

For the valley geometries modeled in this study, the
equivalent half-width is significantly larger than the depth,
and we see from equation (1) that at lower frequency the
resonance modes will be those with horizontal nodes (higher
order n) rather than those with vertical nodes (higher order
m). Following the notation of Bard and Bouchon (1985), the
SH-harmonics in n are called “symmetric” if they have an
amplification maximum at the center of symmetry (even
number of n) and “antisymmetrical” (odd number of n) if
they have an amplification node at the center of symmetry.

The PSV case is more complex because of a coupling
of the ground motion of the vertical and the horizontal com-
ponent. In equations (2) and (3) two laws to calculate the
fundamental SV- and P-resonance frequency are given. They
were derived by Bard and Bouchon (1985) from their nu-
merical modeling of resonance modes for a specific valley
geometry (in this article referred to as “type I,” explained in
a later section), and are therefore restricted to this type of
geometry.

2� h1Pf � 1 � (2)fund � ��4h l

2
b 2.9h1SVf � 1 � (3)fund � ��4h l

where h is the maximum sediment depth, l the half-width of
the sine type I valley, and �1 and b1 are the P- and S-wave
velocity, respectively, and h/l is the so-called “shape ratio.”

Using the results of the modeling work of Bard and
Bouchon (1985), we derived the pattern of spectral ampli-
tudes for the SH-, SV-, and P-ground motion across a valley
profile; the results are displayed as qualitative sketches in
Figure 3 for the two different analysis techniques used. The
amplification pattern of higher order modes with nodes in
vertical direction (m � 0) in the SH case and of higher order
PSV modes is more complex and no simple sketches can be
given for them.

To describe the horizontal motion due to the resonance
phenomena, we define here the horizontal motion parallel to
the valley axis as transversal and the horizontal motion per-
pendicular to it radial.

Microtremors: RSM and H/V Methods

In areas of low seismicity, microtremors are the most
suitable instrument to obtain information about the local site
conditions and possible site effects. In past years, the mea-
surement of ambient vibrations has been used in a wide
range of scientific work (e.g., Celebi et al., 1987; Lermo et
al., 1988; Field et al., 1990; Hough et al., 1992; Fäh et al.,
1997). Early investigations demonstrated that seismic noise
depends on the time of the day (Udwadia and Trifunac,
1973), reflecting more source effects rather than site char-
acteristics. Special analysis techniques have been developed
to eliminate these source effects in the spectra of the micro-
tremor signal: the RSM (Ohta, 1978; Kagami, 1982, 1986)
and the H/V method (Nakamura, 1989). Both methods have
been used successfully in previous studies (e.g., Lachet and
Bard, 1994; Lermo and Chávez-Garcı́a, 1994; Field and Ja-
cob, 1995; Fäh et al., 1997).

The RSM compares the amplitude Fourier spectra of the
single components recorded on a soft-soil site with those at
a reference station on bedrock (e.g., Field et al., 1990; Ya-
manaka et al., 1993; Lermo and Chávez-Garcı́a, 1994). The
original method uses signals from long-distance earthquakes
under the assumption that source and path effect are identical
at the soil and bedrock stations. When using ambient vibra-
tions, this important condition is not necessarily fulfilled.
However, long-period microtremors are caused by ocean
waves and have long-distance sources when measured in
inner continental regions such as Switzerland. They there-
fore have stable spectra for longer periods of time (Bard,
1998). Field and Jacob (1993) assumed that the noise spectra
were white before entering the sediment valley, ensuring that
the source and path effects were statistically equal at the two
stations during long recording periods.

The H/V method uses spectral ratios of a single station
to obtain fundamental resonance frequencies. It has been
frequently used in Japan and has become popular in the
Western world after its publication by Nakamura (1989).
The method is based on the assumption that at any site the
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vertical component of seismic noise is essentially unaffected
by site effects, whereas the horizontal components are
strongly influenced by the presence of soft soils. The fun-
damental frequency of resonance can thus be estimated from
the ratio of the H/V Fourier spectra. Lachet and Bard (1994)
and Dravinski et al. (1996) showed that the H/V method can
be used to determine the fundamental mode in 1D, 2D, or
3D structures, but that the amplitudes of the H/V peaks can-
not be used to predict amplification values of ground motion
at the specific site.

Figure 3 illustrates the different resonance modes over
a simplified sediment structure giving the expected pattern
of spectral ratios calculated with the RSM and the H/V tech-
nique. Note that a single narrow peak on the H/V ratio iden-
tifies the SV fundamental, whereas the P fundamental can
be detected on the inverse V/H ratio.

Numerical Investigations of Synthetic Microtremors
for the 2D St. Jakob–Tüllingen Trough

To study the resonance properties of the St. Jakob–
Tüllingen syncline, we first approximated the shape of the
structure by two sine-type geometries (hereafter named type
I and type II valleys). (Note that this nomenclature does not
correspond to the type 1 and type 2 definitions used in the
Bard and Bouchon 1980a,b pulications.) This allowed us to
test our modeling approach by comparing the resonance fre-
quencies found in the synthetic microtremor wave field with
the results of the calculated frequencies of resonance using
the formulas by Bard and Bouchon (1985). A type I syncline

is bounded by two neighboring maxima of a sine curve and
corresponds to the sine valley geometry used in Bard and
Bouchon (1985). A type II valley extends between two zeros
of the sine curve (Fig. 2A). A geological cross section (Gür-
ler et al., 1987; Hauber, 1991) has been used as the basis
for the realistic model of the St. Jakob–Tüllingen trough.
Figure 2B shows the model as it was used in the computa-
tions together with the shape of the approximated sine val-
leys. The physical parameters of the models were taken
mostly from existing studies (Schweizerischer Erdbeben-
dienst [SED], 1997), complemented with sonic-log record-
ings from deep drillholes in a nearby region (Weber et al.,
1986). Where no data for specific rock types were available,
parameters were derived from standard compilations (Clark,
1966). The quality factors were estimated.

To calculate the microtremor wave field in the valley, a
finite-difference (FD) method for inelastic SH- and PSV-
wave propagation was used (Fäh, 1992). For each model
(both sine-type models and the realistic model), a 2D syn-
thetic microtremor wave field was calculated at 44 equally
spaced receiver positions along a profile across the syncline.
The first receiver was located at a distance of 500 m from
the left model boundary of the FD grid. Because we do not
know the nature of the microtremors, we generated them on
the left side of the model by a small band of randomly spaced
point sources radiating random signals (Fig. 2B). With this
configuration, source effects are to be expected due to the
small source-receiver distance. Synthetic microtremors have
a duration of 450 sec. Grid spacing of 10 m was used, with
a total model dimension of 1000 � 300 grid points.
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The synthetic microtremors were analyzed using the
RSM and the H/V methods. For the RSM analysis, the time
signals were split into windows of 80 sec with 50% overlap,
and spectral ratios against the reference station signal (sta-
tion 44) were calculated for each time window and then av-
eraged over the windows. We display the mean RSM spectral
ratios for each frequency and station position (Figs. 4A and
5A) to identify consistent peaks across the valley. Spectral
ratios at specific resonance frequencies are displayed along
profiles (Figs. 4B and 5B) to visualize 2D features in the
same way as given in the sketches of Figure 3. The fre-
quency range below 0.2 Hz is not shown because of major
source effects. In Figures 4C and 5C we show spectral ratios
at the selected receiver positions indicated by a thin black
line in part A of the corresponding figure. In these figures
the mean value of the spectral ratio of the different time
windows is given in a solid black line. The gray shading
shows the standard deviation of the mean spectral ratio and
therefore indicates the sharpness of the peaks analyzed. We
used the width of the standard deviation band (grey shaded
area) on the ordinate level of the peak maxima as the mea-
sure of uncertainty and display it in the summary table of
the corresponding dataset (Table 1).

The synthetic H/V spectral ratios are only computed for
the PSV case, that is, the ratio of the radial and the vertical
component was used. Again the time signals were split into
windows of 80 sec with 50% overlap, and the ratios of the
Fourier spectra were calculated and averaged. Because of
specific problems we had using the H/V method and which
will be discussed later, we display only very few results of
this analysis. Figures 4D and 5D give series of cross sections
at specific frequencies, which are indicated in the figures.

The RSM results of the analysis of the synthetic data for
the three models (types I and II sine shape, realistic model)
are shown in Table 1. The first column for each model gives
the theoretical frequencies estimated using the formulas by
Bard and Bouchon (1985). Because the formulas for the SV-
and P-fundamental frequencies are only valid for the type I
sine-shaped valley, the resonance frequencies for the other
models are estimated based on the assumption that the
broader the valley is the lower the resonance frequencies are.
The second column gives the frequencies found for the cor-
responding resonance modes in the modeling data.

Sine Model Type I

The RSM results for the type I sine-shaped model show
three clearly excited SH modes, the SV fundamental as well
as a higher SV mode (Fig. 4A). We note the strong excitation
of the first higher antisymmetrical mode (SH01) at 0.48 �
0.01 Hz and the weaker excitation of the SH fundamental
(SH00) at 0.38 � 0.02 Hz (Fig. 4B). The two resonance
modes seem to overlap but can be separated by looking at
the cross sections in the corresponding frequency band. We
use the “predicted resonance frequency” using the Bard and

Bouchon (1985) formulas and the “peak geometry” (Fig. 3)
to identify the most dominant peaks and find good agreement
between those frequencies. We identify the 0.41 � 0.02 Hz
peak as the SV fundamental. The overall geometry on the
radial and vertical components shows a good fit to the ex-
pected shape of the SV fundamental (Fig. 3).

On the radial component in Figure 4A, a weak signal is
visible just below the strong 0.41-Hz peak. We investigated
our hypothesis that this signal corresponds to a numerical
effect by varying the model parameterization and enlarging
the initial model size to 1400 � 350 grid points. The peak
at 0.41 Hz remained stable in frequency and geometry,
whereas the weaker peaks at lower frequencies changed in
frequency and shape when we modified the source location,
model size, and internal geometry (distance of the trough
from the model boundary). We conclude that the weak peak
below the strong 0.41 peak can be considered as an artifact
of the modeling work and has no physical meaning.

The pattern of spectral amplitudes around 0.9 Hz, the
expected resonance frequency for the fundamental P mode,
in both radial and vertical components is too complex to
allow an estimate of this resonance mode. It is possible that
it has not been excited at all.

To discuss the H/V data we display a series of cross
sections at constant frequencies in Figure 4D. We show the
frequency range between 0.31 and 0.42 Hz in which two
distinct maxima can be seen at 0.35 and 0.41/0.42 Hz. The
latter would fit to the observation of the SV fundamental in
the RSM data but has its most pronounced maximum around
station 13 and not over the region of the sedimentary trough
(between stations 21 and 38). The main peak at 0.35 Hz lies
between these two stations and would therefore better fit to
the expectations of a SV fundamental in the H/V data but the
frequency lies clearly below the 0.41 Hz of the RSM anal-
ysis. However, the results of H/V analysis allow no clear
detection of the SV fundamental. The origin of the many
spectral peaks outside the sedimentary trough may indicate
a strong influence of the source band to the left of the model.
We have reached the limits of H/V method. This approach
is unsuitable to detect 2D resonances in microtremor data
when source effects dominate the characteristics of the am-
bient vibration wave field.

Sine Model Type II

In the next step we used a slightly different sine model
to approximate the St. Jakob–Tüllingen trough (signals not
shown, results in Table 1). The SH fundamental is not ex-
cited at all, whereas the first higher antisymmetrical SH
mode (SH01) and the SV0 mode dominate the microtremor
wave field. The broader geometry of the type II valley leads
to a general slight decrease of the resonance frequencies in
the valley (Table 1). The incidental wave field controls the
eigenvibrations of the structure.
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St. Jakob–Tüllingen Model

The RSM analysis of the synthetic microtremors for the
realistic structural model of the St. Jakob–Tüllingen trough
(Fig. 5A) reveals several consistent maxima. Due to the
asymmetry of the syncline (Fig. 2B) the right-hand-side
boundary of the trough is well defined at station 40, whereas
at the left-hand-side boundary the thickness of the sediment
cover decreases slowly. Cross sections at specific frequen-
cies of large spectral ratios show the shape of spectral peaks
in the syncline (Fig. 5B). A comparison of the frequencies
of the peaks of spectral ratios with the expected ones sug-
gests (Table 1) that: the 0.37 � 0.03 Hz maximum corre-
sponds to the first higher antisymmetrical SH mode (SH01);
the fundamental mode would have a lower frequency and is
therefore not excited; the shape of the pattern of spectral
amplitudes at 0.42 � 0.04 Hz corresponds to the first higher
symmetrical mode (SH02); and the pronounced amplification
and geometry of the peaks at 0.53 � 0.02 Hz peak corre-
spond well to the second higher symmetric SH mode (SH04).

The results of the RSM on the radial and vertical com-
ponent show the SV fundamental at a frequency of 0.31 �
0.02 Hz. The P fundamental is not seen, but several higher
SV modes are identified on the basis of their frequency and
their significant amplitudes (between 6 and 12 on the radial
component) of their spectral ratios. A certain asymmetry in
all curves is obvious, and is explained by the close distance
of the source zone and by the structural asymmetry of the
syncline.

The H/V results will again be discussed using a series
of constant frequency cross sections. The cross sections
cover a frequency range between 0.28 and 0.39 Hz. The
expected SV fundamental has been detected in the RSM data
at 0.31 Hz. At this frequency we do detect a very sharp and
high spectral peak, but when looking at the cross sections at
lower and higher frequencies, we find similar peaks in the
frequency range from 0.28 to 0.30 and at 0.32 Hz. At 0.33
Hz a double peak marks the transition to a very sharp spec-

tral peak with slightly lower spectral amplitudes around sta-
tion 11. Again the SV fundamental, which was clearly visible
in RSM data, cannot be detected by the H/V method leading
to the same conclusions we made when analyzing the sin
type I model data: H/V method cannot be used for the de-
tection of 2D resonances in 2D structures in the way pre-
sented here.

Numerical Investigations of Synthetic
Microtremors for the 2D Rhone Valley

near Vetroz

The resonance properties in the Rhone valley near Ve-
troz were investigated using a realistic cross section in the
region based on geological information from a reflection
seismic study (Pfiffner et al., 1997) and the work by Frisch-
knecht et al. (1998). A slight simplification of the model was
applied by introducing horizontal layers in the sedimentary
trough. FD-model dimensions are 890 � 300 grid points
with grid spacing of 10 m. Again we placed the first receiver
at a distance of 500 m from the left model boundary where
the random sources were located. We calculated the resulting
synthetic signal of 240 sec duration for 38 different receiver
positions, each receiver spaced 100 m apart from its neigh-
bors. We used station 1 as reference station. On the basis of
the experiences of the previous analysis, the synthetic signals
were only analyzed using the RSM method. The results are
displayed in Figure 6A–C, and Table 2 summarizes the res-
onance frequencies and uncertainties. The results from the
SH case in Figure 6A and B show clearly the first four SH
modes (SH00–03) at 0.29 � 0.02, 0.38 � 0.01, 0.47 � 0.01,
and 0.55 � 0.02 Hz, respectively. The SV fundamental at
0.34 � 0.01 Hz as well as a higher SV mode at 0.57 � 0.02
Hz can be seen on the radial and vertical component of the
corresponding figures. The results are much more clear than
in the St. Jakob–Tüllingen model. The reason for this must
be the higher impedance contrast between the sediment fill

Table 1
Predicted (Pred.) Resonance Frequencies Versus the Ones Derived Using RSM on Synthetic

Microtremor Data for Two Sine-Type (I and II) and the St. Jakob–Tüllingen Model
(SVX corresponds to the Higher SV Mode)

Type I Model Type II Model St. Jakob–Tüllingen Model

Mode Pred. Modeled (RSM) Pred. Modeled (RSM) Pred. Modeled (RSM)

SH00 0.35 0.38 � 0.02 0.32 0.31
SH01 0.48 0.48 � 0.01 0.40 0.43 � 0.01 0.34 0.37 � 0.03
SH02 0.63 0.51 0.51 � 0.02 0.41 0.42 � 0.04
SH03 0.81 0.84 � 0.02 0.63 0.63 � 0.01 0.48
SH04 0.99 0.76 0.72 � 0.02 0.56 0.53 � 0.02
SV0 0.40 0.41 � 0.02 �0.3–0.4 0.35 � 0.01 �0.3 0.31 � 0.02
SVX 0.55 � 0.02 0.51 � 0.01 0.46 � 0.02
SVX 0.57 � 0.03 0.51 � 0.02
SVX 0.66 � 0.02
P0 0.91 0.7–0.8 �0.7
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Figure 4. Numerical modeling for the sine-shaped
type I model. (a) Results of RSM. The three blocks
display the RSM data for the three components of
movement: transversal, radial, and vertical. Each
block contains the spectral ratios in the frequency
range between 0.2 and 1 Hz (x axis) of all receivers
stringed along the y axis. The sketch of the model to
the left of each data block can be used to find the
receiver positions with respect to the position in the
sedimentary basin. Dark spots in the spectral ratio
data indicate high values. Arrows point to and label
specific modes of resonance discussed in the text and
partly shown in Figure 4B. The horizontal black lines
give the position of the single receiver data shown in
Figure 4C. The frequencies and uncertainties of the
corresponding resonance modes can be found in Ta-
ble 1. (b) Constant frequency cross sections through
RSM spectral ratio data. SH case, SH00 at 0.38 � 0.02
Hz, SH01 at 0.48 � 0.01 Hz, and SH03 at 0.84 � 0.02
Hz. PSV case, RSM ratios indicate the SV-fundamen-
tal mode at 0.41 � 0.02 Hz. For comparison, the
model is included with an approximate match to the
figures above in each column. (c) Single receiver
spectral ratios (RSM) showing mean spectral ratios
(solid black line) and mean plus-and-minus one stan-
dard deviation in gray patches. As a measure of un-
certainty, the width of the gray area on the ordinate
level of the maximum mean peak was used. (d) Con-
stant frequency cross sections trough H/V spectral ra-
tios in the frequency range between 0.31 and 0.42 Hz.
Two peaks at 0.35 and 0.41/0.42 Hz show local max-
ima but cannot be associated with the results of the
RSM analysis.



592 S. Steimen, D. Fäh, F. Kind, C. Schmid, and D. Giardini



Identifying 2D Resonance in Microtremor Wave Fields 593

Figure 5. (a–c) The same as Figure 4 except we
used the St. Jakob–Tüllingen model. The values of
the corresponding resonance modes are in Table 1.
(d) Constant frequency cross sections trough H/V
spectral ratios in the frequency range between 0.28
and 0.39 Hz. Two sharp maxima at station 31 at lower
frequencies and at station 11 at higher frequencies
dominate the spectra allowing no identification of the
SV fundamental.
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and SV and P modes, cannot be as clear as in the modeling
work, where the two synthetic horizontal components were
generated using separate calculation codes.

We measured during November and therefore expect
the microtremors in our study area to be mostly generated
by winter storms in the Atlantic Ocean in a general westerly
azimuth. This westerly azimuth corresponds to the source
band concentrated to the left of the structure in our modeling
approach. The influence of very local noise sources in this
low-frequency range is assumed to be of minor importance,
and the measurement duration of half an hour should provide
enough data to average the influence of such local sources.

The measurements were analyzed with H/V and RSM
data. The H/V results only show one significant, consistent
peak at 0.39 Hz (results not shown). This peak must have
the same origin as the ones noticed in the previously men-
tioned measurement campaign by Fäh et al. (1997) where
many measurements of H/V ratios have revealed a uniform
resonance frequency at about 0.4 Hz in the St. Jakob–
Tüllingen trough (Fig. 1A).

The RSM spectra for all receiver positions are shown in
Figure 7. The mean spectra were only calculated with those
microtremor signal parts showing no unusual transients with
very high amplitudes. It is noted that the amplitudes of the
spectral peaks are very low. With few exceptions they are
lower than a factor of 2, which is usually considered as min-
imum uncertainty when dealing with earthquake data (e.g.,
King and Tucker, 1984). The range of uncertainty (band of
standard deviation) here is very broad, too, and the single
peaks are not very distinguishable from each other. We
therefore only tentatively marked peaks that are consistent
throughout the valley. We associated them to peaks that we
have found in the modeling section making the assumption
that their consistency throughout the valley is due to a 2D
effect visible in the data. Table 3 shows the result of this
approach. The frequencies compare fairly well between the
model and the measurement results. We found four SH
modes as well as three higher SV modes in the data. Most
of the peaks in the measurement data are within the error
band of the synthetic data. Only the peaks at 0.41 and 0.58
Hz could not be matched to the model results within the
range of uncertainty, and no sign of the SV fundamental
could be found in the measurement data. It possibly has not

and the valleys bedrock and a clearer geometrical structure
with less asymmetries than in the St. Jakob–Tüllingen case.

Analysis of Recorded Microtremors

St. Jakob–Tüllingen Trough

To compare the seismic behavior of the St. Jakob–
Tüllingen trough with the synthetic results, simultaneous
measurements of microtremors were performed along the
profile perpendicular to the strike of the fault axis given in
Figure 1A as profile line and as geological cross section and
model sketch in Figure 2B. We used five three-component
seismometers with a natural period of 5 sec in the measure-
ment campaign.

The reference signal, necessary in the RSM analysis,
was recorded outside the Rhinegraben on a presumed bed-
rock site (station R in Figs. 1A and 2B). The remaining four
receivers A, B, C, and D in Figs. 1A and 2B) were placed
on top of the sediments filling the St. Jakob–Tüllingen syn-
cline, covering only about half of the width of the trough.
This was done to get the minimum data density necessary
to define the geometry of the expected resonance modes and
to have a comparable microtremor signal throughout the
whole measurement area.

To get results comparable with the modeling presented
previously, we oriented the receivers having one horizontal
component parallel to the measurement line A to R (this
corresponds to the “radial” component defined previously)
and the other parallel to the strike of the fault axis of the St.
Jakob–Tüllingen trough (the “transversal” component). It is
obvious that the separation of the two measured horizontal
components, and therefore the separation between the SH

Figure 6. (a–c) The same as Figure 4 except we
used the Vetroz model. The values of the correspond-
ing resonance modes are in Table 2. No H/V ratios
are shown.

Table 2
Predicted Resonance Frequencies Versus the Ones Derived

Using RSM on Synthetic Microtremor Data Calculated
for the Vetroz Site

Mode Predicted Modeled

SH00 0.30 0.29 � 0.02
SH01 0.36 0.38 � 0.01
SH02 0.45 0.47 � 0.01
SH03 0.56 0.55 � 0.02
SV0 0.34 � 0.01
SVX 0.57 � 0.02
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Therefore, we have to rely on the synthetic results to identify
the type of 2D resonance. Future studies with simultaneous
measurements must show if the proposed approach used for
the analysis of the modeling data (frequency prediction and
interpretation of the pattern of spectral amplitudes) can in
fact be applied to measured data.

Conclusions

Observation of very low H/V resonance frequencies in
a 2D structure near Basel spurred our investigation about the
possibilities to identify 2D resonances in a microtremor
wave field. We investigated the nature of the microtremor
wave field at two different sites, the St. Jakob–Tüllingen
trough near Basel and the Rhone valley near Vetroz. We
used one analytical and two formulas obtained from numer-
ical computations by Bard and Bouchon (1985) to estimate
resonance frequencies in simplified 2D structures, and ap-
plied FD modeling to generate a synthetic microtremor wave
field in simplified as well as realistic 2D structures. We an-
alyzed profiles of synthetic microtremors with two different
methods, RSM and H/V, to identify the type of resonance
modes. We successfully used the RSM technique to identify
resonance modes in all our synthetic data. The H/V method
revealed no nonunique results and could therefore not be
used to detect 2D resonances. The values of the predicted
resonance frequencies (using the formulas by Bard and Bou-
chon [1985]) and the ones identified in the synthetic micro-
tremor wave field by our analysis technique corresponded
very well within the range of uncertainty. After the modeling
part we performed microtremor measurements in the two
areas of interest. The measurement data were analyzed
mainly using the RSM.

been excited at all. Because of the low receiver density, we
could not interpret the pattern of spectral amplitudes in cross
sections to identify the type of resonance mode. When we
again looked for an explanation of the stable 0.4-Hz reso-
nance frequency values found in the study by Fäh et al.
(1997), no single mode of resonance could explain the phe-
nomenon. Both, the SH01 at 0.39 Hz and the SVX mode at
0.41 Hz, or a mixture of both can be the reason for the
observation. It must be clearly noted that the results just
presented cannot be seen as a proof for the existence of 2D
resonances in the specific sedimentary structure. The peaks
in the RSM data are not well developed. Despite all this, we
present these data together with a tentative approach to an-
alyze the data, and we do this for two reasons: we first want
the reader to be aware of the various problems arising in
such measurement campaigns. Possible reasons for the fail-
ure of this specific attempt are a bad reference site, 3D ef-
fects which cannot be caught by the 2D approach made in
the modeling part, or even local low-frequency sources of
noise which disturb the measurements. Second, we wanted
to show a difficult case in contrast to the data of the second
test site, which looks more promising.

Rhone Valley near Vetroz

For the measurement campaign in the Rhone valley we
used a slightly different approach than in the Basel area.
Instead of doing simultaneous measurements with our lim-
ited number of receivers, we measured microtremor signals
at 15 different positions in the valley, one point after another
leading to a measurement point density about half that used
in the modeling work. Measurement duration was 15 min
per point. The field crew consisting of two persons needed
one day for the whole measurement campaign. The reference
station was situated on a well-defined bedrock site and mea-
sured at the same time as all 15 receivers in the valley. A
sketch of the measurement positions is given in Figure 2C.
The data were analyzed with the RSM only because of the
better results obtained in the previous analysis. As in the
analysis of the measurement data of the Basel site, only those
parts of the signal were used that did not show unusual am-
plitudes caused most probably by nearby sources. Figure 8
shows a selected number of RSM results taken from different
receivers. Vertical black lines mark the most dominant
peaks, which can be related to our modeling results. This
time the amplitudes of the spectral peaks are high. The dif-
ferent peaks can be distinguished from each other and a mea-
sure of uncertainty can be read from the standard deviation.
Table 4 summarizes the results. The correspondence be-
tween the peaks of the modeling results is within the uncer-
tainty. We find the SH00 mode at 0.32 � 0.03 Hz and the
SV fundamental at 0.35 � 0.03 Hz. Higher modes seem to
be visible in certain spectral ratios, such as in MP 9 on the
transverse component, for example, but they cannot be con-
sistently identified in all ratios. Again, cross sections at con-
stant frequency could not be made, this time because the
measurements have not been performed simultaneously.

Table 3
Results of a Tentative Comparison of Consistent Peaks

of Resonance in the Measurement Data Analyzed with RSM
with the Synthetic Ones of the St. Jakob–Tüllingen Site

Mode
Measurement

RSM (Hz) Model RSM (Hz)

SH01 0.39 0.37 � 0.03
SH02 0.44 0.42 � 0.04
SH03 0.48 0.46 � 0.02
SH04 0.58 0.53 � 0.02
SVX 0.41 0.46 � 0.02
SVX 0.51 0.51 � 0.02
SVX 0.64 0.66 � 0.02

Table 4
Comparison of the Measurement and the Modeling Results

Analyzed with RSM for the Rhone Valley near Vetroz

Mode
Measurement

RSM (Hz) Model RSM (Hz)

SH01 0.32 � 0.03 0.29 � 0.02
SV0 0.35 � 0.03 0.34 � 0.01
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A bad reference station most probably biased the results
of the St. Jakob–Tüllingen measurements. As a consequence
the spectral peaks had very low amplitudes and could not be
distinguished very well from each other. Despite this we
could find several consistent peaks in the RSM spectral ratios
at the different receivers that could be tentatively correlated
to the results of the modeling part. The origin of the constant
resonance frequency around 0.4 Hz detected in a previous
study in the region could not be associated with a single
resonance mode. Possible modes are the SH01 mode at 0.39
Hz and a higher SV mode at 0.41 Hz.

At the Vetroz site we found much higher spectral am-
plitudes with peaks that could be distinguished from each
other. A match between the synthetic and the measurement
results was obtained. We found the SH00 mode at 0.32 �

0.03 Hz and the SV fundamental at 0.35 � 0.03 Hz. Future
measurement campaigns with high receiver density and si-
multaneous measurements are needed to investigate the ge-
ometry of these two resonance modes in more detail. In ad-
dition, they will have to prove if the proposed approach to
interpret the pattern of spectral amplifications of RSM data
in a profile over a 2D structure can be used to identify the
type of 2D resonance mode in measured data.
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Figure 7. RSM results of the measurements in the St. Jakob–Tüllingen trough for
all three components of movement (transversal [trans], radial [rad], and vertical [vert])
in columns and all receivers (A–D) in corresponding lines. The thick black line gives
the mean spectral ratio, the gray patch shows the range of plus-and-minus one standard
deviation. Vertical lines indicate peaks throughout the different measurement stations
that can be tentatively linked to the modeling results. On the transversal component,
peaks at 0.39, 0.44, 0.48, and 0.58 Hz were linked to the modeling results indicating
modes of resonance SH01, SH02, SH03, and SH04, respectively. On the radial component,
peaks at 0.41, 0.51, and 0.64 Hz were correlated to higher SV modes (SVX). For a
discussion on the significance of these results, please refer to the text.
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trans rad vert

Figure 8. RSM results of the Vetroz measurements for all three components of
movement (transversal [trans], radial [rad], and vertical [vert]) in columns and a selec-
tion of single receivers (number of receiver in the MP label corresponds to the station
numbers of the stations given in Figure 2C). The thick black line gives the mean spectral
ratio; the gray patch shows the range of plus-and-minus one standard deviation. Vertical
lines indicate resonance peaks, which can be linked to the modeling results. SH00 at
0.32 � 0.03 Hz on the transversal component and the SV fundamental at 0.35 � 0.03
Hz on the radial component correspond well to these data.
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