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Amplification of seismic energy in steep topography plays an important role controlling the location 
of earthquake-induced landslides. Alpine mountains represent extreme topography, therefore large 
amplification may be anticipated, however suitable data needed to probe the limits of topographic 
effects in these demanding locations are rare. Here we present new ambient vibration data from seismic 
stations on the summit and ridge of one of the tallest freestanding mountains in the Swiss Alps – 
the Matterhorn – comparing these to a nearby local reference. Results show elevated spectral power 
at mountain stations between 0.4 and 1 Hz, and directional site-to-reference spectral amplitude ratios up 
to 14, which we attribute in part to topographic resonance. We used ambient vibration modal analysis 
and numerical eigenfrequency modeling to identify the fundamental mode of the Matterhorn at 0.42 Hz, 
as well as evidence for a second, mutually-perpendicular mode at a similar frequency. We identified 
high modal damping ratios of ∼20% for these modes, which we ascribe to radiative energy loss. A 
short campaign measurement at another mountain of comparable shape but smaller scale showed similar 
modal properties with a higher fundamental frequency of 1.8 Hz and peak spectral ratios of 6. Tracking of 
resonant frequencies over one year at the Matterhorn revealed no measurable seasonal variations related 
to near-surface environmental changes (e.g. temperature, ice). Our results demonstrate large spectral 
amplifications linked to resonance of high-relief mountain landforms, which is likely to be a widespread 
effect making such areas more prone to co-seismic rock damage and landslides.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Topographic amplification of seismic energy arises due to res-
onance and wave focusing in steep topography, resulting in am-
plified ground motions at slope crests and convex breaks as com-
pared to adjacent valley-bottom reference sites (Boore, 1972; Davis 
and West, 1973; Çelebi, 1987; Meunier et al., 2008). This phe-
nomenon is distinguished from localized site effects resulting from 
near-surface soil stratigraphy or weathered rock shear-wave veloc-
ity contrasts, as well as the presence of rock fractures (Borcherdt, 
1970; Havenith et al., 2002; Moore et al., 2011; Burjánek et al., 
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2012; Häusler et al., 2019). While the latter are commonly impli-
cated in generating large spectral amplifications (factors up to and 
greater than ∼10), as measured using standard site-to-reference 
spectral ratios, topographic effects predicted from simulations are 
generally smaller, with peak amplification <2 in most cases (e.g. 
Ashford et al., 1997; Paolucci, 2002; Burjánek et al., 2014; Gischig 
et al., 2015). Nonetheless, topographic amplification is widespread 
and has been shown to play an important role affecting the lo-
cations of earthquake-induced damage and the distribution of 
earthquake-triggered landslides (Çelebi, 1987; Harp and Jibson, 
2002; Havenith et al., 2003; Sepúlveda et al., 2005; Hough et al., 
2010).

Incoming seismic energy can excite resonance of topographic 
landforms with similar wavelength, resulting in amplified and po-
larized ground motion (Boore, 1972; Panzera et al., 2011; Massa 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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et al., 2014; Stolte et al., 2017; Moore et al., 2019). Thus at-
tributes of topographic amplification depend to the first order on 
the scale and shape of topography, which controls the frequencies 
and modal vectors of the excited resonant modes. Past experi-
mental studies have measured topographic effects in a variety of 
settings, from relatively small (∼15 m) to large (∼700 m high) 
ridges and hilltops, showing strong polarization of ground mo-
tion and peak spectral amplification values around 2 to 10 (e.g. 
Pedersen et al., 1994; Spudich et al., 1996; LeBrun et al., 1999; 
Massa et al., 2014; Stolte et al., 2017). However, distinguishing 
topographic resonance effects from commingled localized site ef-
fects often complicates interpretation of these data (Burjánek et 
al., 2014; Kleinbrod et al., 2019; Rault et al., 2020). Mountains, and 
especially the large freestanding massifs of the European Alps, on 
the other hand, represent extreme topography and may thus ex-
hibit larger topographic amplification than features with less relief. 
However, suitable broadband seismic data from these locations are 
rare, in part due to difficult and often dangerous site access as well 
as limited measurement locations, and thus data needed to probe 
the range of topographic amplification remain limited.

Dissipation of seismic energy with time is described by modal 
damping ratios (Chopra, 2012a; here referred to as damping). 
Damping results from thermal and viscoelastic energy dissipa-
tion (material damping) as well as geometric effects and mate-
rial contrasts (radiation damping), but distinguishing the sources 
of damping is rarely possible (Çelebi, 1996; Ambrosini, 2006) and 
data necessary to estimate damping in field settings are extremely 
scarce. For high-quality (i.e. massive) slender landforms such as 
rock arches and towers, damping has been shown to be low (∼1-
3% of critical; Moore et al., 2019; Geimer et al., 2020) but can reach 
values of 8-10% for fractured rock slopes (Häusler et al., 2021) and, 
thus similar to engineered structures with significant soil-structure 
interaction such as arch dams (Chopra, 2012b). Since eigenmode 
displacements of mountains under ambient excitation are generally 
small (nanometers to micrometers), and because energy dissipa-
tion by joint deformation is also expected to be small for high 
confining pressures at depth, we predict that material damping 
is comparably minor and radiation damping dominates as influ-
enced by geometry (for further discussion see Häusler et al., 2021). 
While slender towers with large vertical-to-horizontal aspect ratios 
have low damping, mountain landforms with lower aspect ratios 
are likely to experience greater radiative energy loss. Damping ra-
tios are, in turn, inversely related to amplification (Chopra, 2012a), 
therefore the anticipated higher damping for Alpine mountains 
may reduce topographic amplification. On the other hand, higher 
damping broadens the spectral peaks of resonant modes, poten-
tially widening the frequency band susceptible to topographic am-
plification.

Here we present new ambient seismic data from two moun-
tains in the Swiss Alps (the Matterhorn and Grosser Mythen), 
similar in shape but vastly different in scale, each of which ex-
hibits large spectral amplification (values of ∼10 and greater) that 
we attribute in part to excitation of fundamental and higher or-
der resonant modes in a topographic resonance effect. Our data 
further show these mountains exhibit high modal damping ratios 
resulting from efficient energy radiation, which reduces spectral 
amplification but widens the amplified frequency band. Ambient 
vibration modal analysis and eigenfrequency modeling confirm the 
measured frequency-dependent polarization attributes. At the Mat-
terhorn, we analyzed 13 months of continuous data, showing that 
spectral peaks are stable over time and that the fundamental fre-
quency of the mountain does not measurably vary. Our results aid 
estimation of topographic amplification for other mountain fea-
tures by providing likely upper limit values (for large-scale land-
forms), as well as new information on damping, while demon-
strating that eigenfrequency modeling can be used to approximate 
2

the resonant frequencies of mountains. When excited, high-relief 
mountains may experience large amplification of ground motion, 
making these areas more prone to earthquake-triggered rock mass 
damage and slope failure (Gischig et al., 2015).

2. Study sites

We deployed three broadband seismometers on the eastern 
flank of the Matterhorn, Canton Valais, Switzerland, in summer 
2019 (Fig. 1). We used 3-component Nanometrics Trillium Com-
pact 20 s seismometers with Centaur data loggers, each powered 
by a local solar power system, recording continuous data at 250 
Hz. Sensors were leveled and aligned to north, and data streamed 
in real-time via local Wireless LAN to the Internet (Weber et al., 
2019). We deployed one seismometer at 4470 m asl just below the 
summit of the Matterhorn (station code MH54), one seismome-
ter at 4003 m asl on the Hörnli ridge at the Solvay hut (station 
MH48), and one reference station on flat bedrock at 2944 m asl 
in the glacier forefield at the foot of the mountain (station MH52; 
Fig. 1 and Table S1). The horizontal distance between the sum-
mit and reference station was 3.2 km, and the elevation difference 
was 1526 m. Care was taken in all cases to prepare a safe and sta-
ble station foundation by removing loose rock and identifying solid 
bedrock as much as possible. All sensors were encased in a small 
vault built on site (Figure S1). At the Solvay hut, we cut through 
the floor of the hut, removed underlying rock and ice, and then 
laid a thin layer of concrete to create a flat seismometer founda-
tion. All sensors operated semi-continuously, with only minor data 
outages caused by lack of power due to prolonged poor weather 
(Table S1 and Figure S2 describe data availability for each sensor). 
The date range of operational overlap for all three sensors was Au-
gust 27 – October 15, 2019, limited primarily due to deep snow 
cover at the reference station.

In addition to our primary experiment at the Matterhorn, we 
deployed a temporary array of three 3-component seismometers 
on the Grosser Mythen, Canton Schwyz, Switzerland (Figure S3). 
The Grosser Mythen shares a similar horn-like shape as the Mat-
terhorn, but is far smaller, serving as a down-scaled topographic 
analog with easy access. We placed two Nanometrics Trillium 
Compact 120 s seismometers at 1875 and 1887 m asl on the sum-
mit of the Grosser Mythen (station codes MYT003 and MYT004), 
and one Lennartz LE-3D 5 s seismometer at 1444 m asl at the 
base as a reference station (MYT001). The horizontal distance and 
elevation difference between the highest summit station and the 
reference was 450 m. For each station, we first dug a small pit 
to remove loose topsoil and rocks, then leveled and aligned the 
sensors using a tripod firmly pressed into the underlying soil. The 
sensors collected 2 hours of concurrent data on July 24, 2019, 
logged locally on Nanometrics Taurus dataloggers. Full sensor and 
deployment metadata are given in Table S2.

3. Methods

Frequency-dependent polarization analysis of each mountain 
array used waveforms from all stations converted to acceleration 
by deconvolving the instrument response provided by the IRIS 
DMC Library of Nominal Responses for Seismic Instruments. The 
Fourier amplitude spectrum and power spectral density were esti-
mated for non-overlapping hour-long windows (3600 s) of each 
component on all three seismometers. Stable spectral estimates 
were obtained with Welch’s method, averaging over 655.36 s seg-
ments overlapping by 75%, with a 10% cosine taper applied to each 
end. The spectral amplitude ratio between the common compo-
nents of two stations represents the relative, frequency-dependent 
amplification of a station with respect to another station (Spudich 
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Fig. 1. Overview of the Matterhorn study site and sensor installations. a) Oblique aerial image showing the east flank of the Matterhorn with the Hörnli ridge on the horizon 
right of the summit. Seismic stations were installed on the summit (MH54) and Solvay hut (MH48), with a local reference station located in the proximal glacier forefield 
(MH52). Study area location within Switzerland shown in inset. b) Topography of the study area (geodata source: Federal Office of Topography) with station locations 
indicated. c-e) Photographs of seismic stations.
et al., 1996). Polarization attributes were computed using the “Fre-
quency dependent polarization analysis bundle” (IRIS DMC, 2015). 
The probability density functions of the three primary polarization 
attributes (β2, �H and �V) were estimated following Koper and 
Hawley (2010). β2 describes the degree of polarization and mea-
sures the extent of spatial organization in the recorded waveforms. 
�H and �V describe the orientation of the polarization ellipsoid. 
Finally, histograms were calculated using all hour-long windows, 
with a period bin step of 1/50 octave and a period smoothing 
width of 1/10 octave, enabling calculation of probabilistic power 
3

spectral densities, site-to-reference amplitude spectral ratios, and 
polarization attributes.

Frequency-dependent, empirical absolute amplification for each 
mountain station was determined through automated analysis of 
earthquake recordings following the empirical spectral modeling
(ESM) method of Edwards et al. (2013). The technique compares 
the spectra observed by the Swiss national seismic network with 
the expected spectra of a source and path model valid for the 
Swiss reference rock condition (Poggi et al., 2011). The model is 
used to retrieve damping and local site amplification relative to the 
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regional reference rock model, defined by the 27 seismic stations 
where the shear wave velocity profile is known. The elastic site 
amplification is computed by the geometric mean of all observa-
tions on the horizontal components when the signal-to-noise ratio 
exceeds three. Due to lower signal-to-noise ratios at lower frequen-
cies, fewer observations contribute to the amplification curve. No 
results exist for frequencies less than 0.5 Hz due to the lack of a 
predictive model (Edwards et al., 2013). In our study, up to 57 and 
25 seismic events contributed to the ESM amplification function of 
stations MH48 and MH54, respectively. Due to the short installa-
tion period of the reference station (MH52), only two observations 
were available, providing insufficient data to compute reliable am-
plification values.

We quantified modal attributes using Frequency Domain De-
composition (FDD) analysis, an output-only technique used to de-
termine the frequencies and shapes of a system’s normal modes. 
The approach was introduced by Brincker et al. (2001a) to exper-
imentally evaluate the dynamic response of engineered structures 
(e.g. Michel et al., 2008). In the past decade, the technique has 
found additional application on natural features, such as sedimen-
tary valleys (Ermert et al., 2014; Poggi et al., 2014), rock towers 
(Moore et al., 2019), and slope instabilities (Bottelin et al., 2013; 
Häusler et al., 2019). The method applies a singular value decom-
position of the complex cross-power-spectral density matrix of all 
three-component recordings simultaneously measured on a struc-
ture. Plotting the singular values (SV) allows for determination of 
resonant frequencies, with the first SV indicating the dominant 
mode and higher SV indicating secondary modes. Evaluating the 
singular vector at a resonant frequency provides direct measure-
ment of modal deflection. An advantage of FDD is that only one 
plot needs to be analyzed for an array, containing information from 
all recordings and preserving phase information, simplifying de-
tection of higher modes. Furthermore, the analysis of higher SV 
and singular vectors allows for detecting close and hidden modes 
that are difficult to resolve with conventional spectral analyses. 
The Enhanced Frequency Domain Decomposition (EFDD) technique 
(Brincker et al., 2001b) additionally estimates modal damping ra-
tios by transforming the mode bell attributed to a natural fre-
quency (using the Modal Assurance Criterion, Allemang, 2003) to 
the time domain and obtaining the impulse response function. The 
damping ratio is then computed by the logarithmic decrement 
technique (Chopra, 2012a). FDD requires ambient vibration data 
with near-constant spectral density across the band of natural fre-
quencies of interest. Violation of this assumption leads to forcing 
of specific frequencies that do not represent natural modes of the 
structure.

We modeled the 3D modal behavior of each mountain us-
ing COMSOL Multiphysics (comsol .com) to predict eigenfrequencies 
and modal displacement fields. We first extracted relevant digital 
elevation data from the Swiss national 25m-resolution DEM (geo-
data source: Federal Office of Topography), which we transformed 
into smoothed and cropped 3D solids. We assumed a uniform 
density of 2.7 g/cm3 for gneiss of the Matterhorn and limestone 
of the Grosser Mythen (Goodman, 1989), and performed a series 
of 3D eigenfrequency simulations (note these frequency-domain 
models do not simulate wave propagation and do not use or re-
quire material damping). Two approaches were used to approx-
imate the Young’s modulus of the mountain-scale rock masses: 
uniform and pressure-dependent. The uniform approach, based on 
Geimer et al. (2020), used forward modeling to determine the ho-
mogenous modulus that best reproduced the resonant frequencies 
and polarization attributes from field data. We implemented fixed 
lateral and bottom boundaries in these models (which were per-
formed without gravitational stresses), ensuring boundaries were 
sufficiently far from the mountains to avoid influencing the eigen-
modes. We additionally used ultrasonic velocity measurements on 
4

rock samples from the Matterhorn to check the validity of our as-
sumed uniform modulus (Aydin, 2014). The pressure-dependent 
approach, newly employed in this study, was developed based on 
P-wave velocity depth profiles from Brocher (2008). We imple-
mented a Young’s modulus that increased with pressure according 
to a sigmoid function controlled by three parameters: minimum 
modulus (at the surface), transition zone width (in units of pres-
sure), and maximum modulus (at the bottom of the transition 
zone). The approach was applied in COMSOL using an iterative 
workflow for model stability. Beginning with a homogenous model 
using the minimum modulus and lateral roller boundaries to al-
low settlement, we solved the static stress field under gravitational 
loading. We then used this solution to calculate the pressure-
sensitive modulus field, increasing the modulus contrast by 20% 
per iteration and using each subsequent solution to calculate the 
modulus distribution for the next iteration. The final full-contrast 
model was reached in the fifth iteration, which we used as in-
put for eigenfrequency analysis. For both approaches, we extracted 
the eigenvectors at the positions of our seismometers to compare 
against observed values.

4. Results

Power spectral densities are displayed in Fig. 2 for the period 
of operational overlap (August 27 – October 15, 2019) of all Mat-
terhorn stations and channels. Probabilistic analysis of hour-long 
intervals shows the dominant spectral content of each record is 
consistent over time. Figures S4–S7 show spectra from the sum-
mit and Solvay stations over 10 and 13 months of monitoring, 
respectively, demonstrating stability despite seasonal changes in 
near-surface environmental conditions. All stations and channels 
exhibit energy around 0.2 Hz associated with the secondary mi-
croseism, created by deep-water interactions of propagating ocean 
waves (Koper and Hawley, 2010) (Figure S8). Below this frequency 
range, variations in spectral power occur as a function of tele-
seismic activity. Above ∼0.3 Hz, records from the two mountain 
stations begin to diverge from the reference. Station MH52 – the 
reference – remains at low power, paralleling the low noise model 
(Peterson, 1993) with no distinct spectral content until well above 
1 Hz, indicating the station is a high-quality reference. On the 
other hand, stations MH48 at the Solvay hut and MH54 on the 
Matterhorn summit, show evidence of increased spectral power 
across a relatively broad band from 0.4 to 1 Hz (and greater), es-
pecially notable on the horizontal components. However, because 
this energy occurs on the ‘shoulder’ of the microseism, it is partly 
obscured. Varying anthropogenic signals are also visible at times 
in the spectra.

To explore evidence of eigenmodes in our data, we performed 
FDD analysis using 24 h of representative data from September 
20, 2019. The results (Fig. 3a-c) show clear indication of a res-
onant mode of the Matterhorn at 0.42 Hz, as well as a second, 
non-dominant mode in this same frequency range. The second 
mode is evident from the second singular value curve (see in-
terpreted mode bell in Fig. 3), which is elevated above the noise 
level (i.e. third and higher singular values). The first (dominant) 
mode exhibits sub-horizontal ground motion at an azimuth of 155◦
(summit modal vector azimuth / incidence: 155◦ / 88◦), while 
the second mode displays near perpendicular sub-horizontal mo-
tion (summit: 72◦ / 87◦). However, estimation of the mode shape 
of the second mode is biased due to the orthogonality principle 
of the singular value decomposition and the proximity and high 
damping of the two modes. Modal vectors for the summit and 
Solvay stations were similar for each mode, with azimuthal differ-
ences of <4◦ . EFDD analysis further reveals both resonant modes 
exhibit high damping ratios of around 20%. We confirmed FDD re-
sults and explored the stability of our measurements over the full 
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Fig. 2. Probabilistic power spectral density plots of all stations and station components during the period of operational overlap: 27/08 – 15/10, 2019. a-c) Summit station 
MH54, d-f) Solvay station MH48, g-i) Reference station MH52. Ambient vibration data were processed in hour-long intervals. High and low noise models (Peterson, 1993) 
included for reference. Probability indicated by color scale, 5/50/95-percentile for each shown in black solid lines. (For interpretation of the colors in the figure, the reader is 
referred to the web version of this article.)
frequency range using frequency-dependent polarization analysis 
(Fig. 3d-i). The Matterhorn summit station exhibits a clear peak 
in polarization between ∼0.4-0.8 Hz (β2 values up to 0.6), with 
sub-horizontal ground motion (incidence of 80◦-85◦) and a dom-
inant azimuth of ∼155◦ , while the reference station exhibits low 
polarization (values <0.2) with no preferred orientation of ground 
motion in this band. Apparent 180◦ differences in the dominant 
azimuths recorded at the summit and Solvay stations arise from 
vector polarization ambiguity during horizontal motion (incidence 
>80◦; Geimer et al., 2020). Probabilistic analyses show these val-
ues were consistent over the measurement period (Figure S9).

To further analyze spectral content and quantify directional 
spectral amplification, we calculated site-to-reference spectral am-
plitude ratios comparing each of the two mountain stations to 
our reference (Fig. 4). Because the reference station had relatively 
flat and quiet spectra, spectral ratios were unaffected by artifacts 
(e.g. peaks or holes) created by spectral division. We present ro-
tated spectral ratios in Fig. 4, where we selected the dominant 
polarization azimuth (155◦) to display values. Results reveal strong 
amplification between 0.4-2 Hz, with median spectral ratios on the 
Matterhorn summit reaching peak values of 14 at 0.7 Hz. The ra-
tios further show that this frequency band experiences broad am-
plification with few distinct peaks. At the identified fundamental 
frequency of 0.42 Hz, rotated site-to-reference spectral ratios indi-
5

cate an amplification factor of 9 at the Matterhorn summit and 5 
at the Solvay station. Minor differences between the 5th and 95th 
percentile curves in this frequency range support consistency of 
these spectral ratios over time, and indicate that time-varying en-
vironmental effects (such as wind, see Figure S8) do not strongly 
influence these values at the large-scale mountain site (see also 
Figure S4). Separately calculated horizontal to vertical amplitude 
spectral ratios (Figure S10) support these observations and show 
similar results, as do results from spectral amplification measure-
ments from earthquake records (Figure S11), even though the fre-
quency band in that analysis could not be extended below 0.5 
Hz. We note, however, that amplification functions shown in Fig-
ure S11 are not directly comparable to site-to-reference spectral 
ratios calculated from our data because they refer to the Swiss ref-
erence rock velocity profile (mostly sedimentary rocks), while our 
local reference site is likely characterized by higher shear wave ve-
locities (crystalline rocks).

We used numerical eigenfrequency analysis to further explore 
the first resonant modes of the Matterhorn. We compared the re-
sults of two models: 1. a simple model assuming uniform Young’s 
modulus of 35 GPa, and 2. a model implementing a pressure-
dependent Young’s modulus varying from 7-35 GPa over a pres-
sure range of 0-20 MPa. Results from the two models were sim-
ilar: in each case, mode 1 occurred at 0.43 Hz and consisted 
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Fig. 3. FDD modal analysis and polarization results. a) Power spectrum as well as b) singular value plot with interpreted mode bells (colored lines for mode 1 and 2) and c) a 
map (geodata source: Federal Office of Topography) illustrating the FDD vectors (shapes for the first mode) for Matterhorn array data from September 20, 2019, Polarization 
results for all data shown in probabilistic visualizations for all stations: d-f) degree of polarization and g-i) polarization azimuth (incidence angles are predominantly 
horizontal and thus not shown; see Figure S9). (For interpretation of the colors in the figure, the reader is referred to the web version of this article.)
of approximately north-south horizontal motion of the mountain, 
while mode 2 occurred at 0.46 Hz showing perpendicular, approx-
imately east-west motion (Figure S12). The pressure-dependent 
model showed a slight rotation of modal vectors (4◦ clockwise) 
and a 6% smaller summit-to-Solvay amplitude ratio. Because re-
sults from the two modeling approaches were so similar, we opt to 
describe outputs from the simpler, uniform model (Fig. 5 and sup-
plemental animations). Modeled modal vectors are in good agree-
ment with FDD results for points extracted from the model at the 
summit (azimuth / incidence: mode 1 = 166◦ / 89◦; mode 2 =
87◦ / 85◦) and Solvay hut stations. Moreover, the modeled ratio of 
modal amplitudes for the summit to Solvay positions was 1.7 for 
the fundamental mode, similar to the ratio of measured amplifica-
tion (1.8). Model results additionally predicted a number of higher 
order modes between 0.5-0.7 Hz, including a vertical (or axial) 
elongation mode, but these were not clearly evident in our field 
data, possibly due to limited spatial sampling, and thus cannot be 
validated. Extending the model boundaries far from the mountain 
in the uniform case had no effect on the first eigenmodes (as in 
Moore et al., 2018), while the more complex pressure-dependent 
model required slightly smaller lateral extents in order to converge 
(see Figure S12).

As a smaller topographic analog to the Matterhorn, we analyzed 
ambient vibration data from the Grosser Mythen using the same 
approaches. Power spectra and FDD analysis revealed two resonant 
frequencies of the mountain at 1.8 Hz and 2.3 Hz, which we char-
6

acterized using EFDD (Fig. 6a, b). Modal vectors showed predomi-
nantly horizontal deflection of the mountain in different directions 
(azimuth / incidence = 103◦ / 83◦ and 133◦ / 82◦ for modes 1 and 
2, respectively), and modal damping ratios were again high, ∼16% 
for mode 1 and ∼20% for mode 2. The summit station reached 
a peak site-to-reference spectral amplification factor of 6 in the 
dominant polarization direction. We additionally performed eigen-
frequency modeling for the Grosser Mythen, and obtained a good 
match with the measured fundamental frequency implementing a 
uniform Young’s modulus of 70 GPa (Fig. 6d). We were unable to 
satisfactorily match the second observed mode in our model.

5. Discussion

We investigated spectral amplification of ambient ground mo-
tion at two large-scale mountain landforms. At the Matterhorn 
summit, we observed strong directional amplification in a band 
between 0.4-1 Hz, with spectral ratios >10 at an azimuth of 155◦ . 
Spectral ratios were slightly lower at the Solvay hut (Fig. 4). Spec-
tral ratio processing adequately removed the influence of the mi-
croseism, which obscured standard power spectra visualizations of 
modal frequencies (Fig. 2). Probabilistic processing further demon-
strated stability of spectral attributes over time, during both the 
∼6-week period of array overlap and the 10 and 13 months of 
continuous data from the summit and Solvay stations, respec-
tively (Figures S7 and S8). At the Grosser Mythen, we observed 
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Fig. 4. Probabilistic amplitude spectral ratios, rotated to the dominant modal azimuth of 155◦, for the a-c) Summit (MH54) and d-f) Solvay (MH48) stations as compared to 
the reference (MH52). Probability indicated by color scale, 5/50/95-percentile for each shown in black solid lines. (For interpretation of the colors in the figure, the reader is 
referred to the web version of this article.)

Fig. 5. Numerical eigenfrequency analysis of the Matterhorn assuming a uniform elastic modulus (cf. Figure S12): a) Mode 1, b) Mode 2. Relative modal displacements shown 
by color scale and arrows, modeled eigenfrequencies are indicated. Inset polar plots show comparison of modal vectors for the summit station (MH54) for FDD and numerical 
results (circumferential axis: azimuth; radial axis: incidence from 0◦ at center to 90◦ - horizontal - at outer). Summit (circle) and Solvay (square) stations are indicated. (For 
interpretation of the colors in the figure, the reader is referred to the web version of this article.)
a higher fundamental frequency of 1.8 Hz, consistent with the 
smaller size of the mountain, with spectral ratios up to 6 on the 
summit (Fig. 6). We note that if the geometry of the Matterhorn 
was downscaled such that its mass (∼9E12 kg) was equal to that 
of the Mythen (∼5E11 kg) with the same material properties, the 
anticipated fundamental frequency would be 1.7 Hz. This close 
agreement is, however, partly coincidental as the form of the two 
mountains is not identical and our eigenfrequency modeling sug-
gests the Mythen has greater Young’s modulus consistent with the 
limestone lithology. While the Young’s modulus estimated for the 
Mythen is comparably high at 70 GPa, we note that limestone is 
frequently stiffer than metamorphic rocks, and 70 GPa is within 
the upper range of past reported laboratory values (e.g. Goodman, 
1989; Bell, 2007).

We observe that peak site-to-reference spectral ratios at the 
Matterhorn do not occur at the identified fundamental frequency, 
rather at slightly higher frequencies in the amplified band (com-
7

pare Figs. 3 and 4). This observation may be explained by one 
or a combination of factors: 1) the reference station experiences 
modal deformation at the fundamental mode (with the greatest 
wavelength) but not at higher-frequency modes with shorter wave-
lengths, meaning the spectral ratio measurements underestimate 
‘true’ fundamental-mode amplification; 2) Modal deformation is 
stronger at the summit station for higher-order resonant modes, 
perhaps caused by geometric filtering favoring shorter wavelengths 
(wave focusing); 3) The reference station spectra is adversely af-
fected by some noise source, causing either apparent deamplifi-
cation of lower frequencies or amplification at higher frequencies 
(unlikely). We suspect the first option is possible, and that had 
this station been located farther from the mountain, amplification 
in the 0.4-0.5 Hz band could have been greater (assuming simi-
lar site conditions). We further anticipate that complex 3D wave 
propagation effects, possible dependencies on the azimuth of inci-
dent waves, and wave focusing factor in at higher frequencies (e.g. 
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Fig. 6. a) Singular value plot resulting from FDD modal analysis of ambient vibration measurement at Grosser Mythen. b) Normal mode shapes for the first and second 
mode (arrows) and amplification map based on site-to-reference spectral ratio (geodata source: Federal Office of Topography). c) Power spectra of all temporary stations, 
geometrical mean of both horizontal components. d) Numerical eigenfrequency analysis of Mythen, showing the normal mode shape of the fundamental mode at 1.75 Hz. 
Inset polar plot shows the comparison of modal vectors for the summit station (MYT004) for FDD and numerical results (circumferential axis: azimuth; radial axis: incidence 
from 0◦ at center to 90◦ - horizontal - at outer). Summit station (MYT004) position indicated (blue circle). (For interpretation of the colors in the figure, the reader is referred 
to the web version of this article.)
Lee et al., 2009), helping elevate the spectral amplification values 
in the band between ∼0.5-1 Hz.

Site-to-reference spectral ratios in the range of 10 have been 
observed at other topographic sites, however rarely for such large-
scale mountain landforms. For example, large spectral ratios of ∼6 
were measured at the fundamental resonant frequency of a ∼50 m 
high mesa in New Mexico (Stolte et al., 2017), and in the extreme 
limit of a slender 120 m high rock tower, values of ∼70 were pre-
dicted (Moore et al., 2019). However, for large-scale topographic 
forms, spectral amplification is generally much lower. LeBrun et 
al. (1999) reported amplification factors of 2-3 at the fundamen-
tal frequency (∼0.7 Hz) of a 700 m high hill in Greece. Other 
similar studies are summarized by Massa et al. (2014), showing 
a common maximum range of spectral amplification between 3-5 
for landforms with resonant frequencies of ∼1-3 Hz. Comparison 
indicates our measurements represent relatively large measured 
topographic effects, at one of the largest landforms assessed, and 
similarly place lower bounds on the observed resonant frequen-
cies of mountains. Large spectral ratios reported from other topo-
graphic array studies, however, must often be treated with caution. 
First, suitable selection of a reference station is not always fea-
sible, and spectral ratios can be contaminated by processing or 
noise artifacts. Second, distinguishing coupled site effects created 
by subsurface velocity contrasts in such measurements has also 
proven challenging (Burjánek et al., 2014; Rault et al., 2020). While 
the two mountains studied here each feature a lithologic contact 
at high elevations (geodata source: Federal Office of Topography), 
shear wave velocity contrasts across these rock-type transitions are 
likely to be comparably small and unlikely to generate the large 
spectral amplifications measured.
8

We propose that the spectral amplification evident in our am-
bient vibration data results to the first order from resonance of 
the large-scale mountain landforms. We used FDD analysis to de-
termine properties of the eigenmodes in our data. For the Matter-
horn, we were able to distinguish the fundamental mode at about 
0.42 Hz exhibiting subhorizontal modal displacements oriented at 
an azimuth of 155◦ , and another closely spaced mode consist-
ing of mutually perpendicular horizontal motion (Fig. 3). We note 
that the 155◦ orientation is roughly perpendicular to the crest of 
the Matterhorn massif connecting the Cresta del Leone and Hörnli 
Ridge, suggesting the fundamental mode is deforming against the 
mountain’s slightly more slender ∼N-S width. The FDD approach 
has been previously used to study resonance of rock slope instabil-
ities, civil structures, and sedimentary basins (Michel et al., 2010; 
Poggi et al., 2014; Häusler et al., 2019). One benefit is the abil-
ity to distinguish closely spaced modes, which was critical at our 
mountain study sites with near radial-symmetric form. Without 
such processing, discerning modal properties of the Matterhorn 
from interpretation of conventional spectral plots alone may not 
have been possible. While we characterized the first two resonant 
modes of the mountain, we believe other eigenfrequencies are rep-
resented in our measurements. Our numerical models predicted 
several additional modes between 0.5-1 Hz, however, we were un-
able to distinguish these in our data, possibly due to sparse spatial 
sampling. Other possible sources of spectral amplification, such as 
localized compliant rock fractures related to localized slope insta-
bilities (e.g. Moore et al., 2011), were not observed at our study 
sites and are thus unlikely to influence our results.

One benefit of our modal analysis is the ability to calculate 
damping. For both mountains, we determined modal damping ra-
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tios of ∼20%, far higher than previously observed at smaller-scale 
geological landforms (e.g. Moore et al., 2019; Geimer et al., 2020; 
Häusler et al., 2021). Since our data are unaffected by large-scale 
slope instabilities and because these mountains exhibit only minor 
lithological contrasts, we interpret the large difference in damp-
ing between slender rock towers (∼1%) and the Matterhorn and 
Mythen (20%) to arise primarily from differences in geometry. Both 
mountains show a large cross-sectional basal area compared to 
their height, facilitating energy radiation out of the feature. Damp-
ing plays a key role in controlling spectral amplification and the 
width of resonant frequency bands, however it is rarely (if ever) 
determined from field measurements of topographic and site ef-
fects. While damping and spectral amplification are theoretically 
linked (Moore et al., 2019), damping estimation using EFDD does 
not require a (potentially biased) reference station as in calcula-
tion of spectral ratios. Thus, damping resolved from EFDD might 
be useful as an independent approach to estimate amplification. 
Damping is in turn a necessary input for dynamic numerical mod-
eling, which is rarely parameterized by measurements, and addi-
tionally affects the duration of strong ground motion during earth-
quakes. We propose that high modal damping measured for moun-
tain landforms results primarily from radiative effects, i.e. loss of 
energy due to the open-based form of topography, rather than ma-
terial damping.

The two numerical models used to explore resonance properties 
of the Matterhorn resulted in similar outcomes, suggesting that the 
added complexity of our more detailed pressure-dependent model 
was not required to match basic modal properties (Figure S12). 
While the approach likely better represents the mechanical con-
ditions of in-situ bedrock – allowing Young’s modulus to increase 
with pressure – the added complexity resulted in longer model 
run times and more challenging set up. Implementing pressure-
dependent Young’s modulus reduced stiffness in the near-surface, 
but ultimately had little impact on the first eigenmodes as the 
majority of the volume was at higher pressures. This outcome 
suggests that for models of large-scale landforms, stiffness of the 
deeper core of the mountain plays the dominant role in control-
ling the eigenfrequencies, while stiffness of the outer shell is less 
important. Differences to a uniform model might be more pro-
nounced at higher modes, e.g. modes involving just the summit of 
the Matterhorn. The further implication is that even basic eigen-
frequency modeling assuming uniform material properties can be 
adequate for estimating the modal properties of mountains (Fig. 5). 
In our case, we could confirm the assumed Young’s modulus with 
laboratory ultrasonic velocity testing on rock samples taken at the 
Solvay hut and Hörnli ridge at 3500 m asl (Weber et al., 2019), 
which showed an average (unfrozen, dynamic) Young’s modulus 
of ∼20 GPa, reasonably close to our implemented value of 35 
GPa. We note, however, that high-frequency ultrasound testing 
may generate Young’s modulus estimates that are not absolutely 
comparable to our model back-analysis approach based on low-
frequency resonance data.

Resonant frequency drifts have been previously reported for 
shallow or slender rock landforms experiencing changing temper-
ature and ice content conditions (e.g. Bottelin et al., 2013; Weber 
et al., 2018; Häusler et al., 2021), and could be expected for the 
Matterhorn if the outer rock shell experiencing seasonal changes 
controls the dynamic properties of the mountain. Ice in particular 
has been shown to stiffen rock masses leading to a marked in-
crease in resonant frequencies, and could play an important role 
at the Matterhorn which experiences annual changes in the per-
mafrost active layer (e.g. Weber et al., 2019). However, our data 
reveal no conclusive evidence of seasonal frequency wander, in-
dicating that changes in near-surface (i.e. several meters deep) 
conditions do not significantly affect the resonance properties of 
the entire mountain. Rather our results suggest it is more likely 
9

the deep bedrock at the core of the mountain, unaffected by sea-
sonal changes in temperature, water and ice content and likely 
the stiffest structural component, control the first eigenmodes. 
Higher order modes may be more sensitive to near-surface cou-
pled mechanical effects, but are not clearly resolved from our 
analyses. This observation similarly supports the assumption of a 
uniform Young’s modulus in numerical modeling, as opposed to 
assuming more complex temperature-dependent material proper-
ties.

Results of our study demonstrate that large spectral amplifica-
tion can be expected when incoming seismic energy is able to ex-
cite the resonant modes of mountain landforms, with implications 
for seismic slope stability. On the one hand this effect is antic-
ipated to be widespread (albeit to varying magnitude), and am-
ple evidence of topographic control on the location of earthquake 
triggered landslides (e.g. Meunier et al., 2008) as well as infras-
tructure damage (e.g. Hough et al., 2010) supports this conclusion. 
However, we point out that our data only cover small deforma-
tions in the linear-elastic regime, and that nonlinear effects during 
strong ground motion may reduce the magnitude of spectral am-
plification. Strong-motion data not available in this study would 
be required to quantify amplifications, and changes thereof, in the 
nonlinear regime. Our results further provide several key outcomes 
useful for predicting aspects of topographic amplification of ground 
motion on mountain slopes and summits, relevant for assessment 
of earthquake induced landslides: a) likely lower-limit range for 
resonant frequencies and a possible upper-limit value for spectral 
amplification related to topographic resonance, b) experimental 
data showing high modal damping related to efficient energy radi-
ation, and c) confirmation of the utility of simple numerical mod-
els to estimate the resonant frequencies of mountain landforms. 
When excited, tall mountain peaks may shake ∼10 times stronger 
than adjacent valleys, which likely makes these areas more prone 
to co-seismic rock damage and landslides. However, more data are 
needed from additional field studies to quantify how topographic 
amplification varies with detailed mountain geometry, thus in-
forming predictions relevant for site-specific analysis of earthquake 
induced landslide susceptibility.

6. Conclusions

We presented new ambient vibration data from two broadband 
seismic stations installed on the summit and ridge of one the Eu-
ropean Alps’ tallest mountains – the Matterhorn – which we pro-
cessed for frequency content and polarization attributes, and com-
pared to a local reference station to identify resonant modes and 
spectral amplification of ground motion. Our results demonstrate 
large site-to-reference spectral amplitude ratios across a band be-
tween ∼0.4-1 Hz, with peak values up to 14. We used modal 
analysis and 3D eigenfrequency modeling to explore these data, 
finding the first two resonant frequencies of the Matterhorn oc-
cur at about 0.42 Hz and consist of full-height deflection of the 
mountain in mutually-perpendicular directions. Our results further 
indicate high modal damping of ∼20%, which we attribute to radi-
ation energy loss through the base of the mountain. To corroborate 
these results, we conducted a short measurement on a smaller 
mountain of comparable form, the Grosser Mythen, finding sim-
ilar modal attributes and a higher fundamental frequency as an-
ticipated for the smaller scale. Because the Matterhorn represents 
extreme topography and relief, our results contribute several new 
instrumental measurements that may help provide limits on esti-
mated topographic amplification of ground motion in other moun-
tain regions, including a possible lower-limit on the fundamental 
frequency of large-scale mountain forms, possible upper-limit val-
ues of spectral amplification caused by topographic resonance, and 
rare new field estimates of damping. When incoming seismic en-
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ergy is able to excite the eigenmodes of topographic landforms, 
large amplification of ground motion can be expected, with po-
tentially important effects for earthquake-triggered damage and 
landslides.
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