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Abstract Debris flows induce seismic ground unrest detectable over large distances. However, recent
theoretical description of debris-flow seismograms has yet to be implemented in alarm systems. Here,

we test the implications of a particle impact model for debris-flow detection and warning using seismic
data. We analyze 14 debris flows at Illgraben, Switzerland, using instantaneous weight measurements, a
seismic network and video footage. A novel approach to simulate seismic wave propagation estimates both
vertical and horizontal particle impact forces on the ground. Scaling between impact forces, weight, and
particle sizes suggests that seismic data identify destructive debris flows with large boulders. Impact force
spectra change with bed topography and increase during flow propagation of large events, but decrease for
smaller events. This can be explained with the known conveyor mechanism concentrating boulders at the
flow front. Our results highlight opportunities to use seismic data for debris-flow research and warning.

Plain Language Summary Debris flows are muddy mixtures of water, sand, and boulders,
which move down steep mountain creeks in an uncontrolled way. They are a major threat to human life,
properties, and infrastructure. Ground vibrations generated by debris flows contain information on the
characteristics of debris flows that are difficult to measure with conventional methods. However, these
ground vibrations are complex and challenging to understand so that scientists struggle to use them for
quantitative studies. Here we treat the interaction between debris flows and the ground as many particles
randomly bouncing off the channel bed. We can thus simulate the ground vibrations generated by such
particle/ground impacts for 14 debris flows at Illgraben, Switzerland. Our results show that particle/
ground impacts correlate with the weight of the debris flow. For small events, ground vibrations decrease
along the flow path. In contrast, for large-volume debris flows, vibrations gradually increase. This is
related to sediment erosion and deposition showing how ground vibrations characterize debris flows.

1. Introduction

Debris flows are fast moving mixtures of water and sediments in mountainous regions, with dynamic char-
acteristics intermediate between floods and landslides (Iverson, 1997; Iverson & Vallance, 2001). Triggered
in remote locations, temporal and spatial occurrence of debris flows is difficult to predict. This makes their
monitoring challenging and limits time-dependent measurements of their dynamics.

Recent advances in environmental seismology provide unique constraints of the dynamics and timing of
landslides, rockfalls, and debris flows (e.g., Barriere et al., 2015; Dammeier et al., 2016; Ekstrom & Stark, 2013;
Hibert et al., 2011; Moretti et al., 2012), as well as sediment transport in rivers (Burtin et al., 2010; Gimbert
et al., 2014; Tsai et al., 2012). Debris flows are sources of seismic and acoustic signals, which can be used to
estimate location and propagation of their flow fronts (Hiirlimann et al., 2019; Marchetti et al., 2019; Schim-
mel et al., 2018; Schimmel & Hiibl, 2015, 2016; Walter et al., 2017). However, multiphase flow contributes to
complex seismogenesis (e.g., Iverson, 2003) and typical high-frequency seismic signals generated by debris
flows are sensitive to small-scale variations in ground structure (e.g., Allstadt, 2013; Hibert et al., 2017; Kean
et al., 2015; Ogiso & Yomogida, 2015).
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Figure 1. Study site. (a) Illgraben catchment (red dot in inset map marks location in Switzerland) with dashed blue line outlining the upper catchment. Solid
blue lines represent the Illgraben torrent and Rhone River. Pink triangles are seismometer locations. Yellow rectangle indicates the force plate location. East
side hillslope “Sagenschleif” connecting with the Iligraben canyon is marked at Point S. Red bars are the locations of selected check dams (CD). (b) Force plate
sketch. (c) Photo of CD 1. (d) Photo of Sagenschleif. Dashed yellow line and arrows indicate outline and sliding direction of Sagenschleif.

In the last years, theoretical work has started to focus on seismic sources within the debris-flow mass (All-
stadt et al., 2020; Farin et al., 2019; Kean et al., 2015; Lai et al., 2018) using the analogy to bedload transport
in rivers (Tsai et al., 2012). The underlying idea is to express observed elastic ground motion as a response
to ground impacts of debris-flow particles. However, the particle impact theory relies on parameters like
particle velocities and particle size distributions, which are difficult to measure. Moreover, the relative con-
tribution from horizontal and vertical impact forces both contributing to dominant seismic surface waves
have been parameterized in an adhoc way (Farin et al., 2019). Consequently, variations in relative horizon-
tal and vertical impact components, carrying information about channel bed and wall geometry or erosion
cannot be resolved.

Here, we apply the particle impact theory using a series of well-documented debris flows at the Illgraben
torrent (Switzerland, Figure 1). In order to separately estimate variations in relative horizontal and vertical
impact components, we use a new approach to calculate seismic wave propagation. We observe that the
force spectra inverted from seismic data near the torrent are coherent with in situ measurements at a force
plate, and contain information about particle sizes, erosion, and deposition.
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2. Study Site and Data

Located in southern Switzerland, the Illgraben catchment (area 8.9 km?), extends from the summit of Mount
Illhorn (2,716 m asl), through a fan, to the Rhone River (Hiirlimann et al., 2003; Figure 1). Landslides and
rockfalls occur regularly on steep slopes (~40°) in the upper catchment (Schlunegger et al., 2009) yielding
sliding material, which stops downslope or directly in the Illgraben channel. These deposits transform into
debris flows when the steep bedrock channels deliver large water discharge during heavy summer precip-
itation (Badoux et al., 2009; Bennett et al., 2013; Berger et al., 2011a). To minimize erosion of the channel,
stabilize the channel bed, and enlarge discharge capacity, 29 Check Dams (CD) were installed along the
channel (Figure 1c).

The debris-flow observatory by the Swiss Federal Institute for Forest, Snow, and Landscape Research (WSL)
includes stage measurements, a force plate, in-torrent geophones, and video cameras similar to sensors of
an early warning system (Badoux et al., 2009). The force plate, which was destroyed by a flow in 2016 and
reinstalled in 2019 (design similar to that described by McArdell et al., 2007) is a 4 m wide (perpendicular
to flow direction) and 2 m long (in flow direction) concrete slab within the channel bed just upstream of the
brink of check dam 29 situated under a motorway bridge (Figures 1a and 1b). Measured vertical force is the
sum of four load cells underneath the corners of the force plate. Herein, the vertical force data (collected
at either 2,400 or 9,600 Hz) are grouped into adjacent nonoverlapping bins of 1 s duration, and the median
value of the normal or horizontal forces are recorded for each bin. The concrete in the check dam upstream
of the plate guides the flow onto the plate without abrupt changes in channel topography, thereby ensuring
that the forces on the plate are generated by the weight of the flow (Figure S1). Boulder size is estimated
at 1 s resolution from video recordings at CD 29 (Figure S2) by measuring the median axis (b axis) of all
cobbles and boulders that were transported over CD 29. The resolution of the video recordings allows dis-
crimination of particles with diameters larger than ~0.25 m. Below this size, Illgraben’s debris flows contain
a large amount of fine grains compared to other catchments (Hiirlimann et al., 2019).

A laser sensor on the bridge above the force plate measures flow depth. The front velocity u, of a flow is
measured as the travel time from a check dam about 140 m upstream of the force plate (downstream of
station ILL11) to the force plate. Calculations of event discharge, volume and bulk density are described
by Schlunegger et al. (2009) and McArdell et al. (2007). Volume estimates are subject to uncertainties of
up to 50% because their calculation accumulates uncertainties associated with flow rheology and partial
sediment deposition on the force plate, especially after passage of the flow body. Flow depth, density, and
velocity are accurate within 10% and weight measurement uncertainties are negligible compared to the
other measurements. WSL staff are improving the accuracy of the bulk flow property estimates, so it is
possible that the values reported herein may be updated when the final data set is published on the WSL
data archive.

We use debris-flow seismograms recorded at a seismic network installed around the Illgraben catchment
(Figure 1; Wenner et al., 2019). We selected the two stations closest to the channel (stations ILL11 and ILL12
in Figure 1, sampling rate: 100 Hz) that recorded 14 debris flows in 2018 and 2019, and for nine events in
2019 force plate measurements are available (Figure S1).

3. Methods
3.1. Particle Impact Sources

Elastic ground impact forces of grains of diameter D moving with velocity w; can be expressed as (Tsai
et al., 2012): Fy; = 2mw,. For simplicity, and for large enough source-station distances, the boulder-rich
debris-flow front dominates seismic signal generation (Farin et al., 2019). Stochastic impacts imply that the
impact sum’s spectrum over a time window length AT and over the area of the flow front is proportional to

N(w,D)
A

the spectrum of an individual impact (Tsai et al., 2012): F;(w,D) = Fy;(w,D) , where w = 27f is

the angular frequency, f'is frequency, i denotes the Cartesian force component (i = V for vertical and H for
vector sum of two orthogonal horizontal directions), N is the total number of particle impacts with particle
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size D over the area of the flow front. To simplify, we assume that the flow front area is the same for all
events. The power spectral density (PSD) of the F? generated by stochastic particle impacts can then be
expressed as:

N(w,D)
AT

F?(@,D) = Fy(@,D) ey)

Integration of Equation 1 over all particle sizes over a given time window and over the area of the flow

front yields the PSD of the apparent total impact forces: Fy; (w) = [F*(o,D)dD = | Foz,»(w,D)%dD. We
D D

call ‘FT[(a))‘ the Apparent Total Impact Force Spectra (AIFS). For simplicity, we assume that the AIFS is

constant over a time window, which means that over the flow front it is the same over a channel section
corresponding to a chosen time window.

Under the assumption of a particle impact velocity similar to the average flow front velocity u, AIFS have
the following proportionality (Farin et al., 2019):

AIFS o |:u3 ) D%’D}z @)
D

The integration over the grain size D distribution can be removed if one determines an effective particle
diameter D,, which may represent the 73rd percentile parameter D;; (Farin et al., 2019). Unfortunately,
particle size distributions in torrents are rarely available (e.g., Rickenmann et al., 2012) and effective particle
diameter is difficult to estimate.

3.2. Seismic Wave Propagation

As expected for particle ground impacts, seismic records at the surface are dominated by surface waves,
which we assume propagate in a horizontally layered medium (e.g., Aki & Richards, 2002). The horizontal
and vertical seismic signals contain the variations in relative horizontal and vertical impact components
corresponding to the changes in channel bed topography. To facilitate analysis of the horizontal compo-
nents of the seismic signals, we use a model of the vertical and horizontal PSD Py and Poy of seismic sig-
nals from Fy{w,D) and Fyy(w,D), which are the frequency spectra of vertical and horizontal impact forces
for particle diameters D (Arai & Tokimatsu, 2004; Harkrider, 1964).

We simulate seismic wave propagation in terms of medium response functions Lg, and Ly, for Rayleigh
and Love waves (Harkrider, 1964). The total PSD generated by the debris flows is then (see Supporting
Information S1):

Py () ~ ﬁ:OLRm[ZFTzV(w) + Ffﬁ(w)(%j] @
(o) = Etan( ] [zFTZV (0)+ (w)(;)] Ly (0) @

where the subscripts V and H denote vertical and horizontal directions, the subscripts R and L represent
Rayleigh and Love waves. Ly, = Az,e """ | rkpys iy = Abne 2" | 71k, where A is the medium
response factor (Harkrider, 1964), r is the source-to-station distance, u / w is the horizontal-to-vertical ratio
of Rayleigh wave amplitudes on the free surface (Harkrider, 1964), ¢ is the scattering damping ratio of soil
(Arai & Tokimatsu, 2004), k is the wavenumber, and m is the mode value of Rayleigh and Love waves (for
simplicity, we focus on the fundamental surface wave mode, m = 0).
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Figure 2. Sensitivity of PSDs to different parameters and evaluation of the scattering damping ratio of soil &. (a—c) Synthetic PSDs as a function of frequency for
four different choices of r, & and Fy;. Solid and dashed lines correspond to vertical and horizontal PSDs. (d) The scattering damping ratio of soil & as a function
of the source-to-station distance r. The solid line shows the damped least squares model fit.

In order to evaluate the AIFS (|FTV| and ‘FTH‘) from Equations 3 and 4, we need to estimate the seismic
ground model, the average velocity of the debris-flow front u,, the source-to-station distance r, and the
scattering damping ratio of soil & (see Supporting Information S1).

We now evaluate the sensitivity of synthetic PSDs to parameters r and & (Figure 2). For increasing r or &,
the amplitude and peak frequency of the PSD gradually decreases. However, the AIFS magnitude |FT1| only
affects the amplitude of the PSD, not the peak frequency. The distance dependence of the peak frequencies
(Figure 2a) can be used to estimate locations of the debris-flow front (Lai et al., 2018; Wenner et al., 2019).
Hence, when the peak frequency is measured for a known r, we can obtain the value of & to reproduce the
measured peak frequency. Note that the values of & vary for different time windows reflecting changes of the
subsurface and channel geometry along the runout path.

We inverted smoothed PSDs between 1 and 30 Hz using time windows between 10 and 40 s, depending on
the average flow velocity (Supporting Information S2). Numerical tests show that including both horizontal
and vertical components stabilizes the inversion compared to the vertical-only inversion (Supporting Infor-
mation S3 and Figure S4).
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4. Results
4.1. AIFS Scaling

We illustrate our approach with a debris flow on August 8, 2018 with likely the largest volume (ca.
100,000 m®) since the installation of station ILL11. First, we estimate the average distance from the flow
front to station ILL11 and the value of & for each time window using the method described above. Scour
and fill of the debris material may locally change & However, changes in & are likely only significant when
erosion exposes bedrock (Kean et al., 2015), which is not the case on Iligraben’s debris fan in the Rhone
valley. Moreover, at Illgraben, changes in £ concentrate near check dams (de Haas et al., 2020), such that
spatial variations in £ tend to cancel each other out leaving £ unchanged between events. We observe an em-
pirical relationship between & and distance », which evolves over time depending on the flow front velocity
(Figure 2d). We use this relationship to estimate & at a given time window for each event. Using the damped
least squares inversion and the PSD of seismic signals in individual time windows, we invert for AIFS of the
debris-flow front along the channel (Figures 3 and S5). To quantify the fit of the resulting AIFS, we calculate
synthetic PSDs by inserting the AIFS back into the forward model (Equations 3 and 4). The synthetic PSDs
are coherent with the measured PSDs (Figure S6). For other debris flows, the AIFS are estimated using the
same approach.

We observe that at a source-to-receiver distance of about r > 2,400 m (corresponding to the along-flow dis-
tance from CD1 to the source of about d < 1,000 m) the PSD at station ILL11 is close to the noise level (Fig-
ure S6), even for large volume debris flows. As a representative value, we therefore use the average value of
the vertical AIFS ‘IFTV‘ from d > 1,000 m. This averaging further cancels AIFS variations over short distance
ranges of a few hundred meters, which result from changes in & attributed to scour and fill during previous
events. Figure 3e shows a strong linear correlation between |FTV |and the peak in vertical force generated by
the debris-flow front F, measured at the force plate. The constant of proportionality « is 124.2. The cor-
relation slightly rises from R* = 0.8017 to R* = 0.8162 for the scaling between F7, against Fy predicted by
Farin et al. (2019) (Figures 3e and S7).

The Fyy scales linearly with bulk density p of the flow mixture and hy: Fyy = Spoghy, where S, is the area
of the force plate (8 m?), and g is gravitational acceleration (9.8 m/s*). Figure 3f shows the scaling between
phyand ‘I;TV‘ with a proportionality constant § = 1.616. The similarity between « (124.2) and S,gB (126.7)

bolsters the linear correlation between |FTV| and the measured data (Fy,y and phy).

As a first approximation, we ignore the contribution of water to the flow weight, so the weight measurement
Fyy at the force plate is proportional to D? integrated over all grain sizes. This circumvents the need to de-
termine specific grain size distributions. The video analysis (Figure S2) only considers the largest particles
and thus does not provide grain size distribution or effective particle sizes. Figure 3g shows the scaling be-
tween |FTV| and D> which should be linear if D>, scaled linearly with D3 and the flow velocity between
events were the same (Equation 2, Farin et al., 2019). Although a linear trend is reasonable, the correlation
is smaller than the one between |fTV| and Fyy (R* = 0.6831 compared to R* = 0.8017; Figure 3e), which may
at least partially result from different particle size distributions.

4.2. AIFS Variations

Though subject to uncertainties, we expect that our volume estimates separate small and large events. For
debris flows with small volumes (estimated V < 35,000 m>, except the July 15, 2019 event, see Table S2), the
horizontal and vertical AIFS’s show a decreasing trend along the flow path (Figures 3b, 3d, and S5). Note
that for June 20, 2019 event, the seismic stations recorded ground vibrations (Figure S8), but the force plate
did not record a debris-flow event, which means that this event stopped along the flow path before reaching
CD 29. In contrast, for large volume flows (V > 35,000 m?), the AIFS gradually increase during run out until
reaching CD25. Exceptions to this trend are discussed in Supporting Information S5.

Small volume events show less AIFS variations along the flow path (Figure 3b and S5b). When interpreting
the AIFSs (Figure 3b), we therefore focus on debris flows with large volumes starting at d = 1,000 m. For
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Figure 3. Apparent total impact force spectra (AIFS). Panels (a and b) are the vertical ATFS along the flow path for events with large (estimated V > 35,000 m®)
and small (estimated V < 35,000 m® except the July 15, 2019 event) volumes. Distance is measured from Check Dam 1 (CD1), past the confluence with the
Sagenschleif tributary (Point S, indicated in Figure 1). (c and d) The ratios between horizontal and vertical AIFS for large and small events. (e) The average

values of vertical AIFS ’177,,’ versus the Fyy. The solid line is the least squares regression. Panel (f) shows ph; versus ‘FTV‘ (hyis flow depth corresponding to

Fyyvand p is bulk density). Panel (g) shows |1FTV| versus D13 . Panel (h) shows |I?T,,| versus DL ul®. Uncertainties in panels (e-h) are calculated as described in

Supporting Information S4.
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large events, the vertical and horizontal AIFS start to increase gradually at a distance of d = 1,150 m (Point
Sin Figure 1). This also marks the confluence of the Illgraben channel and a steep lateral slope to the east of
it, called Sagenschleif (Figure 1d). In recent years, Sagenschleif has produced mass wasting events, includ-
ing minor debris flows, providing sediments to the Illgraben channel (de Haas et al., 2020). Entrainment of
these sediments can increase the debris-flow volume and impact forces during runout events in the main
canyon.

At about d = 2,100 m, an AIFS peak corresponds to the debris flows passing CD 20 (Figure 3). With a height
of about 10 m, this is the largest check dam for d > 1,000 m. As debris undergoes free fall from the top of
the check dam it generates strong vertical ground impacts. Erosion is most pronounced at the downstream
side of a check dam (Berger et al., 2011a) and entrained particle impacts are expected to increase AIFS
downstream of a check dam. Subsequently, another peak in vertical AIFS corresponds to the position of CD
25. With a height of about 7 m, this check dam is the second largest check dam for d > 1,000 m. Other peaks
in vertical AIFS may also relate to check dams. This is, however, difficult to assess, because other check
dams are smaller (about 0.8-5.3 m), and debris flows undergo longitudinal elongation resulting in material
crossing multiple check dams at a given time.

The spatial patterns of horizontal AIFS are similar to the vertical ones (Figures 3 and S5). For most events,
horizontal-to-vertical AIFS ratios decrease after d = 2,000 m (Figures 3c and 3d). Ground properties (e.g.,
Farin et al., 2018) and particle collision modes (e.g., Cole et al., 2009) may explain this change in signal
polarization.

5. Discussion and Conclusions
We highlight two key findings of our study (Figure 3):

Finding 1: Apparent total impact force spectra (AIFSs) averaged over the lower part of Illgraben scale with
force plate measurements.

Finding 2: During runout, AIFS increase for large events and decrease for small events.

To derive the scaling |FTV| ~ D"y}, Farin et al., (2019) assume that impact velocities are given by stochas-
tic particle velocity fluctuations resulting from particle-bed rather than particle-particle collisions. For free
falling particles downstream of check dams, this assumption is unlikely satisfied, which explains why the
correlation between Fyy, (~D*) and ‘FTV‘ found in this study (Finding I) does not include a reference to flow
velocity uy. In fact, including the factor of ugy", the correlation between |FTV| and the impact force model
drops from R*> = 0.6831 to R* = 0.5749 (Figures 3g and 3h). A lack of a single representative value of ug is
also supported by a low correlation between u, and u, (Figure S9), which indicates that the flow front ve-
locity changes along the path. Another complication is that previous observations at Illgraben showed that
velocities of particles with a given size depend on water content and thus vary between events (McArdell
et al., 2003). This suggests that a scalar parameter describing particle impact velocities as used in Farin
et al. (2019) may not be transferable between events. Finally, the impact rates are derived under the assump-
tion that particles interact elastically with bed roughness, whose length scale equals the particle diameter.
This influences the dependence of ‘I?TV‘ on D, and may be an oversimplification. First, elasticity may not be
fully satisfied for soft sediment covers in Illgraben’s bed. Second, a dominant roughness length scale seems
unlikely for free falling particles. This may be the reason why our observed scaling between |FTV| and parti-
cle size D, departs from the resulting theoretical prediction (D'? rather than D?). Nevertheless, our scaling
of AIFS with boulder sizes and flow front mass is in line with previously found correlations between kinetic
energy of debris flow surges and seismic energy (Coviello et al., 2019; Figure S10).

Our AIFS averaging might also seem an oversimplification, because AIFS is a nonstationary process (Fig-
ure 3). Notwithstanding, such averaging is a natural choice for less well-documented events in other en-
vironments. Although the exact scaling is difficult to verify even for a nearly ideal natural laboratory such
as the Illgraben, our results show that the theoretical basis by Farin et al. (2019) identifies particularly
destructive events with large boulder sizes (Figure 3g). This is not necessarily expected, because the force
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plate measurement is proportional to volume (or weight) of all particles integrated over all sizes rather
than the maximum boulder size. However, since both integrated particle volumes (Figure 3e) and maxi-
mum boulder size (Figure 3g) correlate reasonably with impact forces, the effect of grain size distributions
varying between events seems secondary (see Supporting Information S6 for further discussion on model
assumptions).

Finding 2 is likely related to erosion, deposition, flow velocity change, and size-segregation along the chan-
nel. Erosion at the lee side of check dams can contribute to the increase in AIFS during runout. Significant
erosion and entrainment for Illgraben’s larger events is expected, because for such events landslide deposits
constituting debris-flow sources in the upper catchment are one order of magnitude smaller than the re-
sulting debris flows (Berger et al., 2011b). In contrast, events with low flow depths are more likely to deposit
material on the lower Illgraben part (Schiirch et al., 2011). In our data set, such shallow events are small
volume events (Table S2) explaining decreasing AIFS along the debris-flow runout (Figures 3b and 3d). For
the small June 10, 2019 events, drone-derived imagery did confirm unusually strong deposition between
1,200 and 700 m upstream of CD29, locally increasing bed elevation by more than 2 m (de Haas et al., 2020).
Furthermore, accounts of debris flows that stop before CD29 (such as the June 20, 2019 event) suggest that
small events decelerate as they approach the force plate. Although our measurements do not resolve veloc-
ity variations of debris flows, this deceleration may contribute to decreasing AIFS.

The discussion about erosion and deposition effects on AIFS should not be oversimplified: Erosion is ex-
pected to increase AIFS when entrained particle diameters significantly increase some effective diame-
ter, such as D;. Similarly, deposition dampens AIFS if deposited particles efficiently lower this effective
size. The latter is more likely to be the case for shallow events, which lack large boulders. Entrainment
of boulders with sizes near D;; and larger in the lower Illgraben part is less likely, because availability of
such large boulders is rarely observed here. In addition, although erosion has a potential influence on the
elastic properties of the bed, this influence is more significant in the upstream part of the flow path. This
demands another mechanism, which explains AIFS increases of large events. We propose the mechanism,
which concentrates boulders at the flow front as documented by Pierson (1986) and Johnson et al. (2012).
As a result of particle sorting, coarse material segregates to the flow surface and is transported to the flow
front. Coarse material in the flow front is overridden, then recirculates in spiral trajectories due to size-seg-
regation. This “conveyor-belt behavior” concentrates boulders at the front and increases its thickness or at
least counteracts particle deposition. Since our AIFS calculations trace the flow front, the increasing boul-
der concentration during runout explains the AIFS increase (Figures 3a and S5a). This mechanism is less
pronounced for small events, which tend to resemble debris floods with lower densities and thus a weaker
conveyor-belt behavior.

We conclude that although we ignored flow velocity, grain size distributions, and fluid/particle fraction dif-
fering between events, our study shows that simple estimates of emitted seismic energy scale with a power
of boulder sizes. In this way, seismic measurements may serve as an efficient way to process seismic data in
order to automatically identify and warn against particularly destructive events.

Data Availability Statement

All seismic data are openly available via the Swiss Seismological Service, http://arclink.ethz.ch/webinter-
face. Force plate measurements, flow depth data and boulder data are available at https://doi.org/10.3929/
ethz-b-000437719.
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