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ABSTRACT: One major purpose of avalanche test sites such as Ryggfonn is to obtain measurements
that can be used to characterize avalanche dynamics and to support the development, calibration, and
benchmarking of numerical models. Observations often consist of point measurements or observed
quantities differ from the direct result variables of numerical models which are mostly flow thickness and
flow velocity in a terrain-following or cartesian coordinate system. Furthermore, simulations are subject
to uncertainties in input parameters, such as release height and snow properties, for individual events.
Consequently, developing robust methods for comparing observations with model results is a task in its
own right.

In this paper, we present an approach for comparing radar measurements with model outputs. To this end,
MTI plots and range-gate spectra derived from radar measurements are compared with corresponding
synthetic MTI plots and range-gate spectra generated from model outputs. Although the two types of data
are not fully comparable, the comparison reveals discrepancies between measurements and simulations

and highlights shortcomings in the current modelling approaches.
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1. INTRODUCTION

Until now, avalanche model calibration has re-
lied predominantly on observations of avalanche
runout, such as those reported by Buser and
Frutiger (1980). These observations form, in a
sense, the foundation for the widely used p and ¢
parameter tables for Voellmy-type models. Gauer,
Body, et al. (2023) demonstrated the limitations of
calibrating avalanche models using only a single
constraint, namely the runout length.

Avalanche measurements are intended, among
other purposes, to provide data for the develop-
ment and calibration of numerical models. How-
ever, directly comparing model results with field
observations is rarely straightforward. Observa-
tions often consist of point measurements, while
simulations are subject to uncertainties in input pa-
rameters, such as release height and snow proper-
ties, for individual events. Thus, developing meth-
ods for systematically comparing observations with
model results is a task in its own right.

Fischer (2013) proposed the Automated Indicator-
based Model Evaluation and Comparison (AIMEC)
approach for comparing two-dimensional mod-
elling results. Rauter and Kéhler (2019) compared
the temporal evolution of the front and tail posi-
tions of measured and simulated avalanches using
Moving Target Identification (MTI) plots. However,
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their analysis focused mainly on similarities in the
temporal development of avalanche approach and
length.

The spectral information contained in MTI plots
may provide additional constraints for model-ob-
servation comparisons. Synthetic MTI plots gen-
erated from model outputs can provide informa-
tion on the temporal evolution of the simulated
avalanche, including its spatial distribution and ve-
locity. An even more direct comparison can be
made between the measured radar spectrum at
a specific range gate and the corresponding syn-
thetic radar spectrum derived from a simulation.
Such comparisons may reveal discrepancies be-
tween measurements and simulations that are not
apparent from runout or front and tail positions
alone.

Here, we present preliminary examples of these
types of comparisons using measurements from
the 11 April 2021 event at Ryggfonn and simula-
tions with parameters selected to represent the
observed avalanche size and expected return pe-
riod. We compare both synthetic and measured
MTI plots and radar velocity spectra to assess their
potential for evaluating avalanche model perfor-
mance.

2. MEASURED RADAR SPECTRA

2.1. Radar Measurements

One major purpose of the Ryggfonn test site is to
obtain measurements for characterizing avalanche
dynamics and for benchmarking the development
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Figure 1: Antenna and box of the 10 GHZ Pulse-
Doppler-radar (left) and view on to the avalanche
track (right).

and calibration of numerical models. To this end,
an autonomous Pulse-Doppler radar has been in-
stalled at the site in cooperation with the BFW in
Innsbruck (Fig. 1). The radar is one of several
instruments used to measure avalanche dynamics
at the test site Gauer and Kristensen (cf. 2016).

A Pulse Doppler Radar emits short pulses. The
pulse length in time corresponds to a range gate
length in space on the slope. The intensity of the re-
turned signal provides information on the strength
of the radar backscatter, while the Doppler shift
provides information on the velocity of the mov-
ing targets. Thus, for each range gate and at a
given timestamp, the radar simultaneously pro-
vides information on the distribution of velocities
and backscatter intensities within the avalanche.
The latter may provide an indication of the con-
centration or size of radar-scattering particles, al-
though its interpretation in terms of avalanche
mass requires further investigation. A brief de-
scription of typical radar-derived quantities can be
found in (Gauer, Kern, et al. 2007).

Several parameters relevant to avalanche dy-
namics can be derived from the Pulse-Doppler
radar signal. For example, the arrival time of the
avalanche at different range gates can be used to
estimate the propagation velocity of the avalanche
front. For each range gate, the radar also provides
a velocity spectrum, from which characteristic or
maximum particle velocities can be identified. The
distribution of spectral energy over velocity may
provide information on the dominant velocity of the
moving avalanche mass. Furthermore, the width
and shape of the velocity spectrum may contain
information about the velocity variability and po-
tentially the turbulence within the flow. A closer
examination of the temporal evolution of the spec-
tra may also provide information on the transition
from the flowing to the depositional phase of the
avalanche.
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2.2. Event RGF 2021-04-11

The avalanche on 2021-04-11 was artificially trig-
ger. A summary of the raw data and observations
of the event can be found in (Gauer, Langeland,
et al. 2022). The main release area had a size of
about 1.5 ha slope parallel and a fracture depth of
roughly 1 m slope normal resulting in an estimated
initial mass of approx. 3 x 10°kg. In respect to
runout, the calculated return period for this event
is about 15-30 years. The avalanche was one
of or the fastest avalanche observed at the test
site. For comparison, Fig. 2 shows a summary of
measurements of front velocities along the entire
Ryggfonn track as well as observations between
specific points at RGF.

It took the avalanche approximately 49 s to travel
from the release area to the foot of the catching
dam in the runout zone. This corresponds to a
mean frontal velocity of approximately 38 ms™.
Figure 3 shows the MTI plot and the correspond-
ing velocity plot for this event. An MTI (Moving
Target Indication) plot is a radar image showing
changes in radar backscatter over time after sta-
tionary or slowly varying background reflections
have been filtered out. Higher intensities corre-
spond to stronger radar returns from features un-
dergoing temporal changes. The backscatter in-
tensity is influenced by both the amount of moving
material and the radar cross-section of the indi-

Figure 2: Range of typical front velocities along
the Ryggfonn track. The blue line shows the mean,
the shaded area the +o-range and the red dashed-
dotted line the observed maximum until 2021 de-
rived from observations along the track. The red
dashed line shows the recent event from 2021-04-
11. In addition, bars show the interquartile range
of the front velocity U, measured between load
plates LC54 and LC321 and the front velocity U,
at the base of the catching dam, the red dots show
the corresponding means and red crosses mark
the measured maxima.
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Figure 3: MTI plot (top; colors are not to scale)
and corresponding velocity derived from the 0.9
quantile of the intensity response (bottom).

vidual particles. Consequently, the backscatter
intensity should be regarded only as a proxy for
the amount of moving mass.

As indicated by the MTI plot, the avalanche
reached the dam after approximately 49s, and
the steepness of the front in the MTI plot provides
an indication of the frontal velocity. The width
of the signal indicates that the main body of the
avalanche took approximately 30-40 s to pass a
given location along the track, at least within the
section covered by the radar.

The bottom panel of Figure 3 shows the corre-
sponding Doppler velocities at the 0.9 quantile of
the velocity spectra. The figure indicates that a
major part of the avalanche passed through the
monitored area with internal velocities of approxi-
mately 40-60 ms'. After this passage the veloci-
ties rapidly dropped. Following the passage of the
main avalanche, the velocities decreased rapidly.
This behavior can also be observed in the velocity
spectra shown in Fig. 4, which presents the ve-
locity spectra at three locations along the track:
LC54 (RG13), LC321 (RG09), and the uphill foot
of the dam (RGO01). In addition, the widening of
the spectra indicates that significant portions of
the moving mass are decelerating and beginning
to deposit. In addition, the widening spectra show
that significant parts of the moving mass deceler-
ates and begins to deposit. The entire passage of
the avalanche through the respective range gate
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Figure 4: Velocity spectra at range gates RG13,
RGO09, and RGO01. The blue line indicates the 0.9
quantile of the velocity spectra.

lasted approximately 50 s.

3. SYNTHETIC RADAR SPECTRA

3.1. Methodology

For comparison between the measurements and
simulations, synthetic radar spectra are derived
from the simulation results. To this end, velocity
data are extracted at 0.05 s intervals, correspond-
ing approximately to the sampling interval of the
radar. In a second step, the velocity data for each
time step are separated using a mask represent-
ing an artificial radar range gate. Figure 5 shows
the typical arrangement of the range gates at the
Ryggfonn site, together with a schematic illustra-
tion of the method used to extract the synthetic
radar spectra. For each time step and pseudo-
range gate, a histogram of the velocity distribution
is calculated, analogous to the velocity spectra ob-
tained from the radar measurements. In this way,
the total number of cells within a range gate with
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Figure 5: Radar range gates (left) and an example
of the mask used to derive the synthetic radar spec-
tra (right). The simulated velocity field at the cor-
responding time step is shown in the background.
The red dotted lines indicate the radar opening an-
gle and radar axis. The circular arc with a width of
25m represents a range gate. In 2021, range gate
RGO01 started at a radial distance of approximately
177 m from the radar.

velocities exceeding zero or a specified threshold
can be quantified and used as a proxy for radar
intensity. These post-processing steps produce
data that are directly comparable to the radar mea-
surements.

3.2. MOT-Voellmy (standard)

As a first example, Fig. 6 and Fig. 7 show the MTI
plot, the corresponding velocity of the “maximum
intensity”, and the synthetic velocity spectra for
the three selected locations for one simulation.
The simulation was performed with MoT-Voellmy
using the standard parameter set for the size and
expected return period of the event without erosion.
MoT-Voellmy uses an approach similar to that of
RAMMS::Avalanche (Bartelt et al. 2024) to define
the parameter set.

First, it is evident from the front line in the MT]I plot
that the simulated avalanche took approximately
83 s to reach the foot of the dam, compared with
only 49 s for the observed avalanche. This indi-
cates that the simulation substantially underesti-
mates the avalanche velocity in this case. Thisis a
common phenomenon when using a Voellmy-type
model with typical parameter choices. Second,
although the simulation terminated according to
the specified stopping criterion, movement was
still ongoing after approximately 110's, by which
time most of the observed avalanche appears to
have come to a stop.

The low velocity are also visible in the velocity
spectra. The velocity at RG13 indicates that the
main part of the avalanche flows at approximately
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Figure 6: MTI-plot (left; colors are not to scale) and
corresponding velocity of the maximum intensity

(right).

Figure 7: Velocity spectra at range gates RG13,
RG09, and RGO1.
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10-20ms™". Only towards the end of the simula-
tion does a larger portion of the avalanche appear
to decelerate and start depositing. At RG09, con-
tributions at low velocities, indicative of the onset
of deposition, appear much earlier and are more
pronounced.

3.3, MOT-Voellmy (optimized)

In the next example, MoT-Voellmy is used again,
but with optimized and fixed parameters of ;, = 0.3
and k£ = 0.001, again disregarding erosion. The
latter parameter corresponds to approximately
£ 10*ms? in RAMMS. This parameter set
is close to that proposed by Gauer (2020) for a
mass block model. The optimization results in the
avalanche reaching the foot of the dam after ap-
proximately 50,s, as can be seen in the MTI plot in
Fig. 8. In this case, the simulated velocities within
the avalanche reach 40-50 ms™', which is much
closer to the observed velocities. However, move-
ment within the avalanche body still appears to
persist longer than observed. The velocity spec-
tra in Fig. 9 suggest an onset of deposition much
earlier at the higher range gate. This can likely be
attributed to the higher friction coefficient n, which
allows the avalanche mass to stop at higher slope
angles compared with the standard parameter set.
In RG13 and RGO01, the onset of deposition of in-
dividual branches of the avalanche can be clearly
identified.

~
~

Figure 8: MTI-plot (left; colors are not to scale.)
and corresponding velocity of the maximum inten-
sity (right).
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Figure 9: Velocity spectra at range gates RG13,
RG09, and RGO1.

3.4. SAMOS-AT

The last example shows a simulation with SAMOS-
AT, using a modified friction law that favors
Coulomb-type behavior (u 0.29, Cppa
0.025kgm™, and 7. = 100 Pa), similar to the law
proposed for a mass-block model in (Gauer 2020)
and to that used in (Gauer, Body, et al. 2023). In
this case, possible erosion is included in the sim-
ulation. The avalanche reaches the foot of the
catching dam after approximately 50 s. However,
both the MTI plot and the velocity spectra sug-
gest a more compact motion of the avalanche as
a whole, resembling that of a block approximately
200-300 m in length. The velocity of the maximum
intensity is again within the range of the observed
values, but remains somewhat lower, as might be
expected since depth-averaged models do not ac-
count for turbulent contributions. There are fewer
indications of the onset of deposition than in the
previous simulations.
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Figure 10: MTI-plot (left; colors are not to scale)
and corresponding velocity of the maximum inten-
sity (right).

Figure 11: Velocity spectra at range gates RG13,
RG09, and RGO1.
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4. CONCLUDING REMARKS

This paper explores the possibility of using radar
measurements more directly for model verification
and validation purposes. To this end, we extracted
a type of synthetic radar spectrum from the simu-
lation results and investigated the similarities and
differences between the simulated and measured
spectra. Although the two are not fully compara-
ble, this approach can provide valuable insights
into model behavior. As with the measured radar
spectra, the synthetic spectra can be compared
using various metrics, each providing different in-
formation and perspectives on model performance.
The next step will be to investigate these different
perspectives in more detail to gain a better under-
standing of their potential and limitations.

An additional advantage of using synthetic radar
spectra is that the approach could potentially be
extended beyond velocity measurements. For ex-
ample, synthetic radar spectra could be used to
investigate the development of flow depth in the
model, potentially providing additional information
on model performance.
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