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Abstract

Understanding the dynamics of snow avalanches is crucial for predicting their destructive poten-
tial and mobility. To gain insight into avalanche dynamics at a particle level, the AvaNode in-flow
sensor system was developed. These synthetic particles, equipped with advanced and affordable
sensors such as an inertial measurement unit (IMU) and global navigation satellite system
(GNSS), travel with the avalanche flow. This study focuses on assessing the feasibility of the
in-flow measurement systems. The experiments were conducted during the winter seasons of
2021-2023, both in static snow cover and dynamic avalanche conditions of medium-sized events.
Radar measurements were used in conjunction with the particle trajectories and velocities to
understand the behaviour of the entire avalanche flow. The dynamic avalanche experiments
allowed to identify three distinct particle flow states: (I) initial rapid acceleration, (II) a steady
state flow with the highest velocities (9-17 ms™ 1), and (I1I) a longer deceleration state accompan-
ied by the largest measured rotation rates. The particles tend to travel towards the tail of the ava-
lanche and reach lower velocities compared to the frontal approach velocities deduced from radar
measurements (ranging between 23-28 ms~'). The presented data give a first insight in avalanche
particle measurements.

1. Introduction

Snow avalanches are a major threat in mountainous regions throughout the world. Advancing
the current knowledge on the flow dynamics and particularly the resulting mobility and
destructiveness of avalanches, is key to enhance existing mitigation strategies and adapt to
expected future challenges resulting from climate change (Lazar and Williams, 2008;
Castebrunet and others, 2014; Faug and others, 2018; Kohler and others, 2018).
Furthermore it is necessary to deepen the understanding of transport phenomena of debris
or victims in avalanches with respect to possible trajectories, expected accelerations, loads
or resulting burial depths. This understanding allows to further investigate the functional prin-
ciple of inflatable avalanche airbag systems, which rely on segregation processes (Gray and
Ancey, 2015), or to expedite the development of future rescue systems. The flow dynamics
of snow masses depend on a multitude of factors that are complicated to assess, due to the
difficulty of performing repeatable, reliable and comparable experiments. To enhance the cur-
rent avalanche understanding, computational and experimental efforts are necessary on all
scales. Computational modelling approaches or experimental, laboratory setups have recently
allowed to investigate detailed effects from small to large scales (Thibert and others, 2015;
Fischer and others, 2018; Gaume and others, 2019). Field experiments mainly concentrate
on the continuum behaviour of the avalanche flow (Faug and others, 2018), while obtaining
information at the particle level in field observations remains particularly challenging. The
destructive nature of an avalanche requires durable measurement equipment that is installed
prior to the event, inside the flow path and can interact with the flow. Conversely, close-range
sensing techniques like video, radar or laser scanning, are employed to remotely record data
from a safe location (e.g. the valley floor, a counter slope or an aerial platform)
(Eckerstorfer and others, 2016). Full-scale avalanche experiments are mostly performed at
well-confined test sites. Notably, important test sites are Valleé de la Sionne in Switzerland
(Sovilla and others, 2013), Ryggfonn in Norway (Gauer and others, 2006) and Col de
Lautaret in France (Thibert and others, 2015). However, these sites each have specific limita-
tions that hinder frequent avalanche experiments (i.e. size, remote location or difficult access
Barbolini and Issler, 2006). A majority of the avalanches occurring at Valleé de la Sionne and
Ryggfonn spontaneously release, thus mostly escaping scientific scrutiny. Besides a wide range
of other instruments, the Swiss test site is equipped with a 20 m high steel pylon that houses
pressure plates, optical velocity sensors, infrared temperature probes and density sensors at dif-
ferent heights to record a vertical flow profile. Similar structures with different kind of pressure
sensors have been installed at the Ryggfonn and Col de Lautaret sites. While such data provide
a very detailed vertical flow profile at a single location, spatially explicit velocity data of an ava-
lanche event can only be remotely sensed. In recent years, radar technology has delivered valu-
able contributions in the characterisation and measurement of avalanches (Kohler and others,
2018). Two long-range radar types are usually applied in avalanche measurements: A Doppler
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radar records the velocity distribution of all approaching lumps of
snow in a range-gated volume over time using the Doppler effect
(Gauer and others, 2007). A range gate is typically only 25 m long
and is sampled at several pulses per second. However, a much
finer resolution can be achieved with a frequency modulated con-
tinuous wave (FMCW) radar. FMCW radar can achieve sub-
metre resolution at around 100Hz pulse repetition rate.
Changes between consecutive pulses can be enhanced during
post processing, yielding a moving target indication, which is typ-
ically displayed in a range-time diagram (Ko6hler and others,
2018). Both radar systems are valuable tools to track an ava-
lanche’s evolution along the path, and identify flow regimes and
changes thereof (Faug and others, 2018). An experimental meas-
urement technique that has previously been applied in snow chute
experiments (Vilajosana and others, 2011) and recently gained
attention in full scale rockfall applications (Volkwein and
Klette, 2014; Caviezel and others, 2021; Noél and others, 2022)
are in flow sensors, which travel with the flow and record corre-
sponding motion data. Thus, instead of observing the avalanche
flow from an Eulerian point of view where the flow passes a spe-
cific location over time, inflow sensors represent a Lagrangian way
of following the flow as an immersed particle, thus assessing the
flow condition along a flow trajectory. A predecessor of inflow
sensors are the sensor and experiments of Fischer and Rammer
(2010); Winkler and others (2018), that deployed a ball equipped
with a global navigation satellite system (GNSS) and inertial
measurement unit (IMU) in an avalanche in 2013. However,
their system never got fully developed and remained a single
prototype lacking reliable tracking of its location in the avalanche,
because of the used hardware, that was designed for drone opera-
tions. Similar ideas have been successfully employed in rock fall
studies (Caviezel and others, 2019). Their focus lies on the char-
acterisation of discrete impact forces, therefore the sensors where
only equipped with an IMU. They were also able to reproduce the
rockfall trajectories with videogrammetry, which is not suitable
for avalanche experiments.

We present a new in-flow sensor system that resembles the
motion of snow particles in an avalanche, e.g. the size and density
are in the same order of magnitude as expected from the granu-
lometry of an avalanche composition (Bartelt and McArdell,
2009). These AvaNodes are equipped with two different tracking
technologies, IMU and global navigation satellite system (GNSS),
as well as an infrared thermometer.

Thus, the AvaNodes deliver independent data on particle
movement of rather dense snow granules in an avalanche. The
presented experiments were all performed at the newly established
test site Nordkette, directly above Innsbruck (Austria), which is
easily accessible and provides frequent opportunities for ava-
lanche experiments due to the regular avalanche control work
being carried out there for ski resort safety. However, the ava-
lanche type is limited to medium-sized, cold-dry dense flow
avalanches.

In this paper we focus on the potential of GNSS tracking in
avalanche experiments, supported by IMU and radar measure-
ments, and discuss how accurate the datasets are under the influ-
ence of covering snow layers. The derived particle velocity data
allows dividing the avalanche flow into the main three states of
acceleration, steady state and deceleration. During these three
stages of temporal velocity development, the accelerometer and
gyroscope data indicate different flow conditions.

Following this introduction, a methods section 2 covers the
description of the Nordkette test site in Sec. 2.1, the AvaNode
inflow sensors in Sec. 2.2 and a summary of the avalanche experi-
ments in Sec. 2.6, as well as the data preparation and processing.
The results are given in Sec. 3 and a discussion thereof follows in
Sec. 4, with a final conclusion in Sec. 5 and an outlook in Sec. 6.
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2. Methods
2.1 Avalanche test site Nordkette

The avalanche test site is located at the Nordkette ski resort, which
is situated above Innsbruck in Western Austria. The site is access-
ible year-round via cable way from the city centre in 40 min, and
is a popular tourist destination. The mountain crest above the site
lies at about 2300 m a.s.l. and splits into several avalanche paths,
fitted with different remote avalanche control systems (Fig. 1).
The terrain consists of several steep couloirs with slope angles lar-
ger than 35 °, separated by rock faces.

Large amounts of snowfall are common when a Nordstau wea-
ther situation brings precipitation from northerly to north-westerly
directions. Single day new snow rates of one metre are frequent and
multi day storm events can bring considerable amounts of new
snow. The yearly solid precipitation sum is 10 m on average in
the winter months, with a minimum and maximum of 5m and
15m, respectively (Avalanche Commission Innsbruck, 1966-
1992). Continuous avalanche control is carried out throughout
the winter season after more than 30 cm of fresh or wind drifted
snow in the release areas, to ensure the safety of the underlying
ski resort and infrastructure. This framework was used to establish
continuous snow measurements and avalanche experiments
throughout the winter seasons 2020/21 to 2022/23 at this site.

The main avalanche path featured in this study is the
Seilbahnrinne (47°18’44”N, 11°22’60”E, 2,269 m a.s.l.), situated
directly below the cable way running up to the ridge. The inflow
sensor system AvaNode is thrown in the release area, close to the
control station of the blasting cable way, before avalanche blasting.
The release area is confined by a steep rock face to the west and a
ridge to the east (size approx. 2,750 m?, exposition S to SW, aver-
age slope angle 46 °).

The Seilbahnrinne joins the Juliusrinne avalanche path at 2150
m asl, and continues relatively confined until 2000 m a.s.l
Below, the path runs onto a wide scree slope where the slope
angle decreases to around 30 °. The deposition zone ends at an
artificial avalanche dam at 1800 m a.s.l,, resulting in a potential
total drop height of 450 m and a slope parallel length of 845 m.

The release thickness typically varies between 0.3 m and 1 m
and is predominantly governed by the amount of new snow
that accumulates in the release area, since ongoing avalanche con-
trol throughout the season continuously removes additional snow.
In relation to the release area, this results in a volume of 825 to
2750 m>, which corresponds to an avalanche size 2 or medium
sized avalanche, according to the European Avalanche Warning
Service (EAWS) classification. Despite the small release volumes,
the avalanches typically grow considerably due to entrainment
along the path and usually reach the Seegrube and the deflection
dam there at 1900 m a.s.1. In case of large precipitation events, fol-
lowed by release depths beyond 1 m, avalanches may reach the
dam at the end of the avalanche path.

The test site has been equipped with three automated weather
stations for many years. Two stations next to the Seegrube are
equipped with precipitation and snow height sensors; one station
at the ridge is measuring wind speed. Furthermore, a manual
snow stake is sampled every morning and a snow profile is
recorded on each avalanche control day, focussing on the new
snow temperature and density.

The Seilbahnrinne avalanches are observed with three separate
cameras. One camera focuses on the release area and yields add-
itional information about the starting point of the inflow sensors.
The two other cameras are pointed at the avalanche path, one
from the top and one from the bottom, to observe movement
and deposition of the avalanche.

During the winter 2020/21 a mobile Doppler avalanche radar
(Rammer and others, 2007; Fischer and others, 2014) was set up
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Figure 1. Panels a and b give an overview of the Nordkette avalanche test site with the Seilbahnrinne avalanche path in blue. The release area (light blue) is next to
the Hafelekar station. Green lines indicate the deflection dam at 1,900 m a.s.l. and the catching dam at 1,800 m a.s.l. The deposition zone (light pink) starts at
around 2,050 m a.s.l. and typically ends near the dam at 1,800 m a.s.l. The avalanche thalweg (blue line) follows the main trajectory in flow direction. All snow
and avalanche observations are carried out from Seegrube, including snow pit, camera and radar (radar field of view shown in light grey). Automatic weather

stations are located west of Seegrube.

and avalanche velocity measurements manually recorded from
the avalanche path. Since the winter 2021/22, a fixed FMCW
radar mGEODAR installation continuously monitors the ava-
lanches at the test site (Kohler and others, 2020). Unfortunately,
both radar devices disturb each other and cannot be run simul-
taneously on the same avalanche path.

2.2 Inflow sensor system - AvaNode

The AvaNode is a newly developed system for motion tracking,
capable of measuring accelerations and angular velocities via an
IMU. In addition, a GNSS module is integrated, which measures
longitude, latitude, altitude, Doppler velocities and world time
besides other data. The AvaNode has the shape of a concave
cube, in order to prevent rolling and sliding on the snow surface.
The shape of the housing and interior hardware cube can be seen
in Fig. 2. The housing can be replaced at any time when damaged,
to preserve the used hardware and minimise costs. Due to the
inherent avalanche danger during the experiments, the
AvaNode is dropped or thrown into the release area from
above, considering respective safety measures. The density of
the AvaNode is 415 kgm >, for Nodes CO1, C03, C09 and C10.
The actual expected density for snow particles in avalanches is
300-500 kgm™ (Schaer and Issler, 2001; Thibert and others,
2015). Due to hardware and material properties it has so far
not been possible to make a lighter version. The geometry is
also determined by the space requirements for the hardware,
resulting in a cube with a side length of 16 cm. In addition to
the reference AvaNode, various variants were produced in order
to map as many different particle properties as possible. So far
three variants are in operation, one type with a higher density
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of 688 kgm ™ (AvaNodes C06 and C07), a second with a spherical
shape and a third with an eight times higher volume. During the
course of the measurement seasons, AvaNode generations I and II
were developed. The second generation featured increased and
more stable battery life, upgraded GNSS measurements (included
Doppler velocities) and a more reliable hardware setup for this
harsh environment.

2.3 GNSS measurements

The utilised GNSS sensor module is based on a ublox CAM-M8Q
chip, which is a standard precision GNSS chip. The module has a

Figure 2. The figure displays two generation Il AvaNodes employed in the experi-
ments, namely AvaNode C10 (orange) and AvaNode CO7 (green). AvaNode C10 has
a density of p=415kgm™, while CO7 represents a density variation with a density
of p=688kgm™. It is important to note that the density is solely determined by
the housing of the AvaNode, while the internal hardware remains consistent for
both devices.


https://doi.org/10.1017/aog.2023.69

omnidirectional antenna to give best reception in the moving and
strongly rotational flow of an avalanche. The chip determines the
position data in a global coordinate system as well as a direct
measurement of the Doppler velocity. The manufacturer data
sheet and manual (u-blox, 2022) provide the following specs:
Horizontal position accuracy (o, ) and Doppler velocity accuracy
(0,,4) are 2.5m and 0.05 ms !, respectively; operational limits for
altitude, velocity and acceleration are 12,000 m, 310 ms™" and 40
ms 2, respectively. No information is available for the vertical
position (altitude) accuracy o,,,.

The module is set up to simultaneously receive the signals
from GPS (L1C/A at 1,575.42 MHz) and GLONASS (L1OF at
1602 MHz +k*562.5kHz for each channel k=-7, ..., 6). This
increases the number of available satellites in confined terrain
of channelled avalanche paths, where less than half of the sky is
visible. Furthermore, using both GNSS constellations gives the
most accurate position data and reduces the cold start time, but
limits the navigation update rate to 10 Hz. U-blox receivers
make use of dynamic platform models to adjust the navigation
engine to the expected environment. The settings improve the
receiver’s interpretation of the measurements for a more accurate
position output. For the presented measurements the dynamic
platform model portable is used, which is suitable for applications
like portable devices or in this case avalanche measurements.
Before the input data gets passed to the navigation engine, it
has to pass the navigation input filters. Their FixMode parameter
is by default set to Auto2D/3D, which means that the receiver cal-
culates a 3D position fix if possible, but reverts to a 2D position if
necessary. Since the altitude information of the AvaNode can later
also be extracted from a digital elevation model, this parameter
setting is used. In this paper we used only altitude values derived
by the GNSS module. All other navigation input and output filters
are not set or were left at default values.

2.3.1 GNSS and snow

The experiments by Schleppe and Lachapelle (2006) showed that
it is possible to track GNSS signals under an avalanche deposit,
but accuracy decreases depending on the thickness of the snow
cover and its properties. One major factor that influences the
L-Band signal and therefore the accuracy, is the liquid water con-
tent. In dry snow, with a density of 300 kgm ™, the GNSS signal,
with ~1.5 GHz, gets attenuated by 4.3 dB per 400 m, this increases
to 4.3 dB per 3 m when the snow has a liquid water content of 1%
(Schleppe and Lachapelle, 2006). Koch and others (2019) use this
feature to determine the liquid water content of the snow cover by
comparing simultaneously acquired attenuated GNSS signals
received under the snow cover and reference signals measured
above snow. Furthermore, they were able to determine the snow
water equivalent and the height of the snow cover. In order to
be able to precisely delimit the performance of our low-cost
GNSS modules under the influence of snow cover, experiments
similar to those of Schleppe and Lachapelle (2006) were planned
and carried out. Three AvaNodes were buried at different snow
depths, i.e. 0.5/1/1.5m, which represent typical burial depths.
An additional reference AvaNode was set onto the snow surface.
The location of each AvaNode was surveyed to determine the
AvaNode position and velocity accuracy. A more detailed descrip-
tion and evaluation follows in Sec. 3.1.

2.3.2 GNSS time synchronisation and normalisation

Time is delivered in universal coordinated time (UTC), with date
and time. When performing experiments with several AvaNodes,
one gets independent datasets for every AvaNode. To achieve
comparability, temporal synchronisation of the datasets is neces-
sary. For this the GNSS UTC is used. To compare datasets from
different experiments, a normalised time scale t,,,p, is introduced,
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which ranges from 0 to 1, where 0 or t,,;,, indicates the start of the
movement and 1 or #,,, the end for every measurement. The dur-
ation of the movement is described by Af = t,,,,x — fmin, While the
normalised time #,,,,, provides an relative overview of the general
movement from release (f,o:m =0) to deposition (t,orm = 1).

t— tmi
thorm = — (1)

tmax — tmin

2.3.3 GNSS positions and trajectory

The position and global timestamp during the avalanche experi-
ment are obtained by the GNSS module. The position is delivered
in the real worlds coordinates longitude (x), latitude (y) and ele-
vation (z) with respect to the WGS84 coordinate system. We
define the projected and three dimensional travel length (s,
and s,,.) along each individual particle trajectory. The corre-
sponding total projected and 3D trajectory or runout length

(Asy, Asy,,) is accordingly defined from start (f;,) to the end
(tmax) of the movement.

Asxy = sxy(tmax) - Sxy(tmin) @)

Asxyz = Sxyz(tmax) - Sxyz(tmin) (3)

The overall altitude difference is given by Eqn. (4). Combined
with the projected travel length s,,, it is possible to calculate the
runout angle o (Heim, 1932; Ko6rner, 1980; Lied and Bakkehoi,
1980; Bakkehoi and others, 1983) as given in Eqn. (2.4).

AZ = Z(tmin) - Z(tmax) (4)
— arctan( 22 5
a = arctan ( Asxy> 5

2.3.4 GNSS velocity

The position velocity v, is obtained from the GNSS module by
calculating the time derivative of the 3D trajectory length s,,..
The derived velocities v, are gently smoothed with a moving aver-
age of kernel size n =2 or 2 time steps. With a frequency of 10 Hz
this results in a smoothing over 0.2 sec. In this paper, we refer to
the calculated velocities v, with their origin in the position data as
the position velocities. Clearly, the accuracy of v, is linked to the
accuracy of the horizontal o, and vertical position data o,,.
The GNSS module allows to directly measure velocities via the
Doppler shift in the GNSS frequency between the satellite and
AvaNode motion. The processing is done in the GNSS chip and
the Doppler velocities are delivered in the same coordinate system
as position with the axes East, North, Down as V., Viorss, and
Vaown- The absolute Doppler velocity v, is calculated by euclidean
norm. The setting to write out the Doppler velocities is not
default and has only been enabled for measurements beginning
with season 2021/22, e.g. in the AvaNode generation IIL
Compared to any derived velocity from position data, v, is
much more accurate and reliable in the order of o, 4 however,
for consistency they are also gently smoothed with a moving aver-
age of kernel size n = 2. The Doppler velocities of the AvaNodes v,
are referred to as Doppler velocity in this paper.

2.3.5 GNSS acceleration

When the GNSS velocities are derived over time, it is possible to
calculate the corresponding accelerations, i.e. the effective acceler-
ation in the direction of movement, along the particle trajectory.
To calculate the accelerations, the velocities were smoothed using
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a kernel size of n =40 or 40 time steps. A detailed description and
sensitivity analysis on the kernel size is delivered in Appendix A
in Sec. A. The temporal resolution is defined by the frequency of
the GNSS module with 10 Hz, therefore a kernel size of n =40
results in a smoothing over 4s. Accelerations derived from pos-
ition velocity v, are referred to as position acceleration or ay,
analogously accelerations derived from Doppler velocity v, are
referred to as Doppler accelerations a,. These accelerations give
an overview, whether the AvaNode is accelerating or decelerating,
which equals to positive or negative accelerations.

2.4 IMU measurements

The AvaNodes contain an IMU type MPU9250, which is capable
of measuring spatial translational accelerations, angular velocities,
and magnetic flux densities with measuring ranges of *16g,
+2000°s~", and +4800 uT, respectively. The accelerations and
angular velocities are stored on an SD card with a sampling
frequency of 400Hz. Thus, the IMU provides detailed information
on the dynamics of the AvaNode. Measured accelerations add a
redundancy to translational motion information besides GNSS
positions and velocities, which may be combined in future sensor
fusion. In contrast to translational motion, orientation of the
AvaNode can only be determined utilising the angular velocity
and magnetic flux density measurements of the IMU. Local
orientation is computed from measured angular velocities.
Orientation with respect to the earth frame can be derived via a
Gram-Schmidt projection utilising standstill data from the accel-
erometer and magnetometer (Neurauter and others, 2021). Due
to drifting accelerometer data, special motion reconstruction algo-
rithms are applied that require specific IMU data processing and a
corresponding sensor calibration (Neurauter and Gerstmayr,
2022).

2.4.1 IMU acceleration and rotation rates

The collected accelerations and rotation rates (angular velocities)
from avalanche experiments are examined with respect to their
euclidean norm. Furthermore, this data delivers precise indica-
tions if the object is moving or not, due to high sampling fre-
quency and access to raw (unfiltered) data. This is used to
determine start and end time (f,;,, as well as t,,,,) of the sensor
movement, which are then used in the further calculations. When
an IMU is at rest the resulting euclidean norm will deviate from
the gravitational acceleration g=9.81 ms™?, due to the measuring
principle of an IMU. The deviation between the magnitude of the
measured accelerations at rest before the movement and g is given
as Ag. This deviation was used to homogenise the accelerations
towards g in rest position, so that they are comparable afterwards.
The homogenisation has to be done by scaling the dataset, with
the scaling factor f, calculated by:

f=£ ©)

The whole dataset from this measurement is multiplied with
this factor. This does not include an in depth calibration which
would consider an sensor offset and corresponding time drift
(Neurauter and Gerstmayr, 2022). The accelerations and rotation
rates are not smoothed at all, because when heavy impulsive
impacts occur during the experiment, it should be noticeable in
the measurement data.

2.5 Radar measurements

The avalanche experiments are accompanied by an avalanche
radar in all measurement seasons. Radar is independent of the
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visibility conditions and gives a good overview of the type and
size of the avalanche. The radar is positioned at the Seegrube sta-
tion and observes the avalanches moving towards its location, see
Fig. 1. Due to a slightly oblique angle between main avalanche
flow direction and the radar line-of-sight, any velocity estimations
from the radar must be compensated for by the angle between the
line-of-sight and the flow direction (Fischer and others, 2014).
For the used setup, a maximum angular deviation of 15 ° was
determined, resulting in a correction factor of +3.5% for the
ground-parallel velocity. Both radars use a frequency of 10 GHz,
which equals 3 cm wavelength and roughly resembles the size of
relevant reflectors. Thus, mostly the dense flowing layers in the
avalanche are imaged (Gubler and Hiller, 1984).

In season 2020/21, a commercially available mobile
pulse-Doppler radar from IBTP Koschuch was used (Koschuch,
2018). Such a pulse-Doppler radar resolves a full velocity spec-
trum of the avalanche flow for each recorded pulse and in each
range gate (Gauer and others, 2007). However, the achievable
pulse rate is in the range of 1 Hz to 10 Hz, and the range reso-
lution (range gate width) is typically 15m to 30 m. Since the
this radar was not permanently installed, the antenna orientation
differed between each experiment and some data were lost due to
orientation error caused by poor visibility conditions.

In season 2021/22, the mGEODAR radar was permanently
installed at the Seegrube station. This is a frequency-modulated
continuous-wave (FMCW) type radar and custom-made for
research purposes (Kohler and others, 2020), based on the
Swiss GEODAR radar (Ash and others, 2014). The radar has a
high pulse repetition rate of 100 Hz and a range resolution of
0.3 m. However, a direct velocity estimation is not yet achievable
for the distributed target of an avalanche. The frontal approach
velocity is indirectly estimated by tracking the clear front line in
a range-time diagram (Kohler and others, 2018). Again, since
the radar data enables an overview of where the AvaNode is
located in the avalanche body, we reduced the velocity estimation
only to the maximal frontal approach velocity, i.e. to the point
where the front line is steepest.

The radar and AvaNode data are timed by separate clocks. The
pulse-Doppler radar has a real-time clock that might be subject to
drift. The mGEODAR radar has a synchronised time from the
internet. Nevertheless, there are always synchronisation issues in
the range of seconds. Here, we manually shift the radar time against
the AvaNode time to match the first motion from the IMU data
with the detected motion in the radar data. Since the velocity evo-
lution starts with relatively low flow velocities in the first seconds,
usually not more then 5 ms™", an uncertainty in the shift of 1 sec to
2 sec equals a position uncertainty of 5m to 10 m.

The supplementary radar measurements allow relating the
AvaNode positions to total avalanche flow and particularly the
actual location of the avalanche front. The radar resolves the
line-of-sight distance or range, and the whole avalanche is lat-
erally averaged. However, the Seilbahnrinne is a very confined
avalanche path and the lacking lateral resolution of radar is con-
sidered not to be relevant here. Another limitation of both radars
is the limited opening angle of the antenna of 8 ° horizontally, so
that the avalanche flow is only tracked from the release area down
to an elevation of 1,950 m a.s.1, which roughly corresponds to a
range of 200 m. This is enough to capture the relevant portion
of the avalanche to locate the AvaNodes, but no information
can be inferred about the stopping of the avalanche front.

2.6 Static snow cover and dynamic avalanche experiments

2.6.1 Static snow cover experiments: set-up
To estimate the influence of the snow cover on the accuracy of the
position, velocity and acceleration data, four AvaNodes were
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buried in the static snow cover on the 25 January 2022. Each
AvaNode was buried at a different depth of 0.5m, 1 m and 1.5m,
respectively, with a reference on top of the snow cover at 0 m.
The experiment took place at Seegrube, so the conditions defined
by the terrain and the visual portion of the sky are comparable to
the situation during the avalanche experiments. A precise snow pro-
file was not acquired, since during burying the AvaNodes, any snow
layering was destroyed and the covering snow was homogenised.
The snow cover at the time of the experiments was dry, with tem-
peratures ranging from —1.1 to —4.9 °C and densities between 150
and 400 kgm . Clearly, this experiment covers only the situation
for such particular snow cover situation. However, all avalanche
experiments occurred with freshly fallen dry snow. The locations
of each AvaNode were measured with a precise multi-band differen-
tial GNSS receiver (Emlid Reach RS2). The standard deviation of the
horizontal and vertical position data from the RS2 was about 2-3
cm on that day. The duration of the experiment was about three
hours and yielded more than 100,000 individual GNSS position
samples. Fig. 3 summarises the results from the static GNSS experi-
ment to assess the accuracy of position, velocity and acceleration at
different burial depths.

2.6.2 Dynamic avalanche experiments: set-up

Whenever an avalanche experiment happened, the AvaNode sen-
sors were powered on beforehand, such that the GNSS module
adjusted to obtain position data and time synchronisation.
Shortly before the avalanche blasting, the AvaNodes are simply
thrown into the release area from the mountain ridge. The obser-
vation of the avalanches and control of the radar and camera
equipment were performed from a safe observation position at
the Seegrube station. The properties of the freshly fallen new
snow, like temperature and density, were measured during the
morning of the respective experiment day.

As soon as the avalanche control work was finished and the ski
patrol granted access to the deposition area, the retrieval of the
AvaNodes began. An eminent retrieval of the sensors was crucial,
because the localisation transmitter should not run out of battery.
Furthermore, the Seilbahnrinne ski run should be kept free of
transmitting signals and passive reflectors that could interfere
with a potential rescue operation. Usually, the AvaNodes are
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deposited roughly at the elevation of Seegrube and access was pos-
sible on foot or with touring equipment.

To ensure a quick retrieval of the AvaNodes, multiple,
redundant recovery systems, like an avalanche cord for optical
recovery (passive), a Pieps TX600 (active, additional frequency
for common avalanche transceivers), Lambda4 Smilla (active)
(Lambda4, 2023), and Recco rescue reflector (passive) were used.

Burial depths were recorded upon AvaNode recovery and were
therefore confounded when no direct retrieval was possible or a
potential secondary avalanches remobilised the AvaNode. Due
to the avalanche control setup, Seilbahnrinne was usually the pri-
mary control point and consecutive releases potentially changed
the AvaNodes’s burial location and depth. In case the
AvaNodes could not be retrieved on the day of experiment, add-
itional new snow and avalanches from the next day potentially
rendered any depth estimation useless.

While most AvaNodes could be recovered by optical search,
the long-range localisation system Smilla proved to be advanta-
geous, providing a direction and distance to up to four
AvaNodes. For a close range search and precise localisation, a
hand-held Recco transceiver helped to indicate the location of
the passive Recco reflector in the field-of-view. Usually all sensors
were recovered within less than a few hours after the experiments.

3. Results

Static experiments allowed to investigate the influence of the snow
cover and particularly expected burial depths on GNSS (accuracy
and precision) measurements, while the dynamic experiments
facilitated the view into the avalanche at motion with respect to
particle accelerations, rotation rates and velocities.

3.1 Static snow cover experiments

3.1.1 GNSS position

Fig. 3 shows the horizontal position deviation from the reference
position measured with the RS2 receiver. The horizontal deviation
is measured as distance from the reference point and can therefore
only have positive values. The horizontal GNSS accuracy reported
by ublox is 2.5 m for the ublox CAM-M8Q chip, and is defined by
the circular error probable (CEP) over 24 h.
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Figure 3. This Figure shows the position, velocity and acceleration deviation, from left to right, dependent on the snow cover for the used GNSS module. The black

dashed line indicates the horizontal position accuracy of 2.5 m and the Doppler velocity accuracy of 0.05 ms
, since the AvaNodes were not moving during the experiment. The box plots show the median value, the

velocity and acceleration was 0ms™ and 0ms™>

~1 as reported by the manufacturer. The reference

boxes include 50 % of the dataset, reaching from 25% to 75 %. The whiskers were defined with 1.5 times the interquartile range (IQR), values that did not fit

in this range were classified as outliers and were not plotted.

https://doi.org/10.1017/a0g.2023.69 Published online by Cambridge University Press


https://doi.org/10.1017/aog.2023.69

Annals of Glaciology

The CEP equals the radius of the circle around the reference,
where 50% of the measurements are included (Diggelen, 2007).
This corresponds to the definition of the median of the box
plots seen in Fig. 3. The median of the horizontal position devi-
ation under snow cover was in the order of the GNSS accuracy for
all burial depths. While the reference AvaNode on top of the snow
cover had a lower accuracy with 2.7 m, at 0.5m snow cover, it
increased towards 2.3 m accuracy. Afterwards there was a slight
decrease in the accuracy for burial depths of 1 and 1.5 m, towards
2.5 and 2.9 m, respectively.

3.1.2 GNSS velocities

Fig. 3 shows the recorded absolute velocities for the statically
placed AvaNodes, i. e. the reference velocity was by definition 0
ms~". The position velocities were calculated from the horizontal
and vertical position data by time derivative (see Sec. 2.3) and no
reference accuracy can be given. The Doppler velocities were
recorded directly from the GNSS module with an accuracy of
0.05ms ™", as reported in the data sheet.

The median Doppler velocity deviation was 0.047 ms ™" for the
AvaNode on top, then decreased to 0.038 ms™' for 0.5m and
0.033 for 1 m, until it reached 0.047 again at 1.5 m, which corre-
sponds to the median on top of the snow cover. For all burial
depths the GNSS accuracy was lower then the one given by the
manufacturer with 0.05 ms™". The median position velocity devi-
ation was 0.25ms™" for the AvaNode on top, then decreased to
0.2ms™' for 0.5m and 0.17ms™' for 1 m, till it reached 0.25
ms ™" again, similar to the AvaNode on the top. Due to the fact
that v, is calculated through the time derivative from the position
data, it is not surprising that the median position velocity devi-
ation is nearly one order of magnitude higher then the Doppler
velocity median. However, the deviation for both velocity types
showed a clear decrease for 0.5 m and 1 m burial depth compared
to the reference measurement at the surface of the snow cover.

3.1.3 GNSS accelerations

Fig. 3 shows the calculated accelerations from the time derivative
of the Doppler and position velocities (see Sec. 2.3). Again, zero
acceleration is expected for the statically buried AvaNodes, thus
any deviation comes solely from noisy GNSS data. On average,
the position and Doppler accelerations were nearly zero for all
burial depths. Obviously, the standard deviation was much higher
for the position acceleration, with o,, = 2.18 ms 2, than for the
Doppler acceleration with o,,=0.28 ms™2. o, is used in Sec.
3.2.4 for further analysis. Again, a slight decrease in the deviation
is observed for 0.5 m and 1.0 m burial depth, with an increase to
1.5 m depth.

3.2 Dynamic avalanche experiments

In total, eight avalanche events with eleven recorded AvaNodes
trajectories were performed. According to the international ava-
lanche classification (avalanche atlas (UNESCO, 1981)), most
observed avalanches classify as A2B1C1D2E2F4G1H1J4, corre-
sponding to: slab avalanches (A2), with a sliding surface within
the snow cover (B1) and dry snow (C1) in the zone of origin,
channelled avalanches (D2), dominated by the dense, flowing
part (E2) in the zone of transition and mostly fine (F4), dry
(G1), clean (H1) deposits in the zone of deposition. All ava-
lanches have been artificially triggered within avalanche control
work (J4). Small classification variations appear concerning
form of motion (some avalanches are mixed types with powder
part, E7) and surface roughness of deposit (some avalanches
have coarse deposit with rounded clods, F3).
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3.2.1 Dynamic avalanche experiments: recorded events
Between March 2021 and March 2023 eight avalanches were suc-
cessfully tracked with the AvaNode inflow sensors. The measure-
ments in season 2020/21 were performed with AvaNode
generation I and from season 2021/22 on with AvaNode gener-
ation II, that had a direct recording of the GNSS Doppler velocity
information. Supplementary environmental measurements of the
initial conditions (i.e. air temperature, snow depth, density and
temperature) were recorded for each event. A short description
of each avalanche is given below and Table 1 summarises the
data from each AvaNode, while Table 2 summarizes each experi-
ment or avalanche.

Avalanche 210315 was released on the first morning of a three
day storm period. Strong wind during the night from northerly
directions added to the loading of the release area, beside a snow-
fall of around 30-40 cm at air temperatures around —6°C. The
wind calmed down during the experiment morning and together
with increasing visibility the temperatures rose. One AvaNode (nr.
C01) travelled with the avalanche and came to rest on top of the
snow. Supplementary Doppler radar data are available for the ava-
lanche. Due to a secondary avalanche from Juliusrinne (40 min
later), the AvaNode was entrained again and kept rolling down-
wards after the original avalanche had stopped.

Avalanche 210316 was released on the second morning of the
period described above. Strong northerly winds and a total of 70
cm new snow since the day before loaded the release area. No visi-
bility, air temperatures around —6 °C and constant heavy snowfall
(5cmh™") during the experiments. Two AvaNodes (nr. CO1 & nr.
C03) were successfully picked up by the triggered avalanche. The
AvaNodes stopped roughly at the elevation of Seegrube, but the
avalanche continued towards the catching dam at 1,800 m a.s.l.
No supplementary radar measurements were available.

Avalanche 220123 was released after 23 cm of new snow. Air
temperature was around —6°C and visibility was good. Avalanche
data of one AvaNode (nr. C01) were successfully recorded.
Unfortunately, no supplementary radar data was recorded due
to Antenna misalignment.

Avalanche 220203 was released after 65-70 cm of new snow
with a density of 130-150 kgm ™ even though the air temperature
was was around —6°C. Visibility was poor. Avalanche data of one
AvaNode (nr.C10) were be recorded. The AvaNode later got
entrained by the Juliusrinne avalanche and the Node was carried
a bit further. Supplementary mGEODAR radar data was recorded
for both avalanches.

Table 1. Summary of the eleven AvaNode measurements in eight avalanches
throughout season 2020/21, 2021/22 and 2022/23

Ava
Date Node Colour As,, As,,, AZ Runout Slope Vmax At
angle angle

(m] [m] [m] [°] 1 [m/s] [s]
210315 Co01 Brown  323.8 390 2286 352 347 16.4* 451
210316 CO1 Grey 352.1 436.4 2625 36.7 333 17.1* 418
210316 CO03 Pink 189.1 2179 131.8 34.8 353 12.4* 358
220123 Co01 Blue 361.6 437.2 2545 351 345 15 45.3
220203 C10 Orange 2435 271 1584 33 355 93 471
220222 CO7* Green 2452 2979 1739 353 349 136 346
220222 C09 Red 307 382.1 2225 359 33.8 163 371
220222 C10 Violet 298.6 352.8 2094 351 351 171 369
230203 C06* Cyan 166.2 210.8 1248 36.9 361 89 453
230204 CO7* Magenta 321.7 3655 2154 33.8 348 123 483
230315 C10 Yellow  360.42 405.3 257.1 355 333 157 45
Average — - 288.1 3425 203.5 352 347 14 42.0

The first block lists trajectory properties of each experiment. The second block summarises
a first dynamic view on the experiments. A consistent colouring for each AvaNode is used for
all visualisations in the following figures and given in the table row colour. The asterisk
marks the sensors with higher density and vy, represented by the position velocity v,,.
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Avalanche 220222 was released after around 40 cm of new
snow. Air temperature was around —5°C and visibility was
poor. The weather was warm and sunny in the preceding
weeks, such that the old snow cover was decreasing and stabilised.
The avalanching snow and entrainment was therefore limited to
only the freshly fallen new snow. Dilute parts of the avalanche
reached the catching dam at 1,800 m a.s.]l. Three AvaNodes (nr.
C07, nr. C09 & nr. C10) were successfully picked up by the ava-
lanche (nr. C07 being a high density Node). Therefore, particu-
larly in combination with with the supplementary mGEODAR
radar data, this avalanche event provided the most interesting
dataset.

Avalanche 230203 was released after around 80 cm of new
snow with a density varying between 60 and 140 kgm™. The
air temperature was around —2.5°C. The visibility was very good,
and supplementary video footage is available. Unfortunately,
no supplementary radar data is available. AvaNode C06, with
high density, was successfully transported with the avalanche.
The avalanche was one of the largest ones, which we were able
to observe during our three years of experiments, and ended in
the catching dam at 1800 m a.s.l.

Avalanche 230204 was released after around 45cm of new
snow with a high density of 200 kgm™. The air temperature
—3.4°C. The visibility was poor and supplementary radar data
is available. AvaNode CO07, with high density, was successfully
transported with the avalanche.

Avalanche 230315 was released after 37 cm of new snow with
a density varying between 110 and 190 kgm ™. The air tempera-
ture was —0.7 °C. Visibility was very good and supplementary
video and radar footage are available. AvaNode C10 was success-
fully transported with the avalanche. The avalanche was rather
small and stopped between 1950 and 2000 m a.s.l.

3.2.2 GNSS positions and trajectories

The GNSS modules continuously tracked the position of the
AvaNodes inside the avalanche flow in a global coordinate system.
Fig. 4 summarises all eleven trajectories within the eight recorded
avalanche events. Some quantities, like projected travel length s,
travel length s, ,, altitude difference AZ, runout angle & and the
position velocity v, derived from the position data, are also
given in Table 1 as an overview between all AvaNode
measurements.

Well defined are the start and end position, since the most
probable position were estimated from an average over many pos-
ition data points when the sensor was at rest. Since all AvaNodes
were thrown into the release area from the same location, all start
positions are very similar, i.e. within a distance of a 25 m radius.
Given that each avalanche is slightly different, their end positions
vary much more and spread in the deposition area within a
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distance of 180 m. Interestingly, all end positions are aligned in
a 20 m lateral distance around the main flow path.

The horizontal travel length and altitude difference can be esti-
mated directly from the GNSS data. The projected travel lengths
varied between 168 m and 360 m, with an average of 206 m.
The altitude differences ranged between 125 m and 257 m, with
an average value of 203 m. Horizontal and vertical distances
yielded the run-out or a-angle, that was with around 35+1°
and very similar for all AvaNode trajectories. Compared to the
run-out angle, the slope angle at the end location, derived from
a digital terrain model, was generally smaller and varied between
33° and 36°.

During the flowing phase, the position data points could not
be averaged and the position deviation of around 2.5 m, found
in the static burial experiments (Sec. 3.1), influence the accuracy.
However, all trajectory lines in Fig. 4 are very smooth, indicating
an internal navigation filter. Interestingly in this regard, an over-
shooting of the end position is sometimes observable, e. g. the end
position of cyan, purple and yellow are uphill of the lowest
recorded position. That indicates that the hardware depended
Kalman-Filter suggests an ongoing movement in the particle tra-
jectory direction, till enough measurements indicate that the
module is now at rest at the end position. This is a known prob-
lem for the presented measurements and will be overcome in the
future by using more reliable GNSS modules where one has access
to the raw (unfiltered) datasets.

3.2.3 GNSS velocities
The GNSS velocity evolution over the normalised time scale from
—0.1 to 1.1 topm for all avalanches is shown in Fig. 5. For all mea-
surements, Doppler velocities v, are available, position velocities
v, were neglected due to their limited precision. The start and
end of the movement (f,,m, = 0.0 and 1.0, respective) were manu-
ally estimated from the IMU acceleration and rotation data (see
Sec. 2.3.2). However, the GNSS derived velocities do not directly
rise at zero, nor indicate stand-still at t,,,,,, = 1.0. This is not a syn-
chronisation mismatch as both sensors are sampled with the same
clock, but must be due to the filtering in the GNSS module. This
is particularly dominant after the avalanche comes to rest, and
results in about 0.1 - ¢,,,,,,, longer apparent motion when only con-
sidering GNSS data.

Fig. 5 shows the avalanche motion on a single particle level, e.
g. tracked and thus resembled by an AvaNode. Even though the
plot contains data of eleven different AvaNodes in eight different
avalanches, the velocity evolution is very similar on the normal-
ised time scale. The maximum velocities were reached between
89ms™' and 17.1ms " in the time range between 0.36 and
0.51 fhorm- Note, that usually the maximum velocity is found at
a time were the velocity is on a continuously high level, and

Table 2. Summary of the eight avalanche experiments throughout season 2020/21, 2021/22 and 2022/23

Date Ava Node Colour Viront Vpartmax Burial AZ As,, Snow Snow air
depth Z(tmax) depth density temp.

[m/s] [cm] [m] [m] [m] [em] [kgm~3] [°c

210315 col Brown 24 16.4 0 1980 290 635 40 130 —6

210316 C01, C03 Grey, pink - 17.1 - - - — 70 150 —6
220123 col Blue - 15 0 - - - 23 100 —-5.4

220203 C10 Orange 23 9.3 - 1920 350 503 70 130-150 —6
220222 Co7*, C09, C10 Green, red, violet 26 17.1 - 1820 450 690 40 120 -4.8
230203 Co6* Cyan - 8.9 0 - - — 80 60-140 -2.5
230204 co7* Magenta 28 12.3 0 1850 420 635 45 200 —-3.4
230315 C10 Yellow 23 15.7 0 1950 320 456 37 110-190 -0.7

The first block lists radar and particle velocities, as well as burial depths of the AvaNodes. The second block summarises the deposition of the avalanches. The third block summarises the
environmental data, that was collected during the experiment. The asterisk marks the sensors with higher density. The whole avalanche runout length and altitude difference are measured

along the thalweg, which represents the avalanche trajectory along the main flow direction.
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Figure 4. In the left panel, trajectories or GNSS positions of all avalanche experiments are displayed. The spacing of the isochronous sampled position data indi-
cates the flow velocity, e.g. the herein called position velocity v,. The dot size is set to 5m, which corresponds to the accuracy stated by the manufacturer. The
hatched area represents the release zone. In the right panel the projected travel length As,, (t) and the altitude difference AZ (t) are shown.

thus, correlates well with the later defined second flow state of
steady state.

A clear difference in precision of the velocity derived from pos-
ition data v, and the directly measured Doppler velocities v, is
clearly visible. Qualitatively, the variance of the position velocity
(dashed lines) has more noise than any of the Doppler velocities
(solid lines). From the static experiment in Sec. 3.1, this lower pre-
cision is clearly expected.

3.2.4 GNSS acceleration

As in Sec. 3.1, the accelerations were also considered for avalanche
experiments and displayed in Fig. 5. The position accelerations
were plotted as dashed lines and are the 2nd derivative from
the GNSS positions and highly unstable, as the standard deviation
Cap=2.18 ms ™ indicates. The position acceleration is therefore
no longer considered for further analyses. For the Doppler accel-
erations, the standard variation, derived from the static experi-
ments, 6, 4=+0.28 ms>, was used as a threshold, to determine,
when the accelerations change from positive to negative range.
For the Doppler accelerations, the mean value for every 200th
time step or 0.005 t is calculated and plotted as a black line.
This line shows a maximum average acceleration of 1.27 ms™>
and a minimum average acceleration of —0.72 ms™>. A point of
interest is when the accelerations switch from positive to negative
values, indicating that the AvaNode reaches its maximum vel-
ocity. The mean acceleration switches from positive to negative
values 0.42 t and if the standard deviation of the Doppler accelera-
tions o, 4 is considered, the time frame in which the average accel-
eration changes from positive to negative range is between 0.30 t
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and 0.57 t. These boundaries, in which the AvaNode changes flow
state, lead to the following interpretation:

acceleration state: 0 < t,orm, < 0.30
steady state flow: 0.30 < t,,0rm < 0.57
deceleration state: 0.57 < tporm < 1

3.2.5 IMU accelerations and rotation rates

The raw IMU data is shown in Figure 6. In the top panel the
accelerations are plotted, underneath the rotation rates. In the
upper panel one can see the homogenisation of the accelerations
towards g=9.81 (ms™?) before the movement, or t,orm < 0. When
comparing the at rest accelerations before the movement with
them after the movement, or t,,,, > 1, the spreading or drift
inherited from the accelerometer is visible (Neurauter and others,
2021). For further processing and a more detailed analysis of IMU
accelerations, further calibration is necessary. The rotation rates
on the other side deliver a clear and exact identification if the
AvaNode is moving or not. The background is filled as in
Fig. 5, which correspond to the 3 flow states.

3.2.6 Radar: avalanche velocities and particle positions

Beside the absolute position, the relative position inside the ava-
lanche is of great importance, to put the data into perspective
to the overall avalanche mobility. Here, avalanche radar was an
ideal tool to facilitate the comparison of locations and changes
thereof in time (Fig. 7). The experiments with supplementary
radar data show that the AvaNodes were are located in the middle
to end part of the avalanche and therefore delivered information
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Figure 5. The top panel shows the GNSS position and Doppler velocities over the normalised time scale. Doppler velocities are plotted with a solid, position vel-
ocities are plotted dashed line. The coloured circles and triangles indicate the maximum velocity for every measurement, where the triangles indicate a measure-
ment with a higher density AvaNode. The bottom panel shows the accelerations derived from the derivation of GNSS velocities. Again the accelerations derived
from the position data are plotted with dashed lines. The black line represents the mean values of all GNSS Doppler accelerations. The grey areas indicate the three
states for both panels: Light grey represents the acceleration state (0-30%), medium grey the steady state flow (30-57%) and darker grey the deceleration state (57-

100%).

only about particle behaviour in the body and tail regions of the

avalanches.
Fig. 7 shows the range-time radar images of all five avalanches,

where radar data exists. The AvaNode in avalanche 210315 started
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more than 150 m behind the avalanche front. Interestingly, the
node trajectory and the front were fairly parallel for roughly the
first 10 sec indicating that the avalanche had a uniform velocity
evolution along the body.
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Figure 6. IMU absolute acceleration in the top panel and IMU rotation rates in the bottom panel with normalised times. Acceleration state in light grey, flow state in
grey and deceleration state in dark grey. The AvaNodes with higher density are shown in green (C07-220222), cyan (C06-230203) and magenta (C07-230204).

Later, the distance between front and node was 250 m, when Avalanche 220222 contained three AvaNodes, of which one
the front left the radar field-of-view. In direct contrast is ava-  node had a high density (C07, green). All nodes started approxi-
lanche 220203, where the AvaNode was only 50 m behind the  mately 100 m behind the front and accelerated similar to the front
front during the release. The node quickly fell back and the dis-  for at least the first 10 sec. The high density node then separated
tance to the front increased to 300m at the end of the towards the tail, while the other two low density nodes continued

field-of-view. close to each other. The maximum radar distance between the
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Figure 7. Range-time radar images show the avalanche motion and locate the AvaNode position in relation to the avalanche front. a, b and c are pulse-Doppler

radar data, d and e are mGEODAR radar (FMCW-type) data. The maximum avalanche front velocity is indicated with a dashed black line and its angle corresponds
to the apparent approach velocity in direction of the radar. AvaNodes with higher density are seen in panel B (magenta) and panel E (green).
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front and the nodes was 300 m for the heavy one, and 250 m for
the other two.

Obviously, the starting location of the nodes was always
behind the frontal tip of the release area. The released avalanches
were initially between 100 m and 200 m long, whereas the nodes
were usually placed in the last 25m of the release area. It is
important to note that all node data were therefore recorded
from the main body towards the tail of the avalanche.

4, Discussion

This section concentrates on the combination of the performed
experiments and various measurement techniques, allowing to
relate flow features of the avalanche front to single particles and
their properties as well as environmental conditions (snow and
weather) or the underlying terrain.

4.1 Static experiments

The static snow cover experiments show that GNSS signals
remained reliable for different burial depths in dry snow condi-
tions. Interestingly, the accuracy for horizontal position increase
slightly until a burial depth of 1 m (Fig. 3). Multipath signals
may be a potential source for lower GNSS localisation accuracy,
and we hypothesise that the snow cover acted as a form of filter
and reduced the usually weaker signals that originated from
reflections. Similarly, the accuracy of the Doppler velocity shows
the same improving trend with depth.The very same reason
with multipath signals may explain the data. However, the argu-
ment is slightly different. Since the Doppler velocity was esti-
mated in the GNSS module by utilising the frequency shift in
the GPS and GLONASS signal due to the satellite and receiver
motion, any multipath signal imposed an apparent motion in
the direction of the reflector. Larger burial depth may have caused
attenuation of the direct GNSS signals as we found that all above
mentioned accuracies decrease at 1.5m. To improve the GNSS
accuracy in general, also here is suggested to use GNSS modules
that have a raw data output and use more GNSS satellite constel-
lations, like GALILEO or BEIDOU.

4.2 Dynamic experiments

Assessing the GNSS accuracy in a moving situation, e.g. inside the
avalanche, is more difficult since we do not have a direct refer-
ence. Comparing the trajectory of all eleven AvaNodes against
each other (Fig. 4) indicates that all are flowing in very similar
flow line. No large kinks and jumps in the position data exist
along the cross-path direction. Thus, we expect the trajectories
of the AvaNodes gives the main thrust direction of the avalanche
and the main flow path. However, the smooth trajectories indicate
a black box smoothing filter in the consumer GNSS module. Its
existence is even more pronounced during the stopping of the
AvaNodes, as every trajectory overshoots the final deposition
location. The overshoot is clearly in direction of the previous
motion and raises the question to which extent the heading infor-
mation was used as input for such a Kalman-like trajectory
smoothing filter. Unfortunately, the manual of the u-blox M8Q
chip was quite vague regarding the filter chain comprising of
course over ground, low-speed over ground and speed 3D filter
(u-blox, 2022, p. 22ff). Given a position accuracy of 2.5m and
a sample rate of 10 Hz, filtering is necessary; otherwise fluctua-
tions could easily cause position velocity changes of the same
magnitude as the avalanche flow. However, from a scientific per-
spective, this filter should not be active inside the GNSS hardware,
but rather be applied in post-processing. Currently, a third
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AvaNode generation is in development, which will contain a
GNSS module that supports raw data retrieval.

Although the accuracy of the position velocity, v,, may be
limited due to its dependence on position accuracy, it can still
provide a general overview. The Doppler velocity v, on the other
hand is highly accurate and the obtained measurements were
used to calculate GNSS accelerations. Nevertheless it is important
to point out, that also here we have seen the effects of Kalman
smoothing filters, which indicate an ongoing movement, while
the IMU data shows that the AvaNode is already at rest.

The calculated GNSS accelerations from the static experiments
provide the standard deviation by a reference acceleration of
zero ms™>. In this way, it is also possible to estimate when the
accelerations change from the positive to negative range for
dynamic experiments, and thus to define the transition of differ-
ent flow stages.

The importance of the IMU data is clearly pointed out when it
comes to the identification whether the particle is moving or not.
Furthermore, IMU navigation in the chaotic collisional and rapid
flow of avalanches is very difficult to achieve. Thus we conclude,
that inertial navigation by IMU data is limited and requires add-
itional post-processing steps to handle errors, especially acceler-
ation drift. Despite errors in accelerations, rotation rates derived
from measured angular velocities were accurate and yielded
meaningful information regarding particle rotations (Neurauter
and Gerstmayr, 2022). To take advantage of the redundancy in
translational movement and the high sampling rate of IMU
data, future work will be conducted in the field of sensor fusion.

No dependence of particle flow behaviour on environmental
conditions (such as new snow depth or temperature) was
observed. This may be linked to the small number of experiments
and limited reproducibility. In experiments where achieving a
burial depth was possible, the AvaNodes were consistently
found on top of the avalanche deposition. Throughout these
experiments, it was observed that the snow particles in dry
snow avalanches tended to be smaller than the synthetic
AvaNodes, which could potentially hinder size segregation and
should be investigated in more detail in future experiments. To
further investigate this phenomenon, an approach worth consid-
ering is to conduct additional multi-node experiments using vary-
ing volumes.

The GNSS accelerations were used to classify three distinct
flow states on the normalised time scale: acceleration, steady
state flow and deceleration. These three states may be associated
with the zone definitions of the morphological avalanche classifi-
cation (origin, transition, deposition) (UNESCO, 1981). Fig. 8
presents the split of GNSS accelerations from Fig. 5 and rotation
rates from Fig. 6 into these three flow states. Additionally, the ana-
lysis includes the examination of the at-rest state before and after
the movement.

Prior to the movement, both the GNSS accelerations and IMU
rotation rates indicate that the sensor was at rest. The IMU rotation
rates show a clear absence of motion before and after the move-
ment. However, the GNSS accelerations still exhibited negative
values with a median value of —0.32 m/s>, which is attributed to
the influence of the Kalman filter integrated into the GNSS module.
In the forthcoming years, additional investigation will be conducted
into using GNSS modules capable of providing raw data, allowing
for a more in-depth analysis of the observed phenomena.

The acceleration state constitutes approximately 30% of the
total movement duration. During this state, there was a noticeable
increase in velocities, with the acceleration peak being reached at
around 13% of the movement. Subsequently, the mean acceler-
ation gradually decreased towards the first boundary, inherent
from o,, The GNSS accelerations reached a median value of
0.83 ms™~> while the rotation rates have a median value of 54 °s™".
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Figure 8. This Figure shows the GNSS Doppler accelerations a, and rotation rates measured with IMU. All panels are divided into three flow states, including before

and after movement indication.

The steady state flow covers 27% of the total movement. In the
steady state flow all maximum velocities were included, reaching
from 8.9 ms™" to 17.1 ms™". The mean GNSS acceleration ranges,
by definition, from 0.28 to —0.28 ms™>. The GNSS accelerations
reached a median value of 0.04 ms™> and were therefore slightly
positive, while the rotation rates had a median value of 55°s!
and are in the same range as the rotation rates in the acceleration
state.

The deceleration state lasts 43% of the movement and indi-
cates the stopping of the AvaNodes and avalanche. During this
state, the GNSS velocities exhibit a decrease, but did not reach
zero at 1 t or the end of the movement. One possible explanation
is again the Kalman filter within the GNSS module, that smooths
out the stopping, resulting in a longer reported movement dur-
ation, compared to the IMU data. The mean acceleration in this
state ranged from —0.282 to —0.847 ms ™2, and since GNSS accel-
erations were the derivative from the GNSS Doppler velocities,
they were also not reaching zero at 1t.

The GNSS accelerations reached a median value of —0.53
ms ™%, while the rotation rates had a median value of 211°s7%.
This indicates a strong increase (~ x4) in rotation rates in the
deceleration state or deposition of the avalanche. It is important
to note that high rotation rates may also be attributed to turbu-
lent, pulsating motion but are mainly assumed to be linked to a
shearing velocity profile along the flow depth. For the acceleration
state this shearing might be reduced due to the release of a slab
avalanche and a following sliding slab flow regime that has a
rather uniform vertical velocity profile. During the transition
towards a cold dense granular flow regime, the slab pieces break
up and give rise to a granular cohesion-less flow with a vertical
shearing velocity profile (Li and others, 2020). During the steady
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state phase the effect of cohesion and segregation may lead to the
the formation of a highly sheared basal layer below a rather
plugged flow (Kern and others, 2004, 2010; Rognon and others,
2008; Ligneau and others, 2022). The reduced rotation rates in
this state of the flow therefore indicate that the AvaNodes are seg-
regated and rather transported at the top. Lastly during depos-
ition, the decrease of slope angle or increase in basal friction
caused gradual deposition at the base of the flow. This can be
seen as an upward shifting of the vertical shear profile that causes
mixing and rotations in of the upper layers of the flow until stand-
still (Kern and others, 2010; Schaefer and others, 2010).

The flow states can also be related to the underlying terrain. In
Fig. 9, the slope angle prior to the movement provides insights
into the distribution of the AvaNodes within the release zone,
with a median value of 43.5 °. As depicted in Fig. 4, it is evident
that the AvaNodes were concentrated in the eastern part of the
release area, where a relatively flatter section is located.

In the acceleration state, the median value of the slope angle
decreased towards 42.5 °, but had a higher spreading ranging
from 38 to 49 °.

To reach a steady state flow, the avalanche must balance gravita-
tional and dissipating, frictional forces. Interestingly, the range of
slope angles for the steady state flow covers a quite wide range
between 34 and 47 ° with a median of 38 ° (Fig. 9). This variation
indicates different frictional behaviours for the avalanche that might
have undergone more or less transitions towards the intermittent
flow regime and beginning of a powder snow avalanche (Sovilla
and others, 2018). The steady state flow refers to the behaviour of
individual particles. However, this may not necessarily be true for
the avalanche front. Even though the front in the radar data is
often a straight line (Fig. 7) and the avalanche seems like a
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Figure 9. The box plot illustrates the slope angles for all measurements corresponding to the identified dynamic states. It also includes the run-out angles for the

AvaNodes, as well as the documented avalanche fronts.
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consolidated body, exchanges between the individual components
of the flowing snow can frequently occur, as it is expected for dry-
cold granular avalanches (Nishimura and others, 1998).

Following the deceleration state, the slope angle distribution
gets very narrow with 3 ° spreading. The median values reach
both 35 °, which corresponds well to the run-out angles delivered
from particle measurements and event documentations.

The radar measurements were used to relate the particle
measurements to the whole avalanche flow. The particle velocities
were always lower than the front velocities and they correspond
mainly to the flow in the avalanche body and tail. The differences
can be quantified with radar data (Fig. 7). The radar frontal approach
velocities in a steady state phase, e.g. the tangent that can be aligned
with the front, are in the range of 22 ms™" to 24 ms™" for the ava-
lanches in Fig. 7, except for avalanche 230204 that reached 27 ms™".

The particle velocities seem to be unrelated to the actual front
velocity, and they are all in the range of 14 ms™" to 16 ms™" with
exceptions at lower values between 8 ms™' to 12 ms™'. Usually
during the start of the slab, the velocity of the front and the
AvaNodes in the tail were of a similar magnitude. Such a uniform
velocity over a larger area is to be expected for the sliding of a
released slab and corresponds to the sliding slab flow regime
(Kohler and others, 2018).

Later during the disintegration of the avalanche towards a
granular dry dense flow, the front and the tail separate. Such a
longitudinal spreading of the avalanche, e.g. the distance between
the front and the end of the tail, is typically observed in granular
dense flows and might be attributed to thinning and a corre-
sponding continuous deposition at the tail Pouliquen (1999);
Pouliquen and Forterre (2002). The deposition close to the ava-
lanche tail is assumed to be controlled by the underlying terrain
(angle, confinement). The front velocity however depends on
the availability and properties of the erodible new snow, and is
characterised by any potential transition towards the turbulent
intermittent flow regime (Sovilla and others, 2015, 2018).

That such a transition towards the intermittent flow regime
and therefore towards a powder snow avalanche happens on the

Michael Neuhauser and others

slope scale of the Seilbahnrinne is further backed by the observa-
tions during the experiments. For the observed avalanches, pow-
der flow, dominated by suspension, only occurred during those
few events when the avalanche hit the avalanche catching dam.
However, the deposits in front of the dam were only very shallow
at about 0.1 m to 0.2 m, compared to the deposition depth of the
denser flow that reached 0.5 to 1 m at the points where the
AvaNodes were recovered.

The maximum velocity that an avalanche can theoretically
obtain is determined by 0.6 -,/g - AZ (McClung and Schaerer,
2006; Gauer, 2014), where AZ refers to fall height or altitude dif-
ference, as shown in Fig. 10. The factor of 0.6 represents the
amount of energy available in the system to be transformed
into kinetic energy, when in free fall and without air resistance,
this factor would be +/2 & 1.4. By fitting linear regressions to
the data points, one can determine the specific factors for the
resulting kinetic energy for the avalanche front, with 0.4, and
individual particles, with 0.32. The grey area around the fit on
the particle data illustrates the variability when splitting the par-
ticles into the different densities, with the factor for the upper
boundary at 0.33 and for the lower one at 0.29. This analysis sug-
gests that higher particle densities are associated with increased
energy dissipation. But also here more experimental data is
required, preferable multi-node experiments where particles
with different densities are located in the same avalanche.
When comparing this factors to (Gauer, 2014), which vary
between 0.37 and 0.69, one can see that the recorded avalanche
front velocities fit quite well in this range, while the factors for
the particles are lower. This observation is reasonable because
the particles travel mostly in the avalanche body and tail and
should therefore be a lower boundary for this assumption.

5. Conclusion

This paper highlights the potential of tracking particles in snow
avalanches with standard technologies like GNSS and IMU,
which deliver feasible data sets. While the accuracy of GNSS is
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Figure 10. This figure presents the relationship between the maximum velocity, vnax and the altitude difference, AZ. The dataset includes measurements and
documentations from both particles (represented by circles and triangles) and radar observations (represented by stars). The plot also includes a comparison
with the maximum velocity that an avalanche can obtain based on its fall height, as referenced in McClung and Schaerer (2006) (dashed line). The plotted
lines depict the linear regression through the data points for both the avalanche front (dotted) and all particles (solid). The grey shaded area indicates the
range of divergence in this regression, when considering only the lighter particles (upper boundary) or the heavier ones (lower boundary).
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strongly dependent on terrain and snow properties, the IMU data
is untouched by those influences. It has been demonstrated that
GNSS performs remarkably well under dry snow conditions,
with no decisive accuracy loss till 1.5m snow depth.
Nevertheless the low-cost modules have limitations in dynamic
environments, due to the integrated Kalman filters. When these
two technologies are combined, they can deliver a deeper insight
into the movement behaviour, and in the future probably also into
more detail of avalanche dynamics. AvaNodes have proven to be a
useful and particularly extendable measurement device. However,
experiments require a lot of work and repeatability is still rather
low. The dynamic avalanche experiments with single, or multiple
AvaNodes allowed to identify three particle flow states: (I) an ini-
tial, rapid acceleration, (II) a shorter steady state flow accompan-
ied by the highest velocities ranging between 9-17 ms™", and (III)
a longer deceleration state accompanied by the largest measured
rotation rates. It was observed that the different flow states are dir-
ectly linked to the underlying terrain, being highly related to the
corresponding slope angle. Furthermore, run-out angles of the
single particles are slightly higher than the avalanche run-out
angle. This is also reflected by the fact that the particles rather tra-
vel towards the tail of the avalanche (=~ 200 m behind the front)
and reach considerably lower velocities than the frontal approach
velocities deduced from radar measurements (ranging between
23-28 ms™'). Due to the small number of experiments and limited
reproducibility, we do not observe a dependence of particle flow
behaviour on environmental conditions, such as new snow thick-
ness or air temperature. The test site Seilbahnrinne at Nordkette is
well siuted to these kind of experiments and also to sensor devel-
opment and data collection. Firstly, the release area is easily
accessible, which helps when the AvaNodes are stuck in the
release zone and need to be recovered. This benefits organising
such experiments on a regular basis. Secondly, the existing infra-
structure like power supply and internet access, the support of the
avalanche commission and the regular avalanche control, pro-
vides the opportunity to collect data sets from the same avalanche
path under different conditions at a high frequency. Terrain and
aspect of this test site have a large impact on GNSS measure-
ments. Since the aspect is south-south-west on the northern
hemisphere and the avalanche path is quite open, it allows having
a good field-of-view towards the GNSS satellites in orbit.

6. Outlook

For the future development of the AvaNodes it is planned to inte-
grate GNSS modules, which deliver GNSS raw data, for a correc-
tion in post processing (post-processed kinematic or PPK). The
target would be to achieve particle trajectories with an accuracy
in sub-metre range. An additional advantage of using GNSS mod-
ules with raw data output would be the absence of filters applied
to the data. This lack of filtering could enhance the reliability of
movement interpretation, as it would allow a more direct and
unadulterated analysis of the data. Another possibility to achieve
sub-metre range for the trajectories, would be to establish radio
ranging technology in the AvaNodes. The main limitation of
radio ranging is the requirement that the avalanche path has to
be equipped with several receiver units along its entire length
for triangulation. For the medium-sized avalanches prevalent at
the presented test site, we reckon that roughly five to eight of
these so-called AvaAnchors are required for the Seilbahnrinne
path. It is not only challenging to install the AvaAnchors safely,
and secure them against the damaging potential of the avalanche
itself, but installation has to be done in advance and the power
supply and control must be autonomous. While this is feasible
for a single test site like Nordkette, it is clear that for the majority
of full-scale avalanche experimental studies, particle tracking
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cannot rely on this technology. We expect that sensor fusion of
GNSS and IMU allows to overcome shortcomings in the horizon-
tal and vertical position determination, which could give one a
more detailed view on the processes in the avalanche. Since the
GNSS positions are accurate enough to use them, it is planned
to integrate a LoRa chip in the AvaNode to send the GNSS posi-
tions directly into a LoRa WAN, which simplifies search and
retrieval. Furthermore an infrared temperature sensor is already
established in the AvaNode, and with further calibration and test-
ing it could be possible to achieve temperature measurements at a
particle level in avalanches. Here, the AvaNode and radar integra-
tion rely on a precise time synchronisation, but ideally a radar
should track the AvaNode directly. One method could be to inte-
grate an active reflector into the AvaNode that returns an ampli-
fied version of any received signal. The AvaNode is designed in
various shapes, sizes and densities, so that the widest possible
spectrum of avalanche particles is displayed. The variety in avail-
able sensors should allow to investigate effects like size segregation
with higher volumes or differences in the velocity distribution
depending on the density in multi-node experiments in the
future. With this it would be possible to learn more about the
underlying processes and how particle properties influence trans-
port phenomena, that are the fundamental for avalanche safety
systems such as avalanche airbags.

As a next step it will be interesting to use the measurement
data for model optimisation, extending state of the art approaches
(Tonnel and others, 2023) with particle tracking functionalities
and evaluating the respective quantities along the particle trajec-
tories. Beyond that it is of particular interest to gain depth
resolved information using modelling approaches that provide
three dimensional data, resolving effects (Li and others, 2021;
Ligneau and others, 2022) in the flow-normal direction that
potentially drive segregation and separation processes (Gray and
Ancey, 2015; Pudasaini and Fischer, 2020).

Acknowledgements. This work was conducted as part of the international
cooperation project “AvaRange - Particle Tracking in Snow Avalanches” sup-
ported by the German Research Foundation (DFG, project No. 421446512)
and the Austrian Science Fund (FWE, project No. I 4274-N29). The
mGEODAR measurements were supported by the Swiss National Science
Foundation (SNSF) project “Identify critical terrain features and flow states
on surge formation in snow avalanches” (P400P2_186687). Additional finan-
cial support came from the open Avalanche Framework AvaFrame (https:/
www.avaframe.org/), a cooperation between the Austrian Research Centre
for Forests (Bundesforschungszentrum fiir Wald; BFW) and the Austrian
Service for Torrent and Avalanche Control (Wildbach- und
Lawinenverbauung; WLV). The authors would like to further acknowledge
the contentual and technical support by Robert Winkler and Jannis Aust,
the Nordkette ski resort for their support (Leonard Rasinger, Thomas
Schroll), the indispensable avalanche control work (Sebastian Larcher, Klaus
Baumgartner and Werner Haberfellner), and Arne Bestmann (Lambda4) for
providing their innovative, helpful avalanche recovery systems.

References

Ash M and 5 others (2014) Two-dimensional radar imaging of flowing ava-
lanches. Cold Regions Science and Technology 102, 41-51. doi:10.1016/j.col-
dregions.2014.02.004

Avalanche Commission Innsbruck (1966-1992) Annual reports of manual
snow measurement at Seegrube. unpublished.

Bakkehgi S, Domaas U and Lied K (1983) Calculation of snow avalanche
runout distance. Annals of Glaciology 4, 24-29.

Barbolini M and Issler D (2006) Avalanche test sites and research equipment
in europe: An updated overview. Technical report, Final Report Deliverable
D9, SATSIE Avalanche Studies and Model Validation in Europe.

Bartelt P and McArdell BW (2009) Instruments and methods granulometric
investigations of snow avalanches. Journal of Glaciology 55(193), 829-833.
do0i:10.3189/002214309790152384


https://www.avaframe.org/
https://www.avaframe.org/
https://www.avaframe.org/
https://doi.org/10.1016/j.coldregions.2014.02.004
https://doi.org/10.1016/j.coldregions.2014.02.004
https://doi.org/10.3189/002214309790152384
https://doi.org/10.1017/aog.2023.69

16

Castebrunet H, Eckert N, Giraud G, Durand Y and Morin S (2014)
Projected changes of snow conditions and avalanche activity in a warming
climate: the French Alps over the 2020-2050 and 2070-2100 periods. The
Cryosphere 8(5), 1673-1697. doi: 10.5194/tc-8-1673-2014

Caviezel A and 9 others (2019) Reconstruction of four-dimensional rockfall
trajectories using remote sensing and rock-based accelerometers and gyro-
scopes. Earth Surface Dynamics 7(1), 199-210. doi: 10.5194/
esurf-7-199-2019

Caviezel A and 9 others (2021) The relevance of rock shape over mass—impli-
cations for rockfall hazard assessments. Nature Communications 12(1), 1-9.

Diggelen F (2007) Gnss accuracy: Lies, damn lies, and statistics. GPS World
18, 41-45.

Eckerstorfer M, Biihler Y, Frauenfelder R and Malnes E (2016) Remote sens-
ing of snow avalanches: Recent advances, potential, and limitations. Cold
Regions Science and Technology 121, 126-140. doi: 10.1016/j.coldregions.
2015.11.001

Faug T, Turnbull B and Gauer P (2018) Looking beyond the powder/dense
flow avalanche dichotomy. Journal of Geophysical Research 123(6), 1183—
1186. doi:10.1002/2018JF004665

Fischer JT and Rammer L (2010) An introduction to inflow avalanche
dynamics measurements using the SNOWBALL device. In International
Snow Science Workshop 2010, Squaw Valley, California USA.

Fischer JT, Fromm R, Gauer P and Sovilla B (2014) Evaluation of probabil-
istic snow avalanche simulation ensembles with Doppler radar observations.
Cold Regions Science and Technology 97, 151-158. doi: 10.1016/j.coldre-
gions.2013.09.011

Fischer JT, Kaitna R, Heil K and Reiweger I (2018) The heat of the flow:
thermal equilibrium in gravitational mass flows. Geophysical Research
Letters 45(20), 11219-11226. doi: 10.1029/2018GL079585

Gauer P (2014) Comparison of avalanche front velocity measurements and
implications for avalanche models. Cold Regions Science and Technology
97, 132-150. doi: 10.1016/j.coldregions.2013.09.010

Gauer P and 7 others (2006) On full-scale avalanche measurements at the
Ryggfonn test site, Norway. Cold Regions Science and Technology 49(1),
39-53. doi: 10.1016/j.coldregions.2006.09.010

Gauer P and 5 others (2007) On pulsed doppler radar measurements of ava-
lanches and their implication to avalanche dynamics. Cold Regions Science
and Technology 50, 55-71. doi: 10.1016/j.coldregions.2007.03.009

Gaume J, van Herwijnen A, Gast T, Teran J and Jiang C (2019) Investigating
the release and flow of snow avalanches at the slope-scale using a unified
model based on the material point method. Cold Regions Science and
Technology 168, 102847. doi: 10.1016/j.coldregions.2019.102847

Gray JMNT and Ancey C (2015) Particle-size and-density segregation in
granular free-surface flows. Journal of Fluid Mechanics 779, 622-668. doi:
10.1017/jfm.2015.438

Gubler H and Hiller M (1984) The use of microwave FMCW radar in snow
and avalanche research. Cold Regions Science and Technology 9(2), 109-119.
doi: 10.1016/0165-232X(84)90003-X

Heim A (1932) Bergstiirze und Menschenleben. Ziirich.

Kern M, Tiefenbacher F and McElwaine JN (2004) The rheology of snow in
large chute flows. Cold Regions Science and Technology 39(2-3), 181-192.

Kern M, Bartelt P and Sovilla B (2010) Velocity profile inversion in dense
avalanche flow. Annals of Glaciology 51(54), 27-31.

Koch F and 8 others (2019) Retrieval of snow water equivalent, liquid water
content, and snow height of dry and wet snow by combining gps signal
attenuation and time delay. Water Resources Research 55, 4465-4487. doi:
10.1029/2018 WR024431

Kohler A, McElwaine JN and Sovilla B (2018) GEODAR Data and the Flow
Regimes of Snow Avalanches. Journal of Geophysical Research 123, 1272—
1294. doi: 10.1002/2017JF004375

Kohler A and 5 others (2018) Cold-to-warm flow regime transition in snow
avalanches. Cryosphere 12(12), 3759-3774. doi: 10.5194/tc-12-3759-2018

Kohler A and 5 others (2020) mGEODAR—A mobile radar system for detec-
tion and monitoring of gravitational mass-movements. Sensors 20(21),
6373. doi: 10.3390/520216373

Korner HJ (1980) The enegry-line method in the mechanics of avalanches.
Journal of Glaciology 26(26), 501-505.

Koschuch R (2018) 8 years experience in avalanche detection by using a pulse
Doppler Radar. In International Snow Science Workshop, Innsbruck,
Austria.

Lambda4 (2023) Lambda4 - homepage. https:/www.lambda4.com, accessed:
April 20, 2023.

https://doi.org/10.1017/a0g.2023.69 Published online by Cambridge University Press

Michael Neuhauser and others

Lazar B and Williams M (2008) Climate change in western ski areas: Potential
changes in the timing of wet avalanches and snow quality for the Aspen ski
area in the years 2030 and 2100. Cold Regions Science and Technology 51
(2-3), 219-228.

Li X, Sovilla B, Jiang C and Gaume J (2020) The mechanical origin of snow
avalanche dynamics and flow regime transitions. Cryosphere 14(10), 3381-
3398. doi: 10.5194/tc-14-3381-2020

Li X, Sovilla B, Jiang C and Gaume ] (2021) Three-dimensional and
real-scale modeling of flow regimes in dense snow avalanches. Landslides
18, 3393-3406.

Lied K and Bakkehei S (1980) Empirical calculations of snow-avalanche run-
out distance based on topographic parameters. Journal of Glaciology 26,
165-177.

Ligneau C, Sovilla B and Gaume J (2022) Numerical investigation of the
effect of cohesion and ground friction on snow avalanches flow regimes.
PloS one 17(2), 1-24. doi: 10.1371/journal.pone.0264033

McClung D and Schaerer PA (2006) The Avalanche Handbook. 3rd Edition,
Mountaineers Books.

Neurauter R and Gerstmayr J (2022) A novel motion-reconstruction method
for inertial sensors with constraints. Multibody System Dynamics 57, 181-
209. doi: 10.1007/s11044-022-09863-8

Neurauter R, Hergel P and Gerstmayr J (2021) Evaluation of Inertial
Measurement Units for Short Time Motion Tracking. In International
Design  Engineering  Technical ~Conferences and Computers and
Information in Engineering Conference.

Nishimura K, Keller S, McElwaine JN and Nohguchi Y (1998) Ping-pong
ball avalanche at a ski jump. Granular Matter 1(2), 51-56. doi: 10.1007/
PL00010911

Noél F and 5 others (2022) Rockfall trajectory reconstruction: a flexible
method utilizing video footage and high-resolution terrain models. Earth
Surface Dynamics 10(6), 1141-1164. doi: 10.5194/esurf-10-1141-2022

Pouliquen O (1999) Scaling laws in granular flows down rough inclined
planes. Physics of Fluids 11, 542-548.

Pouliquen O and Forterre Y (2002) Friction law for dense granular flows:
application to the motion of a mass down a rough inclined plane.
Journal of Fluid Mechanics 453, 133-151.

Pudasaini SP and Fischer JT (2020) A mechanical model for phase separation
in debris flow. International Journal of Multiphase Flow 129, 103292. doi:
10.1016/j.ijmultiphaseflow.2020.103292

Rammer L, Kern M, Gruber U and Tiefenbacher F (2007) Comparison of
avalanche-velocity measurements by means of pulsed Doppler radar, con-
tinuous wave radar and optical methods. Cold Regions Science and
Technology 50(1-3), 35-54.

Rognon P, Roux J, Naaim M and Chevoir F (2008) Dense flows of cohesive
granular materials. Journal of Fluid Mechanics 596, 21.

Schaefer M, Rosgen T and Kern M (2010) High-speed video recording of
basal shear layers in snow chute flows. Cold Regions Science and
Technology 64(2), 182-189.

Schaer M and Issler D (2001) Particle densities, velocities and size distribu-
tions in large avalanches from impact-sensor measurements. Annals of
Glaciology 32, 321-327. doi: 10.3189/172756401781819409

Schleppe JB and Lachapelle G (2006) GPS Tracking Performance under
Avalanche Deposited Snow. In I19th International Technical Meeting of
the Satellite Division of The Institute of Navigation, Fort Worth, TX.

Sovilla B and 9 others (2013) The full-scale avalanche dynamics test site
Vallée de la Sionne. In International Snow Science Workshop, Grenoble—
Chamonix, France.

Sovilla B, McElwaine JN and Louge MY (2015) The structure of powder snow
avalanches. Comptes Rendus Physique 16(1), 97-104. doi: 10.1016/j.crhy.
2014.11.005

Sovilla B, McElwaine JN and Kéhler A (2018) The intermittency region of
powder snow avalanches. Journal of Geophysical Research 123, 2525-
2545. doi: 10.1002/2018JF004678

Steinkogler W, Gaume J, Lowe H, Sovilla B and Lehning M (2015)
Granulation of snow: From tumbler experiments to discrete element simu-
lations. Journal of Geophysical Research 120(6), 1107-1126. doi: 10.1002/
2014JF003294

Thibert E and 17 others (2015) The full-scale avalanche test-site at Lautaret
Pass (French Alps). Cold Regions Science and Technology 119, 111-123.
doi: 10.1016/j.coldregions.2015.03.005

Tonnel M, Wirbel A, Oesterle F and Fischer JT (2023) Avaframe com1DFA
(version 1.3): a thickness integrated computational avalanche module -


https://doi.org/10.5194/tc-8-1673-2014
https://doi.org/10.5194/tc-8-1673-2014
https://doi.org/10.5194/tc-8-1673-2014
https://doi.org/10.5194/tc-8-1673-2014
https://doi.org/10.5194/esurf-7-199-2019
https://doi.org/10.5194/esurf-7-199-2019
https://doi.org/10.5194/esurf-7-199-2019
https://doi.org/10.5194/esurf-7-199-2019
https://doi.org/10.5194/esurf-7-199-2019
https://doi.org/10.1016/j.coldregions.2015.11.001
https://doi.org/10.1016/j.coldregions.2015.11.001
https://doi.org/10.1002/2018JF004665
https://doi.org/10.1016/j.coldregions.2013.09.011
https://doi.org/10.1016/j.coldregions.2013.09.011
https://doi.org/10.1029/2018GL079585
https://doi.org/10.1016/j.coldregions.2013.09.010
https://doi.org/10.1016/j.coldregions.2006.09.010
https://doi.org/10.1016/j.coldregions.2007.03.009
https://doi.org/10.1016/j.coldregions.2019.102847
https://doi.org/10.1017/jfm.2015.438
https://doi.org/10.1016/0165-232X(84)90003-X
https://doi.org/10.1016/0165-232X(84)90003-X
https://doi.org/10.1016/0165-232X(84)90003-X
https://doi.org/10.1029/2018WR024431
https://doi.org/10.1002/2017JF004375
https://doi.org/10.5194/tc-12-3759-2018
https://doi.org/10.5194/tc-12-3759-2018
https://doi.org/10.5194/tc-12-3759-2018
https://doi.org/10.5194/tc-12-3759-2018
https://doi.org/10.3390/s20216373
https://www.lambda4.com
https://www.lambda4.com
https://doi.org/10.5194/tc-14-3381-2020
https://doi.org/10.5194/tc-14-3381-2020
https://doi.org/10.5194/tc-14-3381-2020
https://doi.org/10.5194/tc-14-3381-2020
https://doi.org/10.1371/journal.pone.0264033
https://doi.org/10.1007/s11044-022-09863-8
https://doi.org/10.1007/s11044-022-09863-8
https://doi.org/10.1007/s11044-022-09863-8
https://doi.org/10.1007/s11044-022-09863-8
https://doi.org/10.1007/PL00010911
https://doi.org/10.1007/PL00010911
https://doi.org/10.5194/esurf-10-1141-2022
https://doi.org/10.5194/esurf-10-1141-2022
https://doi.org/10.5194/esurf-10-1141-2022
https://doi.org/10.5194/esurf-10-1141-2022
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103292
https://doi.org/10.3189/172756401781819409
https://doi.org/10.1016/j.crhy.2014.11.005
https://doi.org/10.1016/j.crhy.2014.11.005
https://doi.org/10.1002/2018JF004678
https://doi.org/10.1002/2014JF003294
https://doi.org/10.1002/2014JF003294
https://doi.org/10.1016/j.coldregions.2015.03.005
https://doi.org/10.1017/aog.2023.69

Annals of Glaciology

Theory, numerics and testing. EGUsphere 2023, 1-37. doi: 10.5194/
egusphere-2022-1291

u-blox (2022) u-blox 8 / u-blox m8 receiver description. Technical Report
v15-20.30,22-23.01, https:/content.u-blox.com/sites/default/files/products/
documents/u-blox8-M8 ReceiverDescrProtSpec  UBX-13003221.pdf.

UNESCO (1981) Avalanche atlas: Illustrated international avalanche classifica-
tion. Technical report, International Commission on Snow and Ice,
UNESCO, Paris.

Vilajosana I, Llosa J, Schaefer M, Surinach E and Vilajosana X (2011)
Wireless sensors as a tool to explore avalanche internal dynamics:
Experiments at the Weissflithjoch Snow Chute. Cold Regions Science and
Technology 65(2), 242-250.

Volkwein A and Klette J (2014) Semi-automatic determination of rockfall tra-
jectories. Sensors 14(10), 18187-18210.

Winkler R and 5 others (2018) Challenges and limitations of in situ particle
tracking in avalanches. In International Snow Science Workshop, Innsbruck,
Austria.

17

Appendix A. Sensitivity Analysis on Kernel Size

As mentioned in Sec. 2.3 the GNSS accelerations are calculated from smoothed
Doppler velocities. In this appendix the influence of the kernel size towards the
resulting mean accelerations is investigated. The mean accelerations have a direct
influence on the boundaries between the different flow states and are therefore
crucial for further analysis. As one can see in Fig. 11 the boundaries for the flow
states (light grey and grey line) reach a stable evolution when reaching kernel size
30 to 40. Between kernel size 30 and 120 the lower boundary varies from 0.30 to
0.36 and the upper boundary from 0.54 to 0.57. Fig. 12 shows how the kernel
size influences the smoothing of the velocity distribution. As one can see high
kernel sizes inherit with large differences in the velocity distribution in the accel-
eration state and steady state flow. Therefore the kernel size needs to be as small
as possible while the boundaries for the flow states already reached a stable inter-
pretation. Kernel size n =40 was used for further analysis, where most of local
velocity peaks are smoothed out but still represented and the resulting accelera-
tions a, are stable enough for the flow state interpretation.
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Figure 11. This figure shows the evolution of the mean GNSS accelerations when varying the kernel size between 1 and 120 (red to blue dots). Since for the flow

state analysis, kernel size = 40 is used, this is plotted as a black line. The light grey and grey line indicate the boundaries between the flow states for different kernel
sizes.
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Figure 12. This figure shows the velocity distribution of AvaNode C10 at experiment 220222, smoothed with different kernel sizes. The black dashed line indicates
the smoothed velocity distribution at kernel size 40, while the distribution from kernel size 1 to 120 is displayed with the colours from red to blue.
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