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ABSTRACT: Unmanned aerial system photogrammetry (UAS-P) is increasingly becoming a com-
monplace tool to generate orthophotos and measure surface elevation with ground sampling distances
in the centimetre-range. In this contribution, we present results from a UAS-P mission to map an ava-
lanche event, which occurred near the city Innsbruck in Western Austria. The main objective of the
campaign was to document avalanche extent and volume, as well as investigate avalanche interaction
with different types of defence structures, located in the track and runout area. The results of this case
study showed that in total, 70.000 m® of snow and debris were deposited. The highest deposition depths
(> 5 m) were reached where a rocky outcrop reduced the width of the track from 40 to 15 m, and near
the deposition terminus, where the avalanche impacted several concrete wedges, catching and deflec-
tion dams. A comparison between slope angles and deposition depths showed, that the main part of
the deposition volume originated from medium deposition depths (2.1-2.2 m) at slope angles between
15-25°, which covered ~62% of the total deposition area. The combination of orthophoto interpretation
and spatial deposition analysis revealed that terrain variations such as channelisation and defence
structures locally dominate the deposition pattern. Knowledge of these local effects is of major im-
portance to understand the interaction of avalanches with defence structures and improve their design.
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1. INTRODUCTION

Mapping the extent and depth of avalanche
deposition along the avalanche track and in the
runout zone is a crucial step in event documen-
tation (Fuchs et al., 2007). It provides important
input to process understanding (Kofler et al.,
2018), evaluating defence structure effective-
ness (Margreth and Romang, 2010), as well as
testing and enhancing avalanche simulations
(Fischer et al., 2015; Teich et al., 2014). The
proliferation of unmanned aerial system photo-
grammetry (UAS-P) has made an easy-to-use
mapping tool readily available, which can be
flexibly deployed to generate orthophotos and
measure surface elevation with ground sam-
pling distances (GSD) in the centimetre-range
(Colomina and Molina, 2014; Nex and Remon-
dino, 2013).

On January 21, 2018, an avalanche event oc-
curred in the Arzler Aim catchment, above the
city Innsbruck in Western Austria. The release
area was located between 1,940 and 2,240 m
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a.s.l. (mean inclination: 41°, total size: 8.6 hec-
tares). The avalanche split into three separate
tracks, before merging above a glacial terrace
(1,050 m a.s.l.), where the runout zone was lo-
cated. As avalanches originating in the Arzler
Alm catchment have in the past reached the
outskirts of Innsbruck and caused damage
there, extensive mitigation measures were put
in place. Therefore the terrain in the runout
zone has been heavily altered by the construc-
tion of several generations of defence struc-
tures, including braking mounds (i.e. concrete
wedges and earth cones), as well as deflection
and catching dams. These measures have
proven very effective here, especially with re-
gard to retarding wet snow avalanches (Hopf
and Neuner, 1975). In this contribution, we pre-
sent an application of UAS-based mapping of
the afore-mentioned avalanche event, as a ba-
sis for studying avalanche’s interaction with the
defence structures in the runout zone.
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2. METHODS

We mapped the deposition in the lower section of the
avalanche track and the runout zone (target area
size: 0.6 km?) using a custom-built fixed-wing UAS
(Multiplex Mentor, wingspan 1.6 m), fitted with an off-
the-shelf digital camera (Sony NEX5, 14MP). For a
detailed description of the UAS setup, the reader is
referred to Adams et al. (2018). 1,200 aerial images
were recorded on January 24, 2018 from approxi-
mately 140 m a.g.l. and photogrammetrically pro-
cessed using structure-from-motion software (Agisoft
Photoscan, v1.4).

The resulting orthophoto (GSD: 0.04 m) was used to
delineate the extent of the avalanche deposition and
construe additional information regarding avalanche
granule sizes and flow behaviour. The photogram-
metric point cloud (density: 40 points/m?) represent-
ing surface heights, was georeferenced with eight
ground control points and classified into snow and
non-snow (mostly vegetation and artificial surfaces).
The latter were deleted, the point cloud clipped to the
area of interest and gaps filled by linear interpolation.
The deposition amount was then calculated based on
snow-off terrain heights (DTM) recorded in 2009 dur-
ing an airborne laser scanning (ALS) campaign (Ad-
TLR, 2010). Both deposition thickness (slope per-
pendicular) and depth (plumb line) were derived di-
rectly from the point clouds in geographic information
software (SAGA LIS Pro 3D, v 3.0.7). Additionally, in-
situ measurements of deposition depths were per-
formed with snow probes along three transects in the
central part of the runout zone. Probe locations were
recorded with a Garmin GPSMAP 64s (typical accu-
racy: 3 m at 10).

3. RESULTS AND DISCUSSION

3.1 Deposition outline and volume

The deposition area has a size of approximately 50 x
610 m (3 hectares; red polygon in Figure 1a/b). A
gravel road (at 1,190 m a.s.l.) defines its upper
boundary, above which the main avalanche track
widens from 10 to 40 m and two of the three above-
mentioned tracks join. The upper-most mitigation
measure (a concrete wedge) is located 80 m below
the road in the centre of the track. At 1,120 m a steep
rocky outcrop (>60° inclination) on the orographic
right creates a bottleneck, narrowing the track to a
width of 15-20 m. In this section, the track is for the
most part laterally constrained by steep (>35°), for-
ested slopes. Below the narrow point, the avalanche
crosses two gravel roads (at 1,070 and 1,040 m
a.s.l.); the terrain flattens slightly (from 20-25° to 15-
20°) and opens into a large basin. Here the ava-
lanche runs out into the central section of defence
structures, consisting of wedges, as well as catching
and deflections dams, which are located below the
lower gravel road (Figure 1a). The DTM indicates a
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multitude of additional defence structures in this
area, which are not described here, as they did not
influence the described event.

The deposition depth varies strongly within the ob-
served area: A first small local maximum is located
near the single wedge in the upper track section,
where snow depths of 3-5 m are reached. A majority
of deposition was recorded in the bottleneck section,
where depths of >5 m were measured. Further down-
stream, small accumulations can be observed in front
of the concrete wedges in the central runout area.
The avalanche was eventually stopped by a series of
deflection and catching dams in the lower runout,
where maximum deposition depths of up to 11 m
were reached. In total, approximately 70,000 m*® of
snow and debris were deposited, resulting in a mean
deposition depth of 2.4 m (Fig 1b). These findings
are in good agreement with the results of the back-
calculation of this event with the computational ava-
lanche simulation tool SamosAT, presented in a re-
lated publication (Kofler et al., 2018).

Interpreting the results, several aspects where con-
sidered to check their validity and accuracy:

i) Local snow depth prior of the event was unknown,
but could be inferred from the undisturbed snow
pack in the runout to be within 0.5-1 m (Figure
1b). The lateral and lower boundaries of the dep-
osition area were derived from mapping the bor-
der between the undisturbed snow pack and the
avalanche. As the avalanche may have covered
undisturbed snow in the runout, rather than en-
training it, the deposition volume should be con-
sidered a maximum value.

The upper deposition boundary was chosen ra-
ther arbitrarily, mainly based on the location of the
deposition maximum below and signs of snow
erosion / entrainment above the upper gravel road
(Figure 4). Shifting this boundary would however
result in a change of deposition volume.

iii) The catchment is not systematically monitored,
therefore previous small-scale events may have
contributed to the recorded total volume of the ob-
served event.

iv) Errors in volume calculation may result from
changes of the snow-off terrain heights since they
were recorded in 2009. This becomes apparent in
the area on the orographic right of the avalanche
terminus, where negative deposition depths were
recorded (Figure 1b). However, a spot check of
the ALS DTM showed that only small areas show
terrain changes > 0.2 m during this period.

Although the deposition area is steep (mean slope
angle: 21°), the difference in volume between
deposition depth and thickness is only approxi-
mately 5% of the total deposition volume in favour
of the former.
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Figure 1: Slope [°] in the deposition area, derived from ALS DTM with symbols indicating type and location of
defence structures (dams and wedges), which have an impact on the deposition, outline of deposit (red poly-
gon) (a); snow depth [m] and location of transects (yellow lines) with IDs, against UAS-orthophoto (b).
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Figure 2: Distribution of deposition depth [m] (d = h * cos ) and relative (area) distribution in runout area with
respect to slope [°], derived from ALS DTM.
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Figure 3: Comparison of in-situ (blue dots) and UAS snow depth measurements (orange) within a 3 m radius
around the in-situ measurement point (dashed line — mean; area — min / max) at all three transects (Fig.1b).
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Figure 4: Signs of snow erosion / entrainment in the
avalanche track above the upper boundary of the
deposition area (extract from UAS orthophoto).

3.2 Deposition depth vs slope

The distribution of deposition depths in relation to the
slope angle shows the deposit depth is generally
negatively correlated with the slope angle (Figure 2).
This is in correspondence to observations from other
test sites (Sovilla et al., 2010) and means that on
steep slopes, the deposit is shallow and on gentle
slopes, the deposit is deep.

Besides the negative correlation between deposition
depth and slope, the depth distribution of the Arzler
Alm avalanche shows another distinct feature. There
are two local maxima in the distribution of deposition
depth as shown in Figure 2: The highest mean dep-
osition (3.8 m) on areas with 0-5° inclination and a
peak (2.3 m) on areas with 30-35°, which is the typi-
cal slope angle of the terrain in front of the catching
dams in the runout.

Here it is important to note, that although the highest
deposition depths are observed for low slope angles
below 5° they only account for a small fraction of the
total volume, since these areas only cover ~1% of the
runout zone. The main part of the deposition volume
originates from medium deposition depths (2.1-
2.2 m) at slope angles between 15-25°, which cover
~62% of the total area. For slope angles between 25
and 40° (which cover ~23% of the area with deposi-
tion depth ~2 m) a steep drop in deposition depth
was observed; above 50° inclination, no considerable
deposition occurs.

3.3 Comparison of transect with UAS snow
depth measurements

The in-situ measurements of the snow depth are in
reasonable agreement with the UAS results, consid-
ering the high spatial variability of the deposition
depth and a positional accuracy of the probe loca-
tions of 3 m (10) (Figure 3). Global error measures
were calculated for all transect points: Root mean
square error 0.76 m; mean average error 0.57 m. At
some locations (e.g. points 11-13 in transect 1) snow
depth exceeded the length of the probe, therefore no
in-situ data could be recorded and only UAS snow
depth was plotted in Figure 3.

4. CONCLUSION AND OUTLOOK

In this contribution, we used UAS-P to map volume
and extent of a recent avalanche event. This data
served as a basis for analysing the interaction be-
tween the avalanche and defence structures in the
runout. The combination of orthophoto interpretation
and spatial deposition analysis showed that terrain
variations such as channelisation and defence struc-
tures locally dominate the deposition pattern.
Knowledge of these local effects is of major im-
portance to understand the interaction of avalanches
with defence structures and improve their design.
This contribution highlights the benefits of opera-
tional close-range sensing for avalanche research.

Work leading on from this contribution will exploit the
very high-resolution UAS-based orthophotos, sur-
face and terrain elevation measurements to further
study small-scale deposition patterns, granule size
and distribution as well as flow behaviour of ava-
lanches around defence structures (Figure 5).
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Figure 5: Close-up from the UAS orthophoto, show-
ing avalanche flow behaviour when impacting a con-
crete wedge in the runout (black triangle).
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