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ABSTRACT: Current methods of snowpack stability assessment primarily rely on professional observations,
mainly digging a snow pit. This technique has spatial limitations, is time-consuming, and places observers at
risk. The combined usage of UAVs and GPR is capable of providing detailed snowpack layering data at scale
without human exposure to potential avalanche-prone areas. The presented study aims to obtain radargrams
of the study area’s internal snowpack layering structure. A single-channel GPR with a 1000 MHz shielded
antenna is attached to a UAV to survey the snowpack. The UAV flights are carried out semi-automatically
from a safe spot at a speed of 1 m/s at a LiDAR altimeter-adjusted distance to the snow surface of 5 m. The
data obtained by the GPR is then compared to density measurements and manual snowpack observations
following international standards. The preliminary results indicate the success of the UAV’s flight performance
and the accuracy of the GPR data in determining the snow depth and detecting the most prominent layers of
the snowpack.
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1. INTRODUCTION Heilig et al., [2008;; |Schmid et al., 2014). Applying

UAV-mounted GPR for snowpack investigations has
Over the years, avalanche professionals have de- only been made possible by recent technological
veloped methods to investigate the snowpack and progress, thus, studies using UAV-borne GPR are
assess the avalanche danger. Conventional meth- still rare, e.g., [Jenssen et al.| (2016); |Prager et al.
ods involve digging a snow pit and performing sta- (2022); |Valence et al.| (2022), who conducted their
bility tests, entailing multiple disadvantages: They studies on flat terrain. The presented study centers
require human exposure to avalanche-prone terrain on high-alpine steep terrain, representing a novel
(Eckerstorfer et al., |2016]; |Schweizer et al., 2015), contribution to this particular field.

are time-consuming and thus costly, and not fea-
sible to representatively cover larger areas (Forte
et all 2012). To overcome the above-mentioned 2. METHODOLOGY
limitations, methods of remote sensing can be ap-

plied (Eckerstorfer et al., [2016; [Forte et al., 2012). This study aims to investigate the layer struc-
The combined usage of a remotely piloted Un- ture within an alpine snowpack using UAV-borne
manned Aerial Vehicle (UAV) and a Ground Pene- GPR. Specific emphasis is dedicated to automat-
trating Radar (GPR) has the potential to acquire de- ing boundary layer detection. This is considered vi-
tailed snowpack layering data (Instanes et al., 2004; tal for potential operational applications where quick
Jenssen et al.;|2016). achievement of results is essential. In this work,
Traditional GPR systems have already been used the GPR-derived results are compared to the in situ
in the past to detect avalanche victims buried un- reference measurements to assess the feasibility of
der the snow (Instanes et al., |2004; Keuschnig| this method in providing a detailed representation of
2010), to measure snow depth (MCGrath et al. the snowpack's |ayering structure.

2019), Snow Water Equivalent (SWE) (Gubler and
Hiller, 1984} |Holbrook et al., |2016) and Liquid Wa-
ter Content (LWC) (Schmid et al. 2015), and to 2.1. Research Design
investigate the layering structure of the snowpack
(Gubler and Hiller, [1984; |[Holmgren et al., [1998; An incremental development process was em-
Sand and Bruland, [1998; |Lundberg et al., 2006; ployed, guided by continuous falsification and veri-
fication of intermediate results (see [Figure 1). This
- . analytical approach is particularly suitable due to the
Ann2%rift)sgr?;:jt;r?ge??ﬂ:f[:%irae:Séolutions GmbH, ”m,ited existing knowledge r,egar,ding the represen-
Holzgasse 18, 6020 Innsbruck; tation of the snowpack and its failure-relevant weak
email: anna@lo-la.info layers in a radargram.
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Figure 1: Overview of the methodological approach
employed in this study.

2.2. Data Acquisition

Data were acquired in a field campaign in April 2023
at the Kitzsteinhorn glacier ski resort, Austria. A DJI
M300 UAV with a 1000 MHz GPR attached was pi-
loted remotely at a constant flight speed of 1 m/s to
record GPR data on a pre-defined grid. The flight
altitude of the UAV was kept constant at 5 m above
the snow surface using a LiDAR altimeter. Addition-
ally, snow depth was probe-measured at 23 points,
and three extensive snow pits were dug as refer-
ence measurements. The snowpack observations
included density and temperature measurements,
grain form and size, hand hardness, wetness, and
stability tests.

2.3. Data Processing

GPR and reference data had to be processed
separately. Snow depth measurements were stored
as .csv files including geographic coordinates
and the corresponding snow depth value. The
snowpack observations were noted on paper in the
field, thus had to be digitized to be used for the
GPR data validation subsequently. The raw GPR
data (stored as SEG-Y) had to undergo a sequence
of pre-processing steps, to allow for detecting the
top and bottom snowpack layers in the data. The
pre-processing mainly involved filter application
(e.g., mean filter, Singular Value Decomposition
(SVD), Wiener filter) and data cleaning, i.e., remov-
ing useless parts of the data (e.g., turns) and the
creation of subsets to ease further processing. At
this level of processing, boundary layer detection
was possible by employing Computer Vision tech-
niques, such as thresholding. The location of the
top and bottom layers was then used to calculate
the snow depth and derive the stratigraphy, and
consequently compare the GPR-derived data to the
in situ measured data. The whole workflow is shown

in Example results of this algorithm, i.e.,

detected top and bottom snow layers, are shown in
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Figure 2: Developed workflow for processing and
validation of GPR and in situ data.

Assessment

Figure 3: Results of the top and bottom snow layer
detection algorithm for one selected subset of 1000
traces. The smoothed estimates are displayed on
pre-processed data.

3. VALIDATION OF PRELIMINARY RESULTS

The validation was carried out twofold: (1) as a
quantitative comparison of calculated to in situ mea-
sured snow depth using selected performance met-
rics and (2) as a qualitative alignment of GPR-
derived snowpack stratigraphy and manual snow
pits.

To objectively assess the quality of these results,
Root Mean Square Error (RMSE), Weighted Root
Mean Square Error (WRMSE), Mean Absolute Per-
centage Error (MAPE), and Pearson correlation co-
efficient (r), including the p value describing the sig-
nificance, are used.

3.1. Snow Depth

As for the validation, the calculated snow depth val-
ues are regarded as predicted values, and com-
pared to the observed values, i.e., probe-measured
snow depth. During the field campaign, it was aimed
to collect in situ data in close proximity to the UAV
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Figure 4: GPR path and locations of snow pits and
snow depth measurements.
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Figure 5: GPR-derived vs. probe-measured snow
depth.

flight path. presents the in situ data relative
to the flight path.

To visually compare the calculated snow depth to
the probe-measured values, a color map is shown
in It has to be noted that the observed
values in the upper right corner may largely deviate
from reality because the probe, measuring 2.60 m,
was not long enough for the amounts of snow in this
specific micro-region.

lists the aforementioned performance mea-
sures for the comparison of probe-measured and
GPR-derived snow depth. The correlation of pre-

dicted and measured values is shown in

Table 1: RMSE, WRMSE, MAPE, and Pearson cor-
relation coefficient (r) for observed vs. predicted
snow depth concerning the third field campaign at
Kitzsteinhorn.

Performance metrics Values
RMSE 29.97 cm
WRMSE 24.90 cm
MAPE 12.20 %
r 0.70
p 0.00064
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Figure 6: Correlation of GPR-derived and probe-
measured snow depth. The red line indicates per-
fect correlation (1.0).

3.2. Snowpack Stratigraphy

shows the location of the three snow
pits (displayed as red crosses) relative to the GPR
traces that were used for the comparison to the
GPR-derived stratigraphy. For these three locations,
specific subsets of 1000 traces, where the pit coor-
dinates represent the middle trace of the subset, are
created. The three samples differed in snow depth
as well as in the internal layering structure. Hence,
all three pits had to be evaluated separately. The re-
sults of the stratigraphy comparison are discussed

in[subsection 4.1

4. DISCUSSION

This section discusses the results of the validation
including the performance metrics used. The valida-
tion results are then compared to existing related re-
search, and the strengths and limitations of the cur-
rent state of the methodological approach are elab-
orated on.

4.1. Model Performance Assessment

While the snow depth validation showed — consid-
ering the additional difficulty inherent to the com-
plex terrain — promising results, it is obvious that the
snowpack stratigraphy derived from the GPR-data is
not yet mature enough for operational use and still
needs improvement. Still, the most prominent fea-
tures of the snowpack are observable.

For pit 1.3.1 the top and bottom layer are detected
correctly, however, not for the other two pits (see

[Figure 7a). For pit 1.3.2, the top layer is missed, in-

stead, a harder internal layer is mistakenly detected

as top layer (see [Figure 7b). This might be due to

the top layer being very soft at this location. For
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Figure 7: Detected top and bottom layer for snow pit
1.3.1, 1.8.2, and 1.3.3 acquired at Kitzsteinhorn.

Manual snow pit
density [kg/m?]
GPR data 1200 1000 800 600 400 200 O
0
—— amplitude [ hand hardness [
relative hardness estimate 1 density ’

2 T
,,L—//"t i 175
4 —
| 150
6
. | 2 l 125
Ee == N
E I 100 T

0
1.0 0.8 0.6 0.4 0.2 0.0 K P 1F 4FF
returned power (relative values) hand hardness [N]

Figure 8: Comparison of GPR data to manual
stratigraphy. Horizontal bars (light blue) are inserted
to make the comparison to the conventional snow
profile plot easier. In the right-hand plot of all the
following figures, the manual snowpack stratigra-
phy based on hand hardness and density measure-
ments is shown. For this pit, hard layers are also
visible in the GPR data (see arrows 1-3). This ap-
plies also to the majority of the soft layers, e.g., the
soft layer between the two harder ones marked by
arrows 2 and 3. However, it is clearly visible, that
the depiction is not accurate due to attenuation loss
in the radar data. Hence, hard layers further down
in the snowpack are not perceived as hard layers in
the GPR data.

the third pit 1.3.3, a very hard internal layer (pre-
sumably ice) is wrongly detected as bottom layer
(see[Figure 7¢), leading to a drastic reduction of the
snow depth, and consequently a distorted depiction
of the snowpack stratigraphy. All three pits are then
compared to the amplitude of the GPR trace closest
to the profile location. The most important features
(e.g., hard layers) are also well visible in the GPR
data. The overall agreement is seen in rudimentary
form but still differs to a large degree.

Exemplarily, the comparison for pit 1.3.1 is shown
in However, it has to be noted that man-
ual snow pit observations come with a high level of
subjectivity and further lack spatial resolution, which
makes a direct comparison even harder. Therefore,
further evaluation is not considered useful in this
case, instead, it is aimed to acquire reference mea-
surements in both higher quantity and quality in the
upcoming field campaigns.

4.2. Comparison to Related Work

Previous studies showed an overall good corre-
lation between GPR-derived snow depth and in
situ measurements using the probe.
compared their UAV-borne GPR data to
ground-measured GPR-derived snow depth. They
achieved good correlation for the meadow area
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(r=0.88), and slightly worse correlation for the for-
est area (r=0.61), which is likely due to the forest
being a more inhomogeneous terrain compared to
a meadow. UAV-borne GPR surveys high-alpine,
steep terrain, as it was used for investigation in this
work, have not yet been reported on by the scien-
tific community. Such complex terrain can be con-
sidered even more challenging, which also needs to
be taken into account in the comparison of quality
metrics to related studies. Therefore, the achieved
correlation results and deviations (e.g., RMSE) can
be regarded as satisfying in view of the challenging
terrain.

Due to the scarcity of existing research in this spe-
cific area and the difficulty in applying quality met-
rics, the comparison of the qualitative validation re-
sults of the snowpack stratigraphy to previous work
is difficult. |Jenssen et al.| (2020) and Jenssen and
Jacobsen|(2020) compared their GPR data acquired
on almost flat terrain to their in situ stratigraphy.
They observed good alignment, especially for the
upper part of the snowpack. For steep terrain, the
stratigraphy investigation is considered more chal-
lenging.

4.3. Strengths and Limitations of the Approach

The major advantage of the presented approach
is that data are acquired at areal scale, thus
allowing for a more thorough assessment of a
whole terrain chamber. Previously, only point scale
measurements have been possible relying on
conventional snowpack observation methods (e.g.,
snow pits), which are furthermore considerably
slower at data acquisition compared to the UAV.
Using the UAV-based approach, snow professionals
do not need to expose themselves to hazardous
terrain as the UAV can be piloted remotely from a
safe spot. The automated boundary layer detec-
tion allows for near-real-time results, presuming
sufficient computational capacity is available. The
developed processing workflow can furthermore be
customized according to specific research aims as
it is independent of proprietary software.

Given the short period of testing and development
so far, the approach is not yet mature for operational
application. To further improve the efficiency and
reliability of the method, more field campaigns are
required in the near future. Here, special attention
should be dedicated to increasing the number of ref-
erence measurements to allow for extensive evalu-
ation.

5. CONCLUSIONS AND OUTLOOK

Current methods of snowpack monitoring mainly
rely on fieldwork, coming along with several disad-
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vantages, such as high resource expenditure. The
combination of UAV and GPR has the potential to
overcome the limitations of fieldwork, contributing
to safer and more efficient data acquisition. The
developed algorithm for automated boundary layer
detection enables rapid and accurate determi-
nation of the current snow depth and derivation
of the snowpack stratigraphy. The validation of
the method was carried out by comparing the
GPR-based snow depth to probe-measured ref-
erence data, showing good correlation: r=0.70
(p=0.00061), MAPE=12.20%. The analysis of
the stratigraphy data indicates that the adopted
approach is technically capable of examining
significant components of the snowpack, such as
very hard or soft layers, which play a major role in
the formation of slab avalanches.

To further refine the presented approach more field
campaigns are needed as enhancing the data quan-
tity is expected to improve the approach’s quality
and thus get it ready for operational usage. Con-
cerning the data processing method, Deep Learn-
ing and Machine Learning techniques have the po-
tential to improve the accuracy and efficiency of the
approach, as related work by Li et al.| (2020); Wang
et al.| (2022); Dou et al.| (2017); Wunderlich et al.
(2022); |Lei et al.| (2019) demonstrated. As the de-
veloped approach can be easily adapted, it is pos-
sible to apply it, e.g., in the context of glacier or
permafrost research, where accurate delineation of
boundary layers is also relevant.
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