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In this study, rapid topographic changes and high creeping rates caused by the destabilisation of an
active rock glacier in a steep mountain flank were investigated in detail with five unmanned aerial vehicle (UAV)
surveys between June 2016 and September 2017. State-of-the-art photogrammetric techniques were employed to
derived high-density point clouds and high-resolution orthophoto mosaics from the studied landform. The accu-
racy of the co-registration of subsequent point clouds was carefully examined and adjusted based on comparing
stable areas outside the rock glacier, which minimised 3-D alignment errors to a mean of 0.12 m. Elevation and
volumetric changes in the destabilised rock glacier were quantified over the study period. Surface kinematics
were estimated with a combination of image correlation algorithms and visual inspection of the orthophoto mo-
saics. Between June 2016 and September 2017, the destabilised part of the rock glacier advanced up to 60—75 m
and mobilised a volume of around 27000 m® of material which was dumped over the lower talus slope. This
study has demonstrated a robust and customisable monitoring approach that allows a detailed study of rock

glacier geometric changes during a crisis phase.

Active rock glaciers are dynamic in their nature, and they
represent one of the most visible expressions of creeping
mountain permafrost (Barsch, 1996; Haeberli et al., 2006).
Rock glaciers provide a flux of debris and ice through the
landscape, from the upper feeding zone, through the rock
glacier body, to the terminus (K&db and Reichmuth, 2005).
The rate of mass transfer can be variable through time and
space and depends on multiple factors, such as differential
sediment evacuation or accumulation rates, 3-D deformation
through either compressive or extensive flow regimes and
changes in the rheological behaviour due to permafrost thaw-
ing or warming of ice (K&ab et al., 2007). Rock glacier veloc-
ities have increased considerably over the last four decades in
places such as the European Alps (Delaloye et al., 2010; Roer
et al., 2008), Alaska (Daanen et al., 2012) and the Tien Shan
mountain range (Sorg et al., 2015). Since the last decade, and
due to the high density of systematic in situ measurements,
several rock glaciers in the European Alps have been iden-
tified as destabilised and significant changes in their mor-
phology have been observed (Bodin et al., 2017; Kummert

et al., 2018; Lambiel et al., 2017; Roer et al., 2008). The
destabilisation of active rock glaciers has been observed by
substantial changes in their kinematics and geometry (De-
laloye et al., 2013; Roer et al., 2008). Recent examples, like
the Bérard rock glacier in the southern French Alps, display
how rock glaciers can suddenly change their dynamics to
trigger a collapse (Bodin et al., 2017). In this context, the
current increase in air and ground temperatures are consid-
ered to be the primary factors of rock glacier acceleration
and destabilisation (Deline et al., 2015; Kéib et al., 2007;
Roer et al., 2008), and through feedback processes such as
the infiltration of meltwater (Buchli et al., 2013; Ikeda et al.,
2008). Nevertheless, the relationship between different feed-
back processes is complex (Miiller et al., 2016), and other
factors that may produce a destabilisation of these landforms
are mainly unknown.

Remote-sensing tools that monitor the changes in high-
mountain regions have significantly progressed over the past
few years in several key areas, as evidenced by advances
in lidar (Micheletti et al., 2016), InSAR (Barboux et al.,
2014), aerial photogrammetry (Fischer et al., 2013), and



the availability of ready-to-use data and specialized soft-
ware via web portals. However, the surge in unmanned
aerial vehicle (UAV) systems has revolutionised the mili-
tary, commercial and academic sectors due to their compa-
rably lower operational costs, increased temporal frequen-
cies and highly customisable settings (Carbonneau and Diet-
rich, 2016; Klauser and Pedrozo, 2017; Nex and Remondino,
2014). Simultaneously, new developments in the domain of
image processing and photogrammetric techniques, such as
structure for motion (SfM), have proliferated over recent
years (Smith et al., 2016; Westoby et al., 2012). SfM pho-
togrammetry has been used in different domains, such as
monitoring ground deformation in permafrost environments
(Arenson et al., 2016), snow depth from UAV data (Nolan et
al., 2015) and for studying glacial and periglacial processes
(Piermattei et al., 2016), among other applications. Still, the
use of UAV systems and SfM techniques for monitoring the
creep of mountain permafrost are few (Dall’ Asta et al., 2017;
Hendrickx et al., 2019), and the deployment of their full po-
tential remains undeveloped.

Traditional approaches that are used to study substantial
topographic or geometric changes on rock glaciers are based
on digital elevation models (DEMs), in which an initial refer-
ence surface is subtracted from a subsequently modified sur-
face (Bollmann et al., 2015; Kummert and Delaloye, 2018).
This technique is also known as DEM differencing or DEM
of difference (DoD; see Micheletti et al., 2015b). However,
this kind of analysis should be limited to uniform or rela-
tively flat terrain (Fischer et al., 2011) and where surface
roughness can be neglected due to coarse-ground resolution
and the inherent smoothing effect of the interpolation meth-
ods (Passalacqua et al., 2015). Thickness changes over steep
slopes are better represented when the normal orientation of
the reference surface is taking into account (Lague et al.,
2013). Several methods have been used in this context, such
as the Euclidean distance or the density-based spatial clus-
tering of application with noise (DBSCAN) approaches (Fis-
cher et al., 2011; Micheletti et al., 2016). In this context, it
should be stressed that the thickness changes over complex
terrain have to be studied directly alongside the analysis of
point clouds instead of 2.5-D gridded data (i.e. DEM), as the
former provides a more realistic 3-D depiction of surface ar-
eas compared with the planimetric representation of the latter
(Watson et al., 2017).

The goal of this study is to develop a reliable and accurate
monitoring approach based on UAV surveys and SfM tech-
niques for measuring 3-D changes in an alpine rock glacier
during a crisis phase. Our two primary objectives are (1) to
investigate the reliability of the geometrical changes over
a steep slope derived from repeated UAV surveys and thus
evaluate the minimum level of detection (LOD) for each
inter-survey comparison and (2) to quantify in very high de-
tail the rock glacier surface changes over the study period.

Despite comprehensive inventory and mapping efforts in
the western Swiss Alps (Barboux et al., 2014; Lambiel
et al., 2016), it can occur that some active rock glaciers
were missed due to their small size or lack of well-defined
boundaries. This is the case of La Roussette rock glacier
(0.02 km?), which was recently identified in the upper Arolla
valley (Fontanesses catchment), Valais Alps (Fig. 1). Inci-
dentally, this rock glacier was first observed during ski tour-
ing sessions in March 2015 and April 2016, when large
crevasses in the snow cover and fresh rock fragments de-
tached from the rock glacier snout and deposited in the up-
per talus slope were witnessed (Fig. 2a and b). These ob-
servations suggested very rapid movements and the occur-
rence of an ongoing rock glacier crisis. Indeed, velocities
were so high at this period that the snow cover cracked up to
the ground surface. The rock glacier occupies a very small
and narrow cirque between 3040 and 3160 ma.s.l. with a
south-westerly aspect (Fig. 1). The initial shape of the land-
form is visible on former orthoimages (Fig. 1). Before the
crisis, the rock glacier front was located at the outlet of the
cirque, above a talus slope. It is henceforth a few tens of me-
tres lower down (Fig. 2¢). The surface matrix ranges from
small angular rocks (20 cm) to boulders (up to 5 m) from an
orthogneiss lithology (Arolla series). Based on earlier geo-
physical surveys and near-ground surface temperature mea-
surements in the Fontanesses catchment, Gardaz (1997) sug-
gested that the lower limit of discontinuous permafrost in
the area reaches about 2700-2900 m a.s.l. for the commonly
south-facing slopes. Further investigations in the same area
made by Lambiel and Pieracci (2008) indicated that per-
mafrost is likely present in the lower part of the adjacent
talus slope at 2900 m a.s.l. Additionally, recent simulations
of the permafrost distribution in the area showed that per-
mafrost conditions are highly probable in the rock glacier
area (Deluigi et al., 2017).

Given the dynamic and hazardous terrain of the study area,
the ventures to carry out in situ observations on this steep
rock glacier remained highly limited. To overcome this,
we developed a monitoring approach based on close-range
remote-sensing techniques, which allowed us to study the
crisis of this rock glacier on very high spatial and temporal
resolutions. We performed five UAV surveys between sum-
mer 2016 and autumn 2017 using a fixed-wing senseFly eBee
RTK device (Table 1). In addition to the extensive UAV sur-
veys, a webcam system was installed in July 2016 with the
aim of capturing daily time-lapse images (Fig. 1). This we-
bcam system allowed us to deploy our UAV missions and
to observe the rapid changes at the front of the rock glacier
during the whole study period on a timely basis. The time-
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Figure 1. Topographical context and location of La Roussette rock glacier before the crisis (21 August 2013) within the western Swiss Alps
(inset, yellow star). The directions of photographs taken are shown in Fig. 2a—c. Red line (A-B) represents the elevation profile in Fig. 3.
The background is an orthophoto from August 2013, reproduced by permission of swisstopo (BA18120).

Figure 2. (a) Crevasses in the snow cover in early April 2016 (Photo P. Vuilleumier). (b) Upper and lower limits of the former crevasse in
July 2016 (dashed blue lines), as well as a lateral stable crest (black arrows). (¢) Oblique aerial image from the rock glacier in June 2017.

lapse video made from the daily images can be found in
Vivero (2018).

The UAV device is equipped with a real-time kine-
matic (RTK) capable Global Navigation Satellite Sys-
tem (GNSS) antenna and with a Sony WX 4.5 mm focal
length (since 2016) or a S.O0.D.A 10.5mm focal length
(since 2017) cameras (Table 1). The senseFly eMotion 3 soft-
ware (https://www.sensefly.com/software/emotion/, last ac-
cess: 25 September 2018) was used for UAV mission plan-
ning and for performing differential corrections from a vir-
tual reference station (VRS). Flight missions were performed
with a longitudinal overlap of 80 % and a lateral overlap of
70 %. This flight configuration gave an availability of five

www.geogr-helv.net/74/59/2019/

overlapping images for every point reconstructed through-
out the image block (Hendrickx et al., 2019). The VRS al-
lowed the reception of broadcasted differential corrections
via RTCM 3.1 protocol from the Automated GNSS Net-
work for Switzerland (AGNES), using stable and permanent
GNSS stations. We used the SwissALTI3D model as a base
DEM in eMotion 3, which in our study area has a pixel
resolution of 2m and a vertical accuracy of £1-3 m (Swis-
stopo, 2018), to design our UAV flights at a constant high
above the ground in such steep mountainous terrain. In or-
der to be consistent with other studies, horizontal measure-
ments were referred to the Revised Swiss Reference System
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Details of the UAV surveys of La Roussette rock glacier.

Date Interval  No.of Camera Terrain Average
(days) images conditions GSD

(cm)

10 June 2016 - 63 SONY WX  Snow cover 5.98
12 August 2016 63 61 SONY WX  Snow free 6.38
14 September 2016 33 57 SONY WX  Snow free 6.71
19 June 2017 278 142  S.O.D.A. Patchy snow cover 8.1
25 September 2017 98 150 S.O.D.A. Snow free 5.18

(CH1903 4+ LV95), and elevation data were recorded with re-
spect to the Swiss geoid model version 2004 (CHGe02004).

The structure from motion multi-view stereo (SfM-MVS)
workflow implemented in PIX4Dmapper Pro version 4.1
software (https://pix4d.com/pix4dmapper-pro/, last access:
25 September 2018) was performed on each UAV survey
dataset. Primarily, this workflow operates different algo-
rithms to identify matching features in the image datasets and
calculates camera orientation (€2, ®, K) and position (X, Y,
Z) values from the different positions of multiple matched
targets. Given the high accuracy of the camera coordinates
obtained by the eBee RTK (less than 0.04 m), the calcula-
tion of the initial camera orientation (i.e. external orientation)
parameters is significantly constrained by the RTK solution.
To further constrain the orientation of the five UAV-derived
models, three multi-temporal tie points extracted from the
most recent model (25 September 2017) were added to the
previous models (Soruco et al., 2009). This step relied on ob-
vious points located on stable areas outside the rock glacier.
In addition to the camera orientation adjustment, the software
also performs a self-calibration of the internal camera param-
eters (i.e. interior orientation) such as focal length, principal
point, and radial (R1-R3) and tangential (T1 and T2) distor-
tion coefficients. After a coarse 3-D point cloud is created,
MYVS methods are applied to reconstruct a denser 3-D point
cloud (Carrivick et al., 2016; Smith et al., 2016). These steps
rely on the degree of image contrast and texture presented on
the datasets, in which the rock glacier and the nearby terrain
provide both good image contrast and texture on the scale of
the ground sampling distance (GSD, ~ 0.07 m) obtained for
each UAV survey.

Processing of the point cloud data was done using Cloud
Compare version 2.9 software (Girardeau-Montaut, 2018).
This step included filtering erroneous points using a statis-
tical outlier removal tool. Individual point clouds were seg-
mented in stable areas outside the rock glacier (Fig. 1) and a
bundle adjustment including an iterative closest point (ICP)

alignment algorithm (Zhang, 1994) was performed to accu-
rately register each point cloud to the master point cloud
(25 September 2017). The ICP runs achieved optimal adjust-
ments when the RMS difference between two iterations was
lower than 10~8 m. Transformation matrices calculated from
point cloud segments were applied to each full point cloud.
These matrices include translation, rotation, and scale param-
eters. However, we found a constant scale factor of 1.0 for all
the point clouds compared, which indicated that there were
no scale differences between each point cloud pair. There-
fore, the 3-D co-registration of point clouds was only exe-
cuted with translation and rotation parameters.

We used the change-detection M3C2 algorithm (Lague et
al., 2013), taking full advantage of the point cloud analysis
instead of the traditional DoD procedure. M3C2 performs
cloud-to-cloud distance calculations from selected points in
the reference cloud. From these core points, the local surface
normal is calculated, and the distance from the reference to
the analysed point cloud is computed. These distances are
not vertical (i.e. as in DEM differencing), as they account
for the local surface roughness and locally variable slope,
thus providing a more realistic thickness or surface change
(Clapuyt et al., 2017; Lague et al., 2013). Additionally to the
distance calculation, M3C2 provides spatially variable confi-
dence intervals that help to assess the areas in which changes
are statistically significant (i.e. 95 % confidence) or not.

Surface displacements of the rock glacier were calculated be-
tween August 2016 and September 2017 for three pairs of
orthophoto mosaics at ~ 0.07 m pixel size. A modified ver-
sion of the feature-tracking algorithm IMCORR (Fahnestock
et al., 2016; Scambos et al., 1992), which was initially de-
veloped to measure changes from optical satellite imagery,
was implemented in SAGA software to calculate rock glacier
displacement vectors as a function of superficial changes
for each pair of orthophoto mosaics. The normalised cross-
covariance correlation employed by this method can locally
adjust the intensity values (i.e. digital numbers) between two
images, therefore compensating for the differences in illu-
mination between two UAV surveys (Scambos et al., 1992).
This is extremely helpful for cases in which UAV surveys are
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performed at different times and under diverse weather con-
ditions (i.e. cloudy or clear sky). To account for the diverse
displacement values, which in our case ranged from 0.1 to
15 m, different IMCORR search and reference image chip
sizes were tested. After several iterations of the IMCORR
algorithm, a more coherent set of vector fields (i.e. magni-
tude and orientation) were achieved with a search chip size
of 256 (128) and a reference chip size of 64 (32) pixels, for
high (low) displacement values.

False feature tracking may occur in some situations in
which deep shadows are caused by different illumination
conditions (i.e. solar azimuth and zenith angles). As the ge-
ometry of these shadows changed through the repeated UAV
surveys, an apparent alteration of the shadow position can be
tracked as a surface displacement. To avoid this problem, we
identified the regions with deep shadows values and removed
their values from IMCORR analyses. Additionally, results
from feature tracking were cleaned and filtered to eliminate
false measurements. Cleaning was carried out in all matches
with x and y IMCORR error estimates larger than 1 pixel
(0.07 m). Filtering was performed by using the Geographic
Information System (GIS) ArcGIS (ESRI) with directional
criteria (Redpath et al., 2013). Taking into account the slope
gradient and the main orientation on the rock glacier, com-
puted vectors with a direction less than 100° and greater than
290° were removed from our results.

Given the hazardous and dynamic terrain of the study area,
the potential to adequately assess the point cloud datasets
remains challenging. In general, 3-D point clouds derived
from SfM can display errors that are typically associated
with camera orientation and self-calibration procedures. Ad-
ditionally, image quality, stereo-matching parameters, sur-
face texture and photographic scale can introduce further er-
rors during MVS processing (Harwin et al., 2015). To as-
sess the accuracy of the point clouds and orthophotos cre-
ated by PIX4Dmapper, we selected three stable areas outside
the rock glacier (Fig. 1) and computed their co-registration
errors (Micheletti et al., 2016). This procedure provided a
quality assessment of our point clouds as they were adjusted
to the most recent dataset (25 September 2017), employing
an average of 36945 3-D points distributed over three re-
gions. We obtained a mean 3-D alignment error of 0.12m,
with maximum and minimum errors of 0.139 and 0.104 m,
respectively (Table 2). These values were used to calculate a
spatially variable LOD at 95 % using the methods stipulated
by Lague et al. (2013) and included in the M3C2 algorithm.
Surface changes which were not statistically significant at the
95 % confidence level were removed from our analysis.

Relative values based on the co-registration error of each
point cloud to the 25 September 2017 dataset and their number of
stable points compared using the ICP algorithm.

Point clouds Registration ~ Number of
RMSE (m) stable
points

compared
10 June 2016 0.139 33469
12 August 2016 0.104 43434
14 September 2016 0.107 32471
19 June 2017 0.130 38407

IMCORR values over stable features (off rock glacier)
were employed for quality assessment of the image
co-registration (residuals). Areas with suspected surface
changes were excluded from our quality analysis. The mean
displacement in unchanging areas outside the rock glacier
is 0.05 m, with a standard deviation of 0.03 m. These val-
ues revealed a good co-registration between the differ-
ent orthophoto mosaics (i.e. subpixel residuals). In the
light of the co-registration values and following K&idb and
Vollmer (2000), we estimated the accuracy of the method to
be of the order of 1 pixel (7 cm).

The downslope movement of the disconnected part of the
rock glacier (below the crevasse, Fig. 2b) advanced 35m
during the first period (June to August 2016), and eventu-
ally, this destabilised part was transported and reworked to
the upper talus slope (Fig. 3). Between August and Septem-
ber 2016, negative elevation changes started to lead to almost
non-significant changes in summer 2017 (June to Septem-
ber). Multi-temporal thickness changes for four different pe-
riods are presented in Fig. 4. Maximum and minimum values
ranging from —13 up to 8 m emphasise the extreme values
during the study period. There was a major loss of material
below the former crevasse (June 2016) and accumulation of
material at the upper part of the talus slope (Figs. 3 and 4).
The spatial pattern of mass gains and losses on this rock
glacier mostly indicates a propagation of material from the
upper zones towards the upper convex talus slope (Fig. 4).
Between June 2016 and September 2017, the destabilised
part mobilised around 27 000 m? of material with a net vol-
ume change of —5721 m?3. For the latter, an unknown volume
percentage either went further down the talus slope (outside
the analysed area in Fig. 4) or was lost due to ice melt.

As described in Sect. 3.3, the IMCORR feature-tracking al-
gorithm was used to compute ground displacements assum-
ing a rigid translation from successive orthophoto mosaics.
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However, large chaotic displacements of individual boul-
ders and drastic topographic changes between June and Au-
gust 2016 hampered the detection of reliable displacement
vectors for most of the rock glacier. As indicated in Sect. 4.2,
we estimated maximum displacement values up to 35 m be-
tween June and August 2016, based on the observation of
individual rocks and the elevation profile in Fig. 3. Automat-
ically detected ground displacements between survey dates
starting from August 2016 are shown in Fig. 5. Large dis-
placements can be observed during the first period (August
to September 2016), reaching up to 15m in a month at the
lower section of the rock glacier (Fig. 5a). Between Septem-
ber 2016 and June 2017, maximum displacement values de-
creased to Sm. In the last period (summer 2017, Fig. 5c),
displacement values of less than 0.5 m suggest a sharp decel-
eration of the rock glacier.

The main limitation of our approach is the feature tracking
of rotating elements and very large displacements (i.e. more
than 17 m), which leads to a lack of data in the lower area
of the rock glacier (see Fig. 5a). Feature tracking algorithms
such as IMCORR can only compute translational move-
ments. Likewise, the pixel size of the orthophoto mosaics
yields constraints on the maximum displacement of a track-
ing feature that can be computed. Whereas most of the trans-
lation movements on the upper and central parts are com-
puted, rotational movements (i.e. due to the falling of boul-

ders and drastic changes in the topography) and very large
displacements on the lower part of the rock glacier are not
automatically computed. The movement of tilting boulders
can, however, be captured through the visual inspection of
time-lapse image sequences (see Kummert et al., 2018) or
more quantitatively by the analysis of monoscopic image se-
quences (James et al., 2016). In our case, the inclusion of
the webcam system has not been performed in a quantita-
tive manner, but further developments should go forward to
fully integrating the daily surface displacements that can be
derived from terrestrial images with repeated UAV-derived
displacements (i.e. our current results).

High-density point clouds, high-resolution DEMs and or-
thophoto mosaics obtained from lidar or SfM photogram-
metry via terrestrial or aerial platforms have already been
employed to study rock glacier geomorphic changes. For il-
lustration, Kummert and Delaloye (2018) employed lidar-
derived multi-temporal DEMs to study the terminus of
three active rock glaciers located in the western Swiss
Alps and their associated torrential channels, whereas Ken-
ner et al. (2018) provided a detailed description of sur-
face movements using time-lapse photography on Ritigraben
rock glacier. Likewise, Bodin et al. (2018) exploited a com-
bination of terrestrial and aerial lidar measurements and
ground-based SfM surveys to decipher the multi-annual
kinematics from the Laurichard rock glacier in the French
Alps. However, our study is the first one which manages
to describe both thickness changes and surface movements
by using high-density point clouds and high-resolution or-
thophoto mosaics derived from repeated UAV surveys. We
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Figure 4. Thickness changes featured in the destabilised part
of the rock glacier and the upper talus slope. Changes between
(a) 10 June—12 August 2016, (b) 12 August—14 September 2016,
(c) 14 September 2016-19 June 2017 and (d) 10 June 2016—
25 September 2017. Black lines represent the boundary between
positive and negative absolute changes and dashed lines indicate
the extent of the rock glacier in 2013. Background orthophoto mo-
saics are derived from (a) 10 June 2016, (b) 12 August 2016,
(c) 14 September 2016 and (d) 25 September 2017 UAV surveys.

also demonstrated the advantageous combination of close-
range sensing techniques (i.e. UAV and webcam systems) to
monitor the short-term dynamics of a landform during a cri-
sis in high temporal and spatial resolutions.

5.2 Probable causes of the crisis

In the case of the so-called paraperiglacial crisis (Scapozza,
2016), the sudden change on rock glacier dynamics, which
leads towards a possible rock glacier destabilisation or col-
lapse, is one of the most spectacular outcomes of climate
change in mountain areas. In the European Alps, the lower
limit of mountain permafrost is already shifting upwards due
to the increase in air temperature during spring/summer and
extreme heatwaves (Harris et al., 2003; Pogliotti et al., 2015).
However, even if the changes in ice properties due to per-
mafrost warming and degradation may play a major role on
rock glacier dynamics (Miiller et al., 2016), the factors that
can initiate rock glacier destabilisation are largely unknown
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(Bodin et al., 2017; Scotti et al., 2017). In this context, the
following potential causes of the rock glacier destabilisation
can be postulated:

1. The very warm permafrost conditions detected
since 2008 over the Swiss Alps have been linked to an
acceleration trend for a large sample of rock glaciers
(PERMOS, 2016). La Roussette rock glacier probably
experienced a similar acceleration and, in combination
with the steep slope downside the landform, favoured
the rupture in combination with (2) and by means of
an increase in the movement at the shear horizon at the
rock glacier terminus.

2. The topographical context of this landform located on
a steep slope and the presence of even steeper slope
downside (i.e. the upper talus slope) let the frontal part
be “dragged” from its more or less stable position to the
steeper lower convex topography.

3. The summer 2015 heatwave in western Europe has
had significant effects on mountain permafrost (Ra-
vanel et al., 2017), which may have favoured the initial
conditions for the rock glacier destabilisation process.
Also, the meteorological conditions during summer
2016 (Fig. 6, Les Fontanesses area) indicate a strong
melting period during the first observations, which co-
incides with the large topographical changes detected
(Figs. 3 and 4a). These conditions may have induced a
liquid water lubrication effect on the shear horizon just
below the crevasses seen in Fig. 2a (Wirz et al., 2016)
and thus caused the detachment of the lower section of
the rock glacier.

6 Conclusions

The previously unknown and relatively small La Roussette
rock glacier experienced an unexpected crisis that began at
least in winter 2015, where the initial signs of destabilisa-
tion were observed. Between June 2016 and September 2017,
the destabilised section mobilised around 27 000 m? of ma-
terial and displayed very high surface displacements up 60—
75 m. However, this kind of rock glacier behaviour has rarely
been documented on a seasonal timescale. Although the
direct consequences of this destabilisation are not treating
high-mountain infrastructure (i.e. ski lifts, mountain huts and
roads), witnessing such strong morphological changes in a
very short period shows how this particular case of sediment
transfer can quickly modify high-mountain topography.
UAV systems are beneficial for monitoring inaccessible
and remote areas, as they can provide high frequencies of
observation in comparison with traditional monitoring tech-
niques (i.e. ground surveys). Also, there is the practicality of
confectioning or customising surveys to be adapted to the ob-
servable phenomena with few limitations, something that is
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Figure 5. Surface displacements for the 2016-2017 period using the IMCORR algorithm; (a) 12 August—14 September 2016, (b) 14 Septem-
ber 201619 June 2017 and (c) 19 June-25 September 2017. Background orthophoto mosaics are derived from the 19 June 2017 UAV survey.
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Figure 6. Air temperature (red line) and snow height (blue bars) at Les Fontanesses automatic weather station (2850 ma.s.l.) for a 3-year

period (2015-2017). Black lines indicate the time of each UAV survey.

almost impossible with traditional aerial surveys. This quan-
tity and quality of the acquired data can reach or even exceed
the data specifications for conventional aerial surveys. Fur-
thermore, cloud-to-cloud comparisons provide a robust and
straightforward option to calculate surface-normal thickness
changes in steep mountain terrain between two or more UAV-
derived cloud points. Given the current technological devel-
opments in the field of UAV devices, it is expected that the
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evolution of UAV capabilities will provide better and cheaper
tools that can be further integrated into researching geomor-
phic processes in areas where traditional approaches are not
feasible.

This work documents the use of close-range remote-
sensing techniques to monitor the ongoing crisis of a rock
glacier in a steep mountain flank. Further work should be fo-
cussed on the quantification of the previous geomorphologi-
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cal changes on this landform by the employment of archival
aerial and terrestrial photogrammetric datasets available in
the region (e.g. Micheletti et al., 2015a). The homogeniza-
tion of the current UAV-derived datasets together with the
reanalysis of historical photogrammetric sources will help to
shed light on the long-term evolution of rock glacier dynam-
ics under the current climate forcing.

Additional data for this study can be provided
by the corresponding author upon request. The time-lapse video is
available at https://doi.org/10.5446/38693 (Vivero, 2018).
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