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Abstract

Unmanned aerial vehicles (UAVs) equipped with digital compact cameras can be used to map landslides
quickly and at a high ground resolution. Images taken by a radio-controlled mini quad-rotor UAV of
the SuperSauze, France landslide have been used to produce a high-resolution ortho-mosaic of the entire
landslide and digital terrain models (DTMs) of several regions. The UAV capability for imaging fissures and
displacements on the landslide surface has been evaluated, and the subsequent image processing approaches
for suitably georectifying the data have been assessed. For Super-Sauze, horizontal displacements of 7
to 55 m between a high-resolution airborne ortho-photo of May 2007 and a UAV-based ortho-mosaic of
October 2008 have been measured. Fixed areas of persistent deformation have been identified, producing
fissures of different distributions and orientations comparable to glacial crevasses, and relating directly to the
bedrock topography. The UAV has demonstrated its capability for producing valuable landslide data but
improvements are required to reduce data processing time for the efficient generation of ortho-mosaics based

on photogrammetric DTMs, in order to minimise georeferencing errors.

1 Introduction

In order to monitor hazards from active land-
slides and to understand the processes in-
volved, both spatial and temporal measure-
ments such as displacement rates and extents
and changes in the surface topography are re-
quired. For these, remote sensing has been
an integral method of landslide investigations
for many decades, with several different tech-
niques being used. For example, differen-
tial INSAR (Interferometric Synthetic Aperture
Radar) enables detailed displacement analysis
(Belardinelli et al., 2003), although signal decor-
relation due to vegetation changes and sedi-
mentological processes can prevent its use on
active landslide surfaces. Passive space-borne
imaging is becoming increasing useful for land-
slide studies; panchromatic QuickBird satellite
images can provide data at a ground resolu-
tion of 0.61 m and a repeat acquisition interval
of down to 3-4 days (Niebergall et al., 2007).

Airborne and terrestrial geodetic LIDAR-scans
(Light Detection and Ranging) are powerful
tools for rapidly collecting high densities of
precise and high-resolution 3D surface point
coordinates. The quality of such point clouds
is mainly influenced by the roughness and re-
flectivity of the surface, the measurement inci-
dence angle and the observation range (Cheok
et al,, 2002; Lichti et al., 2005). From point
clouds, high-resolution digital terrain models
(DTMs) can be derived with accuracies in the
submetre range and, in many cases, surface
topography can be determined even in vege-
tated environments (Carter et al., 2007; van
den Eeckhaut et al., 2007). Airborne images
can provide important surface textural data,
but photogrammetric DTMs are not usually
as accurate and precise as airborne LIDAR-
based DTMs (Baltsavias, 1999) and topography
covered by dense vegetation cannot be recon-
structed. Traditional airborne- and satellite-
based remote sensing techniques are suitable
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for landslide detection over areas of multiple
square kilometres (Henry et al.,, 2002). For
the Super-Sauze landslide studied here, the ge-
omorphological evolution between 1950 and
1995 has been previously reconstructed from 6
airborne ortho-photographs (1 m ground reso-
lution) and the 6 corresponding DTMs (15 m
grid) (Weber and Herrmann, 2000). However,
these data were of neither sufficient resolution
nor repeat rate to resolve the evolution of small
landslide features, such as fissure structures or
small displacements, which can provide signif-
icant information on landslide dynamics.

Here, we investigate the use of radio con-
trolled unmanned aerial vehicles (UAVs) for
making such high-resolution measurements
of landslides. The mini-UAV used has the
advantage over traditional methods of allow-
ing flexible deployments capable of acquir-
ing both high-temporal and spatial resolution
data. Radio controlled UAVs are less expen-
sive with significantly lower operational costs
than manned aircraft and, in recent years, map-
ping and remote sensing applications of UAV-
systems have become more common (Everaerts,
2008). In the late 1970s the use of fixed wing
remote controlled aircraft was investigated for
motorised UAV photogrammetry experiments
(Przybilla and Wester-Ebbinghaus, 1979) and,
a quarter century later, Eisenbeiss et al. (2005)
generated the first high-resolution digital ter-
rain models (DTMs) using autonomously con-
trolled helicopter UAVs.

Currently, a range of UAV-systems are in
use, for example, motorised paragliders (Jiitte,
2008), blimps (Gomez-Lahoz and Gonzalez-
Aguilera, 2009), kites (Aber et al., 2002) and
balloons (Fotinopoulos, 2004). However, many
such systems are strongly affected by wind
and could only be used infrequently or with
difficulty in mountainous terrain. The avail-
ability of small high-quality digital cameras
has now enabled radio controlled UAV-systems
to represent affordable and practical remote
sensing platforms, but data analysis challenges
remain. For example, in order to utilise stan-
dard aerial photogrammetric processing soft-
ware, UAV-acquired photographs should be ac-

quired in an optimal block configuration align-
ment, with internally stable camera-systems
and minimal optical distortion. These restric-
tions have previously required the use of fixed-
lens SLR cameras, expensive autopilot UAV
navigation systems, and driven the develop-
ment of dedicated photogrammetric software
packages (Eisenbeiss et al., 2005).

In 2006, relatively stable quad-rotor he-
licopter systems became available as open
source public domain projects (Mikrokopter,
2010). These systems are suitable for adap-
tation for use in alpine terrain and are low-
cost when compared to commercially available
UAV-systems. The goal of this study was to
evaluate a UAV-system developed inhouse for
landslide research. Here, we report on the po-
tential and limitations of such a system, with
preliminary results acquired from the Super-
Sauze landslide, France. For Super-Sauze, a
specific aim was to consider the UAV capabil-
ity for imaging fissures and displacements on
the landslide surface and to assess the subse-
quent image processing approaches for suit-
ably georectifying the data. Fissures on the
Super-Sauze landslide have not been mapped
in detail in the past and, although this could be
carried out by traditional surveying techniques,
the large area of the landslide makes remote
sensing an appealing technique for this task.
With most fissures around 0.1 m in width, they
are not resolvable in satellite data and only im-
aged infrequently by manned airborne systems.
Thus, a UAV-system could offer the opportu-
nity for regular data at a suitable resolution to
detect changes in the fissure systems.

For full coverage of the landslide area, a
plane-rectified orthomosaic of UAV imagery
has been constructed and comparisons were
made with a previously acquired traditional
aerial ortho-photo. However, the use of plane-
rectification can result in significant errors in
regions of rugged topography, so we explore
the application of close range photogramme-
try software to enhance the results with a
photogrammetric DTM. The close range soft-
ware can handle convergent imagery from non-
metric cameras much more readily than tradi-
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diameter 60 cm
total weight 2100g
payload 5009 |
flight endurance 12 min
material costs 1000 €

Fig. 1L

Quad-rotor system for remote sensing and its main

characteristics.

tional aerial photogrammetry applications, fa-
cilitating DTM generation from UAV imagery.
The quality of the digital terrain model is as-
sessed by comparison with data from a terres-
trial laser scanner (TLS).

2 UAV-system

The UAV-system developed in-house is a low-
cost quad-rotor (Figure 1) that has been pre-
viously demonstrated to be capable of flying
in difficult alpine terrain. When compared to
conventional helicopters, quad-rotor systems
are more stable with less in-flight vibration and
have the mechanical advantage of not requir-
ing a large, variable pitch rotor-unit. Our sys-
tem was derived from an open source project
(Mikrokopter, 2010) and enhanced for land-
slide studies. A robust aluminium flight frame
was developed and the payload of the UAV-
system was increased by using more powerful
motors and some modifications of the flight
control software. The UAV is stabilised by iner-
tial measurement units (IMUs), including three
acceleration sensors, three gyroscopes, a three-
axis compass, and a pressure sensor, regulated
by basic PID (proportional integral differential)
loops. Flight endurance (hovering time of the
UAV-system) is up to 12 min using a lithium
polymer battery with a capacity of ~5.0 Ah.
Overall UAV-development took about one man
year in order to meet all the requirements for

operation in difficult alpine terrain. For im-
age acquisition, a light weight low-cost digi-
tal compact camera (Praktica Luxmedia 8213)
which supports manual camera settings was
used. For all flights the sensitivity, zoom and
the aperture were set to fixed values in order
to achieve exposure times <1/800 s and the
largest visual angle. Without an auto-pilot nav-
igation system to control image acquisition, all
photographs were taken in an automatic image-
series mode, acquiring one image every 3 s to
ensure full coverage.

Our choice of a radio controlled UAV re-
quires the presence of a highly skilled pilot
and limits the operational area to the control
range of a few hundreds of metres. There are
also challenges related to the relatively small
payloads, UAV-reliability and the restricted
radiobandwidth for ground communication
(Colomina et al., 2007). Although the use of
an autonomously controlled UAV could sig-
nificantly increase the operational area, au-
tonomous control is less able to cope with
unpredictable conditions such as gusty winds
than an experienced operator. Furthermore,
the use of autonomous UAVs is tightly regu-
lated by civil aviation and security authorities,
preventing their practical deployment. Our ex-
perience is that, particularly in alpine terrain,
UAV-based image acquisition requires signifi-
cant technical skill and a good UAV pilot.

3 Study area and data acquisi-
tion

The study was carried out on the Super-Sauze
landslide (Figure 2), located on the north-
facing slope of the Barcelonnette Basin (South-
ern French Alps). The landslide has developed
in a torrential basin located in the upper part of
Sauze torrent, on the left side downstream of
the Ubaye valley and is one of several that have
been persistently active since the 1970s. The
landslide extends over a horizontal distance
of 850 m between elevations of 2105 m at the
crown, and 1740 m at the toe, with an average
slope of 25°. The landslide mainly consists of
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Super-Sauze
landslide

France

Fig. 2. Location of the study area and upward view of the

Super-Sauze landslide. Picture was taken in summer 2006.

Jurassic black marls and has a total volume
estimated at 750,000 m>. Displacement veloci-
ties of the unstable slope range from 0.01 m to
0.4 m per day (Malet et al., 2002; Malet et al.,
2005).

In October 2008 a UAV flight campaign was
carried out covering the whole sliding area (850
x 250 m) of the Super-Sauze landslide, acquir-
ing 1486 airborne photographs. Flight plan-
ning was carried out in-situ, where the area
to be imaged could be observed and suitable
locations for takeoff and landing could be iden-
tified. After launch, the quad-rotor was guided
to an imaging flight altitude of ~200 m to
provide a ground resolution of approximately
0.06 m per pixel. However, manual control of
the UAV led to deviations in flight altitude be-
tween 100 m and 250 m, with corresponding
ground resolutions between 0.03 m and 0.08 m.
At the imaging altitude the UAV was hovered
for about 30 s before vertical landing was ini-
tiated. After each flight, the area covered by
the acquired photographs was verified on the
camera directly. To enable the images to be
georeferenced, 199 targets (~0.4 x 0.6 m rect-
angular coloured sheets to ensure visibility)
were deployed over the landslide as ground
control points (GCPs), and their centroid loca-
tions determined with differential GPS (DGPS).
Deploying such a number of GCPs requires sig-
nificant effort but was deemed an appropriate
precaution for the initial assessment of UAV
use over the landslide. Although long-term
DGPS observations of these targets could al-

low for accurate displacements analysis at each
GCP without the need for any UAV flight, such
point data could potentially miss areas of inter-
est and would not provide opportunity for the
analysis of surface features such as fissures.

To enable a comparison of the UAV results
with ground-based data, the topography of the
toe-region of the slide was also mapped with a
terrestrial laser scanner (TLS). The TLS instru-
ment, an Optech ILRIS-3D, was used from a
single site at a mean distance of 150 m from
the toe (Figure 3A), producing an average data
density of 23,000 points per m? in the image
plane perpendicular to the line of sight, and
a total of 3 x 10° points. The laser logged the
last return from each line of sight in order to
minimise undesired returns from vegetation.
A stable area outside of the landslide was also
included within the scanned area in order to
georeference the TLS data. This georeferencing
was carried out using a DTM acquired by air-
borne LIDAR on 22 May, 2007 and supplied by
the company SINTEGRA. A traditional aerial
ortho-photo from the same overflight, with a
ground resolution of 0.2 m, was also provided
by SINTEGRA and this has been used to de-
termine displacements in conjunction with our
UAV imagery.

4 Data processing

To allow comparison of the UAV data with
these other sources, two processing procedures
were carried out; generation of an orthomosaic
and DTM construction of selected areas using
close range photogrammetry techniques.

4.1 Ortho-mosaic

Previous work has shown that a straightfor-
ward plane image rectification approach can
be used to produce ortho-mosaics suitable for
displacement analysis, analysis of soil mois-
ture, as well as an analysis of fissure structures
(Niethammer et al., 2009). Here, the best 59
suitable UAV-acquired images were selected
for mosaic processing. In a first step, opti-
cal (barrel) distortion was corrected using the
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common third degree polynomial approach
(Niethammer et al., 2009). In a second pro-
cessing step, each image was rectified onto the
plane GCP coordinates using one of four non-
parametric rectification approaches (projective
transformation, piecewise affine transforma-
tion and polynomial transformations of the 2nd
and 3rd order). For each image, the rectifica-
tion approach was selected in order to achieve
the best result and depended on the relief vari-
ation and the number of observed ground con-
trol points. In irregular terrain these approx-
imate transformations will not fully account
for the effects of relief and residual misalign-
ments within the ortho-mosaic have to be ac-
cepted. Finally, all rectified photographs were
merged to a uniform high-resolution ortho-
mosaic with a spatial resolution of 0.04 m.
Automatic colour correction was carried out
within OrthoVista software (OrthoVista, 2010)
by applying a global tiling adjustment function
which compares overlapping areas of images
and then computes radiometric adjustment pa-
rameters for each image. All images were then
merged into a seamless mosaic by an adaptive
feathering image blending algorithm within
OrthoVista (Figure 3A).

4.2 Photogrammetric DTM

DTM generation was carried out using VMS
close range photogrammetry software (VMS,
2010) and an image matching algorithm,
GOTCHA (Gruen Otto-Chau) from the Uni-
versity College London (Otto and Chau, 1989).
Three regions of the Super-Sauze landslide
were analysed (Figure 3), representing the ar-
eas best covered by multiple images. Two of
these cover the upper reaches (DTM 1 and 2,
Figure 3B and C, from 10 and 6 images respec-
tively) and one covers the toe-region (DTM 3,
Figure 3D, from 30 images). With TLS data
only covering the toe-region, the DTM analysis
was restricted to DTM 3 of the toe-area.

For DTM creation, observations of ground
control points in the selected images were used

to calculate initial camera orientations (posi-
tions and pointing directions) using a prelim-
inary estimated camera model defining prin-
cipal distance only. The photogrammetric net-
work produced was densified by incorporating
additional tie points generated with GOTCHA.
GOTCHA is a dense matching algorithm ca-
pable of generating patch-based (rather than
featurebased) matches for each pixel of an im-
age. The output was then reduced to a few
thousand matches distributed over the images
and a self-calibrating network adjustment was
carried out in which the errors in the GCP
positions, camera orientations and the cam-
era model (principal distance, two radial and
two tangential distortion components, princi-
pal point offsets and an affinity term) were
simultaneously minimised. The optimised lo-
cations for the 16 GCPs in the toe-region (Fig-
ure 3A) showed RMS position residuals (from
the original GCP coordinates) of 0.023, 0.018
and 0.019 m in x, y, and z. As is standard in
rigorous close range photogrammetry proce-
dures, VMS calculates the measurement pre-
cision within the photogrammetric network
(Cooper and Robson, 2001). Average precisions
for all the GCPs were 0.079, 0.079 and 0.185 m
in x, y, and z, reflecting mean image residuals
of 1.4 pixels in both x and y. Such precisions
and residual magnitudes are poorer than it is
possible to achieve with oblique photogram-
metric networks of environmental scenes; for
example, over similar observation distances,
Chandler et al. (2002) obtained control point
measurement precisions that were generally
<20 mm for monitoring river channel change.
However, such results generally require care-
ful image acquisition planning and the use
of an SLR camera, options that are not avail-
able when using small, manually controlled
UAVs. Nevertheless, compact cameras have
been shown to have sufficiently stable imaging
geometries for photogrammetric work (Wack-
row et al., 2007) and precisions of 20 mm may
exceed the requirements of remote sensing of
mass-movement phenomena.
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Fig. 3. A: Ortho-mosaic of the Super-Sauze landslide of October 2008 with ground control points (GCPs), horizontal surface displacement
vectors colour coded by average movement velocity (May 2007-October 2008), different areas of dynamics and sedimentation, locations
of the DTMs and the position and field of view of the terrestrial laser scanner survey. B-D: DTM 1-3 overlain with an ortho-image.
E: Alignment error between the TLS DTM (October 2008) and airborne LIDAR DTM (May 2007) of the stable topography adjacent to the

toe-region of the landslide.
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Fig. 4. Comparison between the ortho-mosaic (A) and a DTM-derived ortho-photo (B) of the toe-region. (C) Horizontal offsets determined

by GOTCHA image matching.

For example, the precisions here are better
than those required and achieved by James et al.
(2007) who used a ground-based SLR for assess-
ing lava flows. In future work, one of the easi-
est ways to increase the precision of the UAV-
based DTMs would be to reduce the size of the
GCP targets, which were not originally selected
for use with VMS. The algorithms in VMS to
automatically locate control target centroids
are optimised for use with circular retroreflec-
tive targets (Robson and Shortis, 1998) and per-
form best when targets are 5 to 10 pixels across
in images. Consequently, centres of the large,
rectangular GCPs are not as accurately located
within the images as they could be, and GCP
residual errors would probably be reduced if
smaller, circular targets were employed.

For the creation of DTM 3, 17 of the 30 im-
ages in the network overlapped suitably to con-
tribute to the final surface model. After image
matching, the output was refined by eliminat-
ing outliers, weak matches (e.g. points with sig-
nificant residuals, poor precisions or matched
in only two images) and points clearly influ-
enced by vegetation cover. The resulting point
clouds were then interpolated over a 0.2 m grid

using kriging in Surfer software (Surfer, 2010).

4.3 Terrestrial laser DTM

TLS data processing was performed using Poly-
works software (Polyworks, 2010). The land-
slide surface is nearly free of vegetation. Trees,
stumps and bushes were easily identifiable in
the TLS point clouds and could be removed
manually without any automatic filtering. In
some minor parts of the landslide toe, sparse
vegetation, such as grass (less than 0.1 m high)
was present. Its effect on the elevation accuracy
is smoothed by a 0.2 m grid interpolation, thus
leading to a maximum error less than 0.1 m
in elevation. However, many automatic filter-
ing methods can be used to remove vegetation
(Prokop and Panholzer, 2009). They are use-
ful when vegetation is dense and the affected
point cloud covers a large area which was not
the case in the present study. Georeferencing
was achieved by aligning stable topography ad-
jacent to the landslide to equivalent data in the
2007 airborne LIDAR DTM (Figure 3E). This
was carried out using an automated iterative
closest point algorithm (ICP), with an initial
manual alignment to ensure that the ICP did
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not converge on a local minimum (Lee et al.,
1999). This georeferencing method is often
applied in areas where access is difficult and
where precise GCP reflectors cannot be read-
ily installed, issues typical of landslide areas
where slopes of more than 60° can be present
(Travelletti et al., 2008; Oppikofer et al., 2009).
After alignment, the mean 3D misfit in the sta-
ble area was quantified to be 0.05 m with a
standard deviation of 0.16 m. The TLS data
were then resampled and interpolated to gen-
erate a DTM with a 0.2 m grid.

5 Results and discussion

51 Ortho-mosaic and DTM quality

Errors within the georeferencing of the ortho-
mosaic were quantified by comparison of all
199 GCP locations to their DGPS-measured lo-
cations. Within the boundary of the sliding
area the mean error was 0.5 m, with a standard
deviation of 0.57 m and a maximum misalign-
ment of 3.9 m. However, large misalignments
between 2.0 m and 3.9 m were only located at
the margins of the landslide and, away from
the boundary, accuracies can be considered
to be ~0.5 m. In the toe-region, the ortho-
mosaic could also be compared with UAV im-
ages ortho-rectified within VMS software using
the photogrammetry-derived DTM 3 (Figure
3D). Horizontal offsets were determined by im-
age matching (using GOTCHA) and show simi-
lar magnitudes to those of the full ortho-mosaic
GCPs (Figure 4A), with the largest values lo-
cated near the slide boundary.

The quality of the photogrammetric DTM
was assessed by subtracting the overlapping
TLS DTM (Figure 5A and B). In the vertical di-
rection the RMS difference is 0.31 m although
maximum deviations reach +3.44 to -4.08 m.
The most significant errors are induced by
some small trees and bushes, the effects of
which could not be reliably removed from the
photogrammetric DTM. However, vegetation
correction on landslides has been managed by
applying non-uniform vegetation-height sur-
faces (Martha et al., 2010), but such proce-

dures were not warranted in this work because
the most significant vegetation errors were lo-
calised and occurred only at the margins of the
DTMs. Further sizable differences occur on the
steepest sides of large blocks. On the north-
ern faces, where the block surface is nearly
perpendicular to the TLS line of sight (Figure
3A), the TLS point cloud is much denser than
the photogrammetric one. For example, Figure
5C and D shows that in the steep front of the
toe, the point cloud of the TLS is two orders of
magnitude denser than the point cloud of the
photogrammetry.

However, the TLS can only observe one side
of a block and the other, shadowed, side has
to be interpolated. In shadow areas, the zero
point density results in predicted elevations
that reflect the interpolation technique used
rather than any real measurements (Figure 6C).
Nevertheless, such regions are observed fully
by the UAV.

Fig. 6. DTM artefacts resulting from shadow zones in TLS data

and vegetation obscuration in the UAV-based DTM.
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Fig. 7. Horizontal displacement analysis of the toe-region between the airborne ortho-photo of May 2007 (A) and the UAV-based ortho-

mosaic of October 2008 (B).

In regions of low vegetation, such as grass
or small shrubs, it is difficult to completely re-
move vegetation returns from the TLS point
cloud and this can lead to some small artefacts
in the TLS DTM (Figure 6A and C). On the
other hand the photogrammetric approach can
fail in areas of low image contrast or shadow-
ing (for example, on some large blocks, Figure
6A and B). Dense vegetation cannot be pene-
trated and can give poor or no results during
image matching (Figure 6A and B). It can be
concluded that both DTMs must be regarded
with caution. Each set of data and method can
have advantages and limitations (Kerle, 2002).

5.2 Surface displacements

Our UAV-based displacement analysis of the
Super-Sauze landslide was carried out by com-
paring the ortho-mosaic from October 2008
with the aerial ortho-photo from May 2007 in
a geographical information system (GIS). Hori-
zontal displacements were measured by identi-
fying corresponding features and areas, such
as rocks, stones and parts of vegetation patches
in both images (Figure 7A and B). In principle,
such analysis could be attempted by automated
image matching (e.g. using correlation-based
methods), but due to the resurfacing changes
over the 17-month interval, this would be inef-

fective with the available image pair. However,
automated image matching should be possible
between UAV-derived orthomosaics acquired
at shorter interval periods, and the use of more
sophisticated object- or feature-based match-
ing like scale-invariant feature transform (SIFT)
could also be investigated (Lowe, 2004; Lep-
rince et al., 2008).

Horizontal displacements between 7 and
55 m £ 0.5 m, as well as varying displacement
directions were detected (Figure 3A). However,
several regions could not be successfully anal-
ysed due to a lack of clear surface features in
both image sets (area 3 in Figure 3A). Com-
parisons were also prevented in areas of resur-
facing by either new fine-grained sediments
(the left part of area 3 and area 4, Figure 3A)
or the rapid accumulation of both boulders
and sediments (particularly in the source re-
gion, area 1, Figure 3A). Area 2 (Figure 3A)
is characterised by very low velocities, and
displacements could not be resolved in this
area. Converting all identified displacements
to daily average displacement rates gives the
range of 0.01 to 0.1 m £ 1 mm per day for the
period between May 2007 and October 2008.
In the source area, displacement rates are up
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to three times greater than to the long-term
average (Amitrano et al., 2007) (Figure 8) and
approximately two times greater than the av-
erage in other regions of the landslide. This
suggests that the May 2007 to October 2008
period represented (or encompassed) a period
of significantly greater dynamics than normal
for the Super-Sauze landslide.

Displacements of the Super-Sauze landslide
have been measured on the ground since 1991
by GPS, geodetic and strain instruments (Ami-
trano et al.,, 2007). Between 1996 and 2004,
average velocities were in the range of 0.002 to
0.03 m per day, but velocities up to 0.4 m per

day may be observed each year in the spring
season (Amitrano et al., 2007). Monitoring of
continuous displacements and pore water pres-
sure have demonstrated that seasonal landslide
accelerations are controlled by hydro-climatic
conditions and that the long-term behaviour is
characterised by continuous movements with
a seasonal trend of two acceleration periods
(spring and autumn) and two deceleration pe-
riods in summer and in winter (Malet and
Magquaire, 2003). Such seasonal movement dif-
ferences cannot be resolved over a 17 month-
period. With the capability for providing reg-
ular surveys, UAVs could significantly assist
in the spatial assessment of landslide displace-
ment. However, despite the high-resolution of
the imagery, the general georeferencing accu-
racy here of ~0.5 m (resulting from the use
of plane-rectification approximations in con-
structing the ortho-mosaic), could restrict the
usefulness of UAV mosaics collected over inter-
vals much shorter than a year. Consequently,
effort is required to streamline photogrammet-
ric DTM creation from the UAV images, so that
the full landslide area can be efficiently recon-
structed and used to increase the accuracy of
the orthorectification process.

5.3 Fissures

Many tension- and desiccation cracks and fis-
sures are present on the surface of the Super-
Sauze landslide. Tension fissures can be ~20 m
long, up to 0.4 m wide and reach 1 m in depth
(Grandjean et al., 2007). In October 2008 most
of the fissures were ~0.1 m in width and are
observable in the UAV ortho-mosaic (Figure 9).

Inspection of the fissures in the ortho-
mosaic was carried out in a GIS. Despite the
downhill movement of the landslide, superfi-
cial fissures arise in the same regions of the
landslide each year, demonstrating that their
locations are controlled by interactions with
the paleotopography of the buried bedrock. At
the Super-Sauze landslide, longitudinal, trans-
verse, shear, and cross-shaped fissures (Figure
10) have been classified as the principal fissure
types (Walter et al., 2009), with their positions
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soil moisture contrasts (detail of UAV-based ortho-mosaic of

October 2008).

and orientations indicating different styles of
deformation and development (Parise, 2003).
Similarities between the observed fissure
patterns and those of glacial crevasses suggest
a comparable genesis. Landslide dynamics
may also be analogous to those of glaciers, re-
sulting from either, or both, sliding and flowing
(K&ab, 2002, Malet et al., 2005, Amitrano et al.,
2007). Glacial dynamics and crevasses have
been well studied (Wilhelm, 1975; Hambrey
and Alean, 1994; Hambrey and Lawson, 2000)
and crevasse distribution linked to changes in
bedrock topography and the lateral bedrock
boundaries. For example, longitudinal fissures
occur in the direction of movement where an
extension of the pathway is initiated. Trans-
verse fissures occur in regions of changes in
the decline of the subsurface bedrock slope
(Wilhelm, 1975; Varnes, 1978; Hambrey and
Alean, 1994). Marginal or shear fissures mostly
occur at lateral boundaries between bedrock
and the landslide material as result of the veloc-
ity gradient (Wilhelm, 1975). In Super-Sauze,
such fissures also appear within the landslide
material along emerging in-situ bedrock crests
(Figures 9 and 10). More intricate fissures, such
as crossshaped, may result from a combination
of dynamics induced by complex bedrock to-

pography.

Our observations support previous work
indicating that stable buried bedrock crests di-
rectly affect the behaviour and dynamics of the
entire landslide, and that sliding material is

‘canalised” by the gullies between crests (Fla-

geollet et al., 2000; Malet, 2003).

Regularly acquired UAV-derived fissure
maps could provide valuable spatial data to
augment ground-based studies aimed at un-
derstanding the links between the sliding ma-
terial and the bedrock. For example, nano-
seismic monitoring can now resolve the low
amplitude signals of fracture processes within
sedimentary landslide material (Walter et al.,
2009 and this issue). Combining these data
with high-resolution UAV-based snapshots of
fissure distributions and their temporal devel-
opment could provide valuable insights into
the flow dynamics. Furthermore, soil moisture
changes suggest to be detectable in contrast
variations in UAV images of the landslide sur-
face (Figure 9). This may indicate a promis-
ing new approach for high spatial resolution
assessment of surface soil moisture, capable
of assisting in the quantification of preferred
infiltration pathways (for example through fis-
sures), that remains a challenging problem
(Krzeminska et al., 2009).

6 Conclusions

In this study it has been shown that radio
controlled low-cost UAVs can deliver high-
resolution remote sensing data on landslides.
The proposed UAV-based remote sensing ap-
proach shows significant potential for the
production of high-resolution ortho-mosaics
and DTMs that enable the analysis of fis-
sures and surface displacements. The man-
ual data acquisition and processing procedures
used require a significant amount of time, but
progress is already being made to streamline
data processing by using automated targetless
structurefrom-motion and multiview-stereo ap-
proaches to derive the topographic surface (Ni-
ethammer et al., 2010). Integrating such DTM
generation (which includes camera model re-
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Fig. 10. Principal fissure types: shear fissures, cross-shaped fissures, longitudinal fissures and transverse fissures identified in the

ortho-mosaic 2008 of Super-Sauze landslide.

finement), and possibly also vegetation re-
moval, into the ortho-mosaic pipeline, will
significantly reduce errors in the final ortho-
mosaic of the Super-Sauze landslide.

The high-resolution of the UAV images
and the resulting orthomosaic allowed analy-
sis of fissure patterns and different arrange-
ments (longitudinal, transverse, shear and
cross-shaped fissure distributions) were iden-
tifiable. The fissures are comparable to glacial
crevasses where similar dynamics take place
and their patterns reflect the interactions be-
tween the sliding material and the bedrock.
The UAV imagery thus supports prior observa-
tions that buried bedrock crests directly affect
the behaviour and dynamics of the entire land-
slide (Malet, 2003).

The comparison between the plane-rectified
UAV ortho-mosaic and an earlier ortho-photo
revealed horizontal displacements between 7
and 55 m=+0.5 m, representing daily average
displacements rates in the range of 0.1 to

0.01 m+1 mm per day, between May 2007 and
October 2008. Despite the high-resolution of
the imagery, errors resulting from the plane-
rectification degrade the georeferencing accu-
racy to ~0.5 m over most of the landslide. Al-
though acceptable when calculating displace-
ment rates over periods of a year, errors of
this magnitude would be restrictive for anal-
yses over shorter intervals, and hence could
limit the usefulness of the UAV’s capability to
regularly acquire data.

Consequently, ortho-rectification using pho-
togrammetric DTMs is advised. A DTM of the
toe-region of the Super-Sauze landslide, con-
structed using close range photogrammetry
software, has been compared with TLS data
of the same area giving an RMS of height dif-
ference values of 0.31 m. Although TLS-based
point clouds are denser than photogrammetric
derived point clouds, TLS data are subject to
shadowing due to the oblique view point. Such
shadows are minimised in nadir UAV-acquired
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images and a large scale data acquisition can
be obtained more effectively by UAV.
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