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Abstract. Two helicopter-borne light detection and ranging (lidar) surveys were conducted in August 2004 and May 2005
on a 2 km2 earth flow that was totally reactivated in late winter 2004. Shaded-view maps and differential analysis of terrain
models from the two surveys allowed residual movements, as well as rupture and accumulation features over the slope, to be
assessed and mapped for the period between 2004 and 2005. In particular, this analysis has shown that residual movements
involved about 20% of the whole landslide area. Retrogression of the crown zones, with a depletion estimated in the order
of 20 m, was coupled with a more than 10 m advancement of the deep translational slide affecting earth and rock materials
in the source area. This has resulted in an apparent uplift of more than 15 m. Down slope, the upper accumulation lobe
sector was lowered by about 10 m because of depletion and the progressive decrease in water content. This analysis proved
the usefulness of lidar surveys for analysing post-failure behaviour of this type of mass movement.

Résumé. Deux levés lidar (détection et télémétrie par la lumière) héliportés ont été réalisés, en août 2004 et mai 2005, au-
dessus d’un glissement de terrain qui a été entièrement réactivé à la fin de l’hiver 2004. Des cartes avec estompage et une
analyse différentielle des modèles de terrain provenant de deux relevés ont permis d’évaluer et de cartographier les
mouvements résiduels ainsi que les formes de rupture et d’accumulation sur la pente au cours de la période de 2004 à 2005.
En particulier, cette analyse a montré que les mouvements résiduels concernaient environ 20 % de l’ensemble de la surface
du glissement de terrain. La régression des cicatrices de glissement, avec un recul estimé de l’ordre d’un maximum de 20 m,
a été accompagnée d’une avancée apparente de plus de 10 m du glissement transitionnel affectant les matériaux composés
de matériaux meubles dans la zone source. Ceci a résulté en une accumulation apparente de matériaux de plus de 15 m. En
bas de pente, la région du lobe supérieur d’accumulation s’abaisse d’environ 10 m, à cause de l’érosion et aussi de la
diminution progressive du contenu en eau. Cette analyse a démontré l’utilité des relevés lidar pour l’analyse du
comportement post-éboulement pour ce type de mouvement de masse.
[Traduit par la Rédaction]
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Multitemporal monitoring of landslide activity over
extensive areas is of paramount importance for landslide hazard
and risk assessment. Landslide monitoring is generally
accomplished by field-based geodetic, geotechnical, and
geophysical techniques, complemented with remote sensing.
Most ground-based techniques provide a sampling of the
deformation field at a limited number of points, and therefore
the overall displacement field or the surface changes in a wider
area remain undetermined. Furthermore, no information is
usually gathered on past events and on the temporal and spatial
evolution of the phenomena.

On the contrary, several remote sensing techniques have
great promise in this field of research (see Metternicht et al.,
2005 for a review), especially when used to generate detailed
digital elevation models (DEMs). These products allow the
three-dimensional characteristics of landslide features to be
represented with great detail. In fact, the comparison of
multitemporal DEMs has been demonstrated to be a powerful
tool for the analysis of landslide processes (Mora et al., 2003;
Van Westen and Lulie Getahun, 2003; Casson et al., 2005)

In particular, airborne light detection and ranging (lidar) is a
surveying method conceived more than 10 years ago that in a
relatively short time and at a reasonable cost can supply digital
surface models (DSMs) and good quality DEMs. Lidar has

been successfully applied in different geomorphological
settings and at different spatial scales to improve landslide
inventories (Haugerud et al., 2003; Van Den Eeckhaut et al.,
2005) and to perform geomorphometric studies on distinctive
landslide features (McKean and Roering, 2004; Glenn et al.,
2006; Staley et al., 2006).

In this study, multitemporal lidar surveys have been applied
to the study of post-failure behaviour of a large earth slide in the
northern Apennines, Italy, where several hundred dormant
deep-seated earth slides – earth flows affect the outcropping
clayey rock masses (Bertolini and Pellegrini, 2001).

The landslide, located in the River Secchia watershed, was
totally reactivated in March–April 2004 after a period of large
cumulated precipitation and rapid snowmelt (Borgatti et al.,
2006). The failure affected an area 3 km long and up to 400 m
wide and caused the landslide toe to advance more than 300 m,
at velocities up to 10 m/day, almost reaching residential houses
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and the main valley-bottom road. During the reactivation event,
the landslide displayed a complex and composite style of
activity (Cruden and Varnes, 1996) that was eye-witnessed
during several field surveys (Borgatti et al., 2006). In
particular, from a temporal sequence viewpoint, the evolution
of the phenomenon was characterized by multiple and
retrogressive roto-translational slides in the upper part and
multiple and advancing translational slides in the middle part.
Earth flows and mud flows affected the middle and lower
sectors of the landslide body.

In August 2004, after the main reactivation surge had ceased,
a first helicopter-borne lidar survey was acquired over the
landslide area, which at that time was in large part free of any
vegetation. At the same time, ground monitoring systems
including inclinometers and time-domain reflectometry (TDR)
cables showed that during the summer the landslide continued
to move at a rate in the order of millimetres to centimetres per
day.

During the autumn and winter, especially in the source area,
movement took place at rates of decimetres to metres per day,
causing the retrogression of the main scarp and the cutoff and
loss of inclinometers installed in the landslide body.

In the spring of 2005, before starting the designed mitigation
works (Corsini et al., 2006) and the installation of a new set of
monitoring devices, a second lidar survey was undertaken with
the same equipment. Interpretation and comparison of the data
acquired in the two surveys allowed some landslide features to
be mapped and the residual movements that affected the slope
in the first year after the major reactivation event to be
quantified, providing an interesting insight to post-failure
landslide mechanisms.

Surveys
The two lidar surveys were carried out over a 6.5 km2 area

using an Optech ALTM 3100 airborne laser scanner system
mounted on board a Eurocopter AS 350 B1. A dual-frequency
global positioning system (GPS) receiver and an inertial
measurement unit (IMU) were included on board to measure
positioning and attitude. The GPS receiver was set to a 1 s
interval sampling time; the roll, pitch, and yaw (the three
attitude components) and the acceleration of the aircraft were
measured by the inertial navigation system unit at a frequency
of 200 Hz. The system trajectory was then computed with a
0.035 m root mean square (rms) maximum error by integrating
GPS and IMU data.

The lidar system scans the ground orthogonally to the flight
direction, recording up to 100 000 range measurements
(distance of the reflection points on the ground) every second.
Frequency can be set from 33 to 100 kHz. Given that noise and
frequency are proportionally linked, the medium value of
50 kHz was used in the two surveys to balance between density
of survey points and noise. The laser beam divergence of
0.2 mrad results in a footprint of 0.17 m at a flight altitude of
800 m. For every single range measurement, up to four different
return echoes are recorded (first, second, third, and last). The

acquisition parameters were set to obtain an average data
density of about 2.9 points per square metre.

Digital pictures were also taken during the second lidar
survey by a Rollei 6008 db45 digital photogrammetric camera
with a Phase One digital back of 4080 pixels × 5440 pixels; the
position and attitude data together with the camera calibration
parameters were used to generate an orthophotoimage by direct
georeferencing process. The final orthoimage has been
extensively used to support laser data interpretation.

Data processing was accomplished using many different
software packages. The Applanix software POSPac™ was used
to integrate differential GPS (DGPS) and IMU data of the fight
trajectories. The same software allowed computation of the
smoothed, best estimated trajectory (SBET), which is basically
a state vector that defines position, attitude, and estimated
errors of the laser platform with a sampling time interval of
5 ms (which represents roughly a 14 cm distance interval).

The laser ranges were then reprojected, and the spatial
coordinates of every reflection point were recomputed in the
terrestrial reference frame (more precisely in the local geodetic
frame) using Optech’s REALM software. Every geocoded laser
point was then classified using Terrasolid’s TerraScan software
to retrieve only those points that were associated with a “bare
ground” reflector; this process is mainly based on spatial
correlation between points. Resampling allowed redundant
points that were within a radius limit of 2 m from each other
and differing in height by less then 0.1 m to be eliminated. The
number of laser points was thinned from 6 million to a more
manageable 2 million. The resampled data were interpolated on
a 0.5 m × 0.5 m grid cell size using the triangulation with linear
interpolation method, with an anisotropy parameters ratio of 1
and an angle of 0°. This method is based on the algorithm
presented in Guibas and Stolfi (1985) and implemented in
Surfer, version 8 (Golden Software). Lastly, GIS-compatible
DSMs and DEMs were obtained from both surveys.

The two DEMs were later subtracted to highlight absolute
height variations between 2004 and 2005. Since the relative
accuracy of the two surveys, rather than their absolute accuracy,
is the mandatory condition to derive reliable differential
models, systematic residual biases in the subtraction product
were removed by forcing a rigid vertical translation between
the datasets until an elevation bias of less then 0.09 m was
obtained in known stable zones.

Results
DSMs were used to produce a shaded view of the slope,

which enhanced landslide features in 2004 and 2005
(Figure 1a). These products aided the visual interpretation and
mapping of the geomorphological features characterizing the
landslide, with particular reference to some newly formed
extension and compression features that appeared on the
landslide body and especially in the toe area (Figure 1b).

Map calculation functions were used to create a differential
digital elevation model (Diff-DEM) that highlighted elevation
changes due to landslide movements that occurred in the period
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Figure 1. Location of the study site. (a) Shaded view of the 2004 digital surface model. (b) Geomorphological sketch map of the earth slide
toe. Some newly formed extension and compressive features and ephemeral streams and pond areas can be seen (see legend).
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Figure 2. Differential digital elevation model (Diff-DEM) highlighting elevation changes due to slope movements between the two lidar
acquisitions of 2 August 2004 and 27 May 2005. (a) View of the earth slide. (b) Detail of the crown zone, where retrogression of the head
scarp has been captured by the Diff-DEM. (c) Cross section over the 2004 and 2005 DEM, with elevation difference, highlighting the
translation of the landslide body.



between 2004 and 2005 (Figure 2a). In the landslide source
area, the combined use of results derived from the Diff-DEM
profiles and information from inclinometers allowed for some
interesting analysis of the landslide dynamics in the post-
failure stage of activity. In particular, it is evident that residual
movements involved about 20% of the whole landslide area.
Retrogression of the crown zones, with a depletion estimated in
the order of 20 m, was coupled with more than 10 m
advancement of the deep translational slide affecting earth and
rock materials in the source area. This process resulted in an
apparent uplift of more than 15 m (Figures 2b, 2c). Down
slope, the upper accumulation lobe sector was lowered by
about 10 m due to depletion and the progressive decrease in
water content. The rest of the landslide toe did not change
significantly, and the tip was stable.

Conclusions
The results obtained to date demonstrate that the acquisition

of topographic (elevation) information over large areas in a
relatively short time and with a high degree of detail is the main
advantage of the lidar technique. In particular, when compared
to other ground-based traditional monitoring devices (i.e.,
inclinometers, GPS, etc.) that usually can acquire and monitor
only a limited set of points, the lidar technique is superior.
Additionally, airborne laser scanning can overcome some
inherent problems of lidar terrestrial surveys, such as distance
from objects, intervisibility, and shadowing, that can lead to the
masking of some areas of the scene.

A helicopter-mounted lidar system offers a number of
advantages over a fixed-wing platform. These include greater
flexibility in flight altitude and velocity, allowing for the
maintaining of a stable flight path, even in rough terrain.

A stable flight path and a lower and constant velocity lead to
many advantages, including the acquisition of a greater number
of sample points, better distribution of the laser points, and a
higher accuracy in absolute elevation values. High point
density allows for the production of very detailed elevation
models, with a spatial resolution of 0.5 m, from which products
such as shaded-relief maps that aid mapping landslide features
can be derived.

The DEMs derived from lidar data were very useful in the
analysis and monitoring of post-failure landslide kinematics
over a 1-year interval. The residual errors in the DEMs, in the
order of decimetres, did not affect the results of the study, since
elevation changes in the order of tens of metres were observed.
On the basis of these positive results, this study has indicated
that helicopter-mounted lidar surveys could also be used as a
near-real-time monitoring system during major failure events.
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