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Mapping complex landslides under forested terrain requires an appropriate quality of digital terrain models
(DTMs), which preserve small diagnostic features for landslide classification such as primary and secondary
scarps, cracks, and displacement structures (flow-type and rigid-type). Optical satellite imagery, aerial
photographs and synthetic aperture radar images are less effective to create reliable DTMs under tree
coverage. Here, we utilized a very high density airborne laser scanning (ALS) data, with a point density of 140
points m−2 for generating a high quality DTM for mapping landslides in forested terrain in the Barcelonnette
region, the Southern French Alps. We quantitatively evaluated the preservation of morphological features and
qualitatively assessed the visualization of ALS-derived DTMs. We presented a filter parameterization method
suitable for landslide mapping and compared it with two default filters from the hierarchical robust
interpolation (HRI) and one default filter from the progressive TIN densification (PTD) method. The results
indicate that the vertical accuracy of the DTM derived from the landslide filter is about 0.04 m less accurate
than that from the PTD filter. However, the landslide filter yields a better quality of the image for the
recognition of small diagnostic features as depicted by expert image interpreters. Several DTM visualization
techniques were compared for visual interpretation. The openness map visualized in a stereoscopic model
reveals more morphologically relevant features for landslide mapping than the other filter products. We also
analyzed the minimal point density in ALS data for landslide mapping and found that a point density of more
than 6 points m−2 is considered suitable for a detailed analysis of morphological features. This study
illustrates the suitability of high density ALS data with an appropriate parameterization for the bare-earth
extraction used for landslide identification and characterization in forested terrain.
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1. Introduction

Landslides occur under a wide range of environmental conditions,
including forested mountainous landscapes. Landslides often cause
extensive damage and many casualties. Hence, it is important to
identify landslides, define their characteristics, and assess the
landslide susceptibility, hazard and risk. Landslide inventory maps
are prepared by interpreting the geomorphic features of landslides on
remote sensing imagery supported by field surveys. These maps yield
insight into the locations of landslides, their typology and geometrical
characteristics, the possible failure mechanisms, the state of activity
and frequency of occurrences, the possible causal factors, and the
historic damage (Van Westen et al., 2008). For sparsely or non-
vegetated areas, various landslide mapping techniques are available,
e.g. using single or multi-temporal aerial photographs (Brardinoni
et al., 2003; Van Westen and Lulie Getahun, 2003; Prokesova et al.,
2010), high spatial resolution satellite images (Nichol et al., 2006), or
satellite-based synthetic aperture radar (Rott, 2009). In forested
terrain, these techniques are less effective to identify landslides.
Under closed forest canopies, visual interpretation of distinctive
landslide morphological features is limited.

Over the last few years, airborne laser scanning (ALS) became
available and is used to map landslide morphology and estimate
landslide activity in areas that are partly or completely covered by
dense vegetation (Sekiguchi and Sato, 2004; Van Den Eeckhaut et al.,
2005, 2007; Glenn et al., 2006; Schulz, 2007). The ability of ALS to
penetrate the forest canopy and its independence of solar incidence
angle makes ALS superior to image-based photogrammetric techni-
ques for acquiring a high resolution digital terrain model (DTM) in
forested terrain (Kraus, 2007) and the high spatial resolution of ALS
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outperforms the use of synthetic aperture radar (SAR). The interpret-
ability of landslides depends on the quality of the DTM. Reported
vertical accuracies of vegetated and sloping terrains vary between
0.20 and 2.00 m (Huising and Gomes Pereira, 1998), 0.26 m for
deciduous forests (Hodgson and Bresnahan, 2004), 0.57 m (Kraus and
Pfeifer, 1998), 0.31 m for coniferous forest (Reutebuch et al., 2003)
and 0.31 m for shrub and conifer trees (Wang and Glenn, 2009). So far
no detailed assessment on DTMs has been carried out to reveal the
suitability of ALS and derived DTMs to accurately map landslide
morphological features.

ALS data are typically delivered as a very large dataset of points
(clouds) with X, Y, Z coordinates (easting, northing and elevation).
Various filter types are used to extract trees, houses or the bare-earth
surface under trees from the raw dataset. Filtering of ground points
from the ALS point cloud is an important step in the accurate
geomorphologic mapping of landslides. Generally, ALS-derived DTMs
have been used to characterize landslide morphology and activity
(McKean and Roering, 2004; Glenn et al., 2006; Kasai et al., 2009).
Several algorithms have been developed for DTM extraction from ALS
point clouds (Sithole and Vosselman, 2004). In spite of the ability to
automatically classify ground points and non-ground points, complex
scenarios such as the preservation of discontinuities (e.g. steep
slopes), vegetation on slopes, low vegetation and influence of outliers
(e.g. multi-path errors or hit off objects) still require further
improvement of the filtering algorithms (Sithole and Vosselman,
2004) and some manual editing is often carried out by the data
provider. The selection of the appropriate filtering algorithm depends
on the type and complexity of the landscape (Sithole and Vosselman,
2004; James et al., 2007). An optimal method for landslide inventory
mapping is currently not known. Especially, the preservation of
important landslide characteristics, such as scarps, cracks, rock blocks,
deposition lobes, ponds, hummocky topography, and back-tilted slope
surface, while removing vegetation is a challenging task. Therefore the
first objective of this paper is to test the performance of two well
known DTM filters, the hierarchical robust interpolation and
progressive TIN densification, to quantify the error in the DTMs in
rugged forested terrain focusing on geomorphological features of
forested landslides. Herein, forested landslides refer to landslides that
have occurred in the area that are partly or completely covered by
vegetation. For this we acquired a very high resolution ALS data of
more than 140 pointsm−2 to exclude point density as a limiting factor
and to allow the determination of the appropriate point density for
landslide mapping.

The second part of the paper evaluates various visualization
methods of an ALS-derived DTM representing a large complex
landslide. Different visualization techniques are discussed in the
literature: monoscopic images (e.g. shaded relief, color composite and
openness) and three-dimensional model (e.g. stereoscopic images
and 3D point cloud visualization) approaches. We qualitatively assess
the visual interpretability of a landslide DTM with respect to the
characterization of landslide activity, and the mapping of scarps, rock
blocks, displaced material and composition of the main slides and
sub-slides using different visualization techniques. In this paper, a
landslide DTM refers to the terrain model that shows the morpho-
logical features for landslide interpretability purposes. The evaluation
was carried out by different image interpretation experts. Examples
are taken from the Bois Noir landslide, located in the south French
Alps, which is a complex landslide area involving several subset of
landslide types (Flageollet et al., 1999; Thiery et al., 2007; Lopez Saez
et al., submitted for publication).

2. Study area

The Bois Noir landslide (Fig. 1) is located on the south-facing slope
of the Barcelonnette Basin in the South French Alps, 2.5 km to the
south-east of Jausiers (Alpes-de-Haute-Provence, France). The area is
characterized by irregular topography with slope gradients ranging
between 10° and 35° (Thiery et al., 2007) and the site is covered by
Pinus Nigra (black pine tree) which is the dominant species. Geology
at the study area is characterized by a 15-m thick top layer of morainic
colluvium, underlain by autochtonous Callovo-Oxfordian black
marls as present in the northern part of the Bois Noir landslide
(Maquaire et al., 2003). The southern part of Bois Noir is characterized
by outcrops of limestone in the summit crest and is characterized by
steep slopes of up to 70°, with extensive scree slopes.

The hummocky topography is inherited from the different phases
of the Quaternary glaciation (Hippolyte and Dumont, 2002). The Bois
Noir slope segment is characterized by a dry and mountainous
Mediterranean climate with strong inter-annual rainfall variability
(e.g. annual rainfall may vary between 400 and 1400 mm). These
predisposing geomorphic and climatic factors explain the develop-
ment of the slope by rotational or translational shallow landslides
which usually affect the uppermost 2 to 6 m (Thiery et al., 2007).

Forest covers 92% of the total surface area and consists mainly of
black pine with some deciduous trees (Thiery et al., 2004). All the
landslides composing the landslide complex are typically shallow and
occur at the interface between the bedrock and the surface deposits.
In Thiery et al. (2007), this area has been identified as highly
susceptible to landslides although most of the area is covered by
vegetation. They created a landslide inventory map of 1:10,000 scale,
based on aerial-photo interpretation, field surveys and historical
records. Tilted and deformed trees, as well as recent scarps and open
cracks, clearly indicate that the Bois Noir landslide has been subject to
multiple reactivation in the recent past. We focussed on a small and
most active part of the 24 ha of the Bois Noir slope segment (Fig. 1A)
to limit data volumes and to optimize the scale of visualization.

3. Methods

3.1. Data collection

3.1.1. Field measurements
A field campaign was carried out in June 2009, during which

terrain heights were measured using a Leica differential GPS system
1200. A total station was used to measure under dense canopies
where the GPS signal was too weak for accurate positioning. We
established two geodetic base stations to create a local geodetic
network. Locations were selected based on open sky view for optimal
reception of the GPS signals and to avoid the delayed signals affected
by multi-path effects. A 24-hour static observation was carried out for
each geodetic station. Horizontal and vertical accuracy of this
equipment with static observation mode is about 3 and 10 mm at
0.5 ppm, respectively. Post-processing on the GPS data was done by
taking the coordinate references from three available permanent GPS
stations of RENAG (REseau NAtional GPS) located nearest to the study
area. Position and baseline time series for the evaluation on the
validity of the stations for reference are available online at http://
webrenag.unice.fr. Horizontal and vertical precision of geodetic
stations are on average 8 and 13 mm, respectively. Using these base
stations, real-time kinematic GPS (RTK-GPS) was used to measure the
terrain height. The GPS data were processed using strategy schemes
implemented in Topcon Tools software version 7.2. The RAF98 geoid
model was used to convert the ellipsoidal height into orthometric
height. All the coordinates were projected into the local coordinate
system, Lambert zone III using Lambert Conformal Conic with NTF
(Nouvelle Triangulation de France) as datum.

In case it took too long or was not possible to get an accurate value
using RTK-GPS, a total station was used. The position of the total
station was determined using the two geodetic base points set up
close to the forest boundary. From there, points under the dense tree
canopy were measured and their accuracy is dependent on the
geodetic station. A total of 332 points were collected over the study

http://webrenag.unice.fr
http://webrenag.unice.fr


Fig. 1. Location of the study area at the Bois Noir landslide in the Barcelonnette Basin (South French Alps). A) Orthophoto of the study area and the ALS zone in 2009. B) Map
showing validation points measured in different geomorphological features and trees over forested and open terrain. C) Photographs of representative landslides features in the
study area.
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area; they were distributed over geomorphological features such as
scarps, cracks, blocks, depletion zones and accumulation zones
(Fig. 1B). Two tree plots were measured, resulting in the terrain
height at the location of 101 individual trees. Also a number of points
were taken to represent the terrain height outside the geomorpho-
logical features.
Table 1
Metadata for the airborne laser scanning campaign.

Acquisition (month/year) July 2009
Laser scanner Riegl VQ480i
IMU system iMAR FSAS — record 500 Hz
GPS system Topcon legacy — record 5 Hz
Laser pulse repetition rate 300 kHz
Measurement rate Up to 150000 s−1

Beam divergence 0.3 mrad
Laser beam footprint 75 mm at 250 m
Field of view 60°
Scanning method Rotating multi-facet mirror
3.1.2. ALS data acquisition
The ALS campaign was carried out under snow-free conditions in

July 2009, using a helicopter flying about 300 m above the ground. An
airborne hand-held laser scanning system provided by the Helimap
Company was used. This system has been developed specifically for
the mapping over mountainous forested areas (Vallet and Skaloud,
2004). A RIEGL VQ-480 laser scanner with a pulse repetition rate of up
to 300 kHz was used to record full waveform laser data. Positioning
was done using a Topcon Legacy GGD capable of tracking GPS and
GLONASS positioning satellites. The orientation of the aircraft was
determined using the iMAR FSAS inertial measurement unit (see
Table 1 for details). In order to increase the point density seven flight
lines were flown resulting in 50 million points. We used last pulse
data that amounted to 35 million points with a mean point density of
140 points m−2, which is still far above most commercial applications
of ALS data.
3.2. Quantitative assessment of landslide DTM accuracy

In this study, we evaluated two common filters for bare-earth
extraction (Sithole and Vosselman, 2004): hierarchical robust
interpolation (HRI) and progressive TIN densification (PTD). Both
filters execute automatically without manual editing and work on
point clouds directly without gridding the data, so no information is
lost by point to grid conversion. We tested the effect of different filter
settings and assessed the result quantitatively against field reference
data and qualitatively using different visualizations and knowledge
from expert image interpreters.



Fig. 2. Parameterization of hierarchical robust interpolation (HRI) and progressive TIN
densification (PTD) methods. A) Weight function of the HRI method, showing the half-
weight value (h) and tolerance (t) for residual calculation. B) Triangle of identified
ground points indicate angles (a, b, and c) and distance to the plane (d) of the PTD
method.
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3.2.1. Parameterization of hierarchical robust interpolation
Robust interpolation was originally developed for ALS data in

forested areas (Kraus and Pfeifer, 1998). A hierarchical approach was
originally proposed by Pfeifer et al. (2001) and has similar structure to
the image pyramids but the reduction function operates on the laser
point data. The HRI method was embedded in SCOP++ software and
has the capability to automatically extract points belonging to the
ground surface and classify the non-ground points into several classes
such as buildings, vegetation and low points.

At three different hierarchical levels that increase in resolution,
four steps are carried out to extract ground points: thin out, filter,
interpolate, and sort out/classify. In the thin out step, the original data
Table 2
Parameterization of weight functions, thinning output and buffer zones for the landslide fil

Step/filter Filter step — weight function

Upper branch Lower b

Half-weight value (m) Tolerance (m) Half-wei

First hierarchy
Landslide filter

1st Scheme 0.80 2.40 –

2nd Scheme 0.56 1.68 –

3rd Scheme 0.40 1.20 –

Forest filter 0.80 2.40 –

HRI-default filter 0.80 2.40 –

Second hierarchy
Landslide filter

1st Scheme 0.30 0.90 1.20
2nd Scheme 0.21 0.63 0.84
3rd Scheme 0.15 0.45 0.60

Forest filter 0.30 0.90 1.20
HRI-default filter 0.30 0.90 1.20

Third hierarchy
Landslide filter

1st Scheme 0.15 0.30 0.23
2nd Scheme 0.11 0.30 0.16
3rd Scheme 0.08 0.30 0.11

Forest filter 0.15 0.30 0.23
HRI-default filter 0.15 0.30 0.23
are thinned out to a low density point cloud. A grid is overlaid over the
point cloud, and for each cell, the lowest or most central point is
chosen. In the filter step, a DTM is determined by applying themethod
of Kraus and Pfeifer (1998), which works by iteratively computing a
local average. Weights are based on the residual value relative to the
DTM in the previous iteration. The weight function gives a lowweight
to points with a large residual and high weight to points with a small
residual. Fig. 2A shows a schematic diagram of a weight function
which involves lower and upper branches for parameterization. The
weight function has half of its maximum value at h and the weight
function is cut off at tolerance, t. Next, a new DTM is defined by
applying the linear prediction algorithm and in each step it is
compared to the data of a higher resolution. In the sort out step, points
within a certain vertical buffer are taken for the next iteration, and
others are excluded. For the basic setting, we use 0.25 m as grid
resolution and 0.15 m formean accuracy of the point clouds. The value
of the mean accuracy is considered by taking into account the mean
errors produced by the differential GPS, inertial measurement unit
and laser scanner system.

We proposed an iterative approach based on the HRI method,
which we will refer to as the landslide filter. This filter is capable of
dealing with the complexity of terrain, especially in a rugged forested
area for landslide mapping. Besides that, we used two predefined
parameterizations embedded in SCOP++, called as an HRI-default
filter and a forest filter in this paper (Table 2). The forest filter is
suggested for vegetated areas, whereas the HRI-default filter works
best for areas with a mix of forest and open terrain. The landslide filter
implements the robust interpolation in three schemes. Every scheme
uses different parameters for the four steps as mentioned earlier and a
number of points within the buffer zone as data input. Herein, a buffer
zone refers to classified points (points on the ground and the points in
between at the certain height of above and below ground surface).We
assume that within the buffer zone, there are ALS points that belong to
the landslide diagnostic features such as ALS points on the crown
cracks and main scarps beneath the dense vegetation. In the first
scheme, non-ground points are filtered out and only those points
within 0.45 m buffer zone (taken from the ground surface to 0.225 m
above and below it) are classified. This improved the estimate of a
ter, forest filter and HRI-default filter.

Thin out
step

Classify step

ranch

ght value (m) Tolerance (m) Cell size (m) Buffer zone (m)

3.60 3 0.45
2.52 3 0.20
1.80 3 0.10
3.60 6 0.45
3.60 3 0.45

1.20 2 0.45
0.84 2 0.20
0.60 2 0.10
1.20 3 0.45
1.20 2 0.45

0.45 0.25 0.45
0.45 0.25 0.20
0.45 0.25 0.10
0.45 0.25 0.45
0.45 0.25 0.45

image of Fig.�2
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DTM and therefore in the subsequent iterations more stringent limits
are imposed on the filtering. For example, buffer zones of 0.2 and
0.1 m are used during the second and third scheme, respectively, and
the values of h and t decrease further. By implementing this strategy,
the residual to the true DTM is computed increasingly accurate, and
less affected by vegetation or non-ground points for the second and
third scheme. Hence, the bare-earth points are classified more
accurately and the DTM accuracy is improved.

3.2.2. Parameterization of progressive TIN densification
The PTD method was developed by Axelsson (2000). It has been

implemented in the Terrascan software and operates on point data.
Startingwith a sparse TIN, based on neighbourhoodminima, the TIN is
progressively densified to represent more local detail. In each
iteration, points are added to the existing TIN if they are below
predefined thresholds. The thresholds are determined on the basis of
the angle points (a, b, and c) of the TIN facets and the distance (d) to
the plane (Fig. 2B). The procedure to add candidate points (p) to the
TIN is done continuously until all points exceed the thresholds.
Parameterization of PTD consists of the selection of the maximum
slope degree of the study area, the lowest points in a large grid, the
maximum number of iterations for distance and angle to the plane,
and threshold for the edge length. This predefined parameterization
will be referred to as a PTD filter.

Due to the use of local minima, the PTD method is sensitive to
below terrain blunders, which need to be removed before filtering.
We removed all blunders points, defined as points with the next
lowest points within the local window. Here, points 0.5 m lower than
any neighbouring point within a 5 m radius are used. We set the
maximum slope angle to 86°, the iteration angle to 10°, and the
distance to the plane to 1.5 m. For the iteration angle, the edge length
was set to less than 5 m in order to avoid adding unnecessary points
and to reduce the use of memory and computation time. These
choices are based on point density and terrain characteristics over the
study area.

3.2.3. Quantitative error assessment
The vertical accuracy of the different DTMs is first determined by

computing RMSE (root mean square error) between field points and a
DTM as defined in the following equation:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i=1
ZGPSi−ZALSið Þ2

n

vuuut
ð1Þ

where n is the number of field reference points, ZGPS are the terrain
heights of points measured by GPS, ZALS are the predicted heights
from the terrain model. RMSE was calculated for forested and open
terrain and in both cases a further subdivision was made for scarps,
cracks, rocks and ground surface. In addition, the DTM is evaluated
under dense canopy at the locations of the tree plots. This procedure
was applied to the DTMs derived from the four different filters.

The effect on the spatial representation of the four different DTM
filters was assessed by computing the differences between the results
from the landslide filter and the other filters. The last quality aspect
evaluated is the density analysis of filtered points. The point density of
the ground points is computed based on the average number of points
within 1 m2.

3.3. Qualitative assessment of DTM interpretability

The qualitative assessment of the ALS-derived DTMs produced by
the different ALS filtering parameterization was carried out in two
ways. Firstly, we assessed the interpretability of geomorphological
features on a hybrid DTM, which consists of a regular grid,
intermeshed with break lines, form lines, border lines and spot
heights (SCOP++, 2008). Such DTMs have been used in many
landscape studies, (e.g. Hollaus et al., 2006; Szekely et al., 2009). We
assessed the interpretability of cracks, scarps, rock blocks, depletion
zones and accumulation zones.

Secondly, we asked three expert interpreters to evaluate the
interpretability of the different DTMs. The DTMs were provided to the
expert image interpreters without informing them on the applied
filtering methodology. The evaluation was done on the basis of a
stereoscopic model and shaded relief images. The interpretability of
different DTMs was rated based on the degree of morphological
appearance and a landslide inventory map was created using DTM
that was rated highest. The image interpretation was done using a
screen visualization technique with 3D anaglyph glasses. A landslide
map indicates the outlines of geomorphological units, roads, cracks,
drainage network, and landslide activity.

3.3.1. Visualisation in 2D
The interpretability of the images depends on the DTM visualiza-

tion techniques. Here we compare four different visualization
techniques based on a gridded DTM with 0.25 m cell size.

• Shaded relief map (Horn, 1981). This technique applies an azimuth
of 310° and an altitude of 40° for the sun's position.

• Color composite map (Smith and Clark, 2005). It is based on three
shaded relief images with an azimuth in the West, North-West or
North direction. Linear stretching was applied to the image.

• Openness map (Yokoyama et al., 2002). This technique generates an
angular measure of surface form, unbiased from solar irradiation. It
is computed from the zenith and nadir angles along eight DTM
azimuths. Positive and negative openness indicates the convex and
concave features of topography, respectively.

• Red relief image (Chiba et al., 2008). This technique produces a red
image by adjusting the chrome value of red on the topographic slope
and its brightness on the openness value. This image was prepared
by Asia Air Survey Co. Ltd. using openness distance of 10 times of the
grid resolution size of 0.25 m to optimize the visualization.

3.3.2. Visualization in 3D
Two types of 3D visualization were also produced and evaluated.

The two 3D visualizations are one static and one dynamic presenta-
tion. Visualization in three dimensions was carried out using the
following two techniques:

• Stereocopic model (Smith and Clark, 2005). A shaded relief and
openness map and the DTM have been used to generate a
stereoscopic view of the area.

• 3D point cloud visualization (Vosselman and Klein, 2010). This
visualization technique offered a dynamic representation of the 3D
point cloud as implemented in the Quick Terrain Modeler software
version 7.1. The high density point clouds can visualize the re-
presentation of the relief and disrupted trees affected by landslides.

3.4. Analysis of ALS point density for landslide recognition

The ALS data enabled the acquisition of extremely dense point
clouds over the landslide area. In this study, the point density of ALS
data is 140 points m−2. We have checked landslide interpretability of
the ALS data at different point densities. The ground point dataset
with an average of 53 points m−2 was thinned out progressively to
derive eight data sets. The initial density was substantially reduced to
end up with a density that is commonly used for generating ALS-
derived DTMs. The eight datasets were categorized based on point
grouping that have been used as thinning strategy. Horizontal
distance of 0.25, 1, 3, 5, 7, 9, 11 and 13 m were used during the
point grouping routine. At each thinning level, all the points within
the given horizontal distance were grouped, and the thinning process
stops after all the points were grouped. Next, the central points in



Table 3
Quantitative assessment of the vertical accuracy of morphological landslide features
with different filter parameterization. Units are in meters.

Cracks Scarps Rocks Ground surface

Number
of
points

RMSE Number
of
points

RMSE Number
of
points

RMSE Number
of points

RMSE

Open terrain
Landslide
filter

5 0.33 5 0.40 18 0.33 94 0.34

Forest
filter

0.33 0.39 0.39 0.35

HRI-default
filter

0.33 0.87 0.41 0.35

PTD filter 0.29 0.36 0.32 0.31

Forested terrain
Landslide
filter

35 0.38 12 0.51 9 0.38 53 0.33

Forest filter 0.38 0.51 0.37 0.34
HRI-default
filter

0.38 0.51 0.38 0.34

PTD filter 0.35 0.50 0.31 0.28

Fig. 3. Profile through the study area showing the results of the four filters together
with the GPS measurements over a complex area. Location of the profile is shown in
Fig. 1 (a–a′).
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each group were also selected for the thinning dataset. This process
was done using the algorithm implemented in Terrascan software.
The eight datasets have different average point density in between
1.69 and 27.20 points m−2.

Each thinned dataset was used to create a 1 m resolution DTM by
using a natural neighbour interpolation technique. This interpolator is
suitable to deal with rough terrain and is an essential step for the
recognition of the morphological features (Pirotti and Tarolli, 2010).
The original DTM and the eight thinned ALS-derived DTMs were
given to expert image interpreters for suitability assessment.
Diagnostic morphological features have been referred for this
assessment in order to examine the suitability of ALS point density
for landslide recognition. This assessment is informative for the users
who want to order and use the ALS data for mapping landslides
beneath vegetation.

4. Results

This study aims at evaluating the use of various ALS-derived DTMs
for landslide mapping and identification of morphological features of
landslides. The main results are presented and discussed in this
section.

4.1. Quantitative assessment

The vertical accuracy of the four produced DTMs varies between
0.28 and 0.87 m compared to the field data and depends on the
different morphological features and the applied filters (Table 3). For
all morphological features the PTD filter outperforms the filters based
on HRI with RMSE being lower than that for the best HRI
parameterization by 0.02 to 0.04 m. The landslide filter shows the
Table 4
Quantitative assessment of the vertical accuracy of vegetation features with different
filter parameterization. Units are in meters.

Tree — Plot A Tree — Plot B

Number of points RMSE (m) Number of points RMSE (m)

Landslide filter 22 0.34 79 0.36
Forest filter 0.40 0.37
HRI-default filter 0.41 0.37
PTD filter 0.32 0.33
best results of the different HRI parameterizations. The errors for
cracks and scarps are lower when no vegetation is present, but for
rock blocks RMSE values are comparable between the open and
forested terrain. The two tree sampling plots also show the PTD as the
best filter and the landslide filter as the best HRI parameterization
(Table 4).

Fig. 3 shows a line profile extracted from the DTMs produced by
the four filters over an area covering crown cracks, main scarps and
vegetated terrain. The location of the line profile (a–a′) is shown in
Fig. 1. This area is delineated by the interpreters as a recent slide
clearly showing an active scarp and crown cracks on the image. Nine
GPS points were collected here for validation. The landslide filter
works well for this area by preserving the crack on the upper scarp
and the terrainmorphology on the area below the scarp. The PTD filter
shows a smoothening effect but still follows the roughness of the
ground surface. In contrast, the forest and HRI-default filters still
contain about ten points on the vegetation which are not properly
filtered out (Fig. 3).

The original point density of last pulse data was 140 points m−2.
The point density of the ground points varies between 22 points m−2

and 76 points m−2 depending on the filters (Table 5). The point
density of the filtered data using parameterization of the landslide
filter is about 52 points m−2, and 64% of the point cloud was filtered
out during the automatic filtering process. For the second and third
scheme of the landslide filter, the number of points was reduced to
46% and 36% of the original data. Point density of extracted ground
points using the forest and HRI-default filters are about 76 points m−2

and 75 points m−2, respectively. In contrast, point density analysis of
the PTD method shows that the ALS points were reduced by 85% after
the filtering process. The lesser number of ground points resulting
Table 5
Point density of ALS ground points extracted using four different filters.

ALS data input Filtered ground points
(million points) (Average points m−2)

Landslide filter
First scheme 35.1 75
Second scheme 19.2 68
Third scheme 18.9 53

Forest filter 35.1 76
HRI-default filter 35.1 75
PTD filter 35.1 22
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Fig. 4. Height differences between terrain models generated from the landslide filter- and A) PTD filter, B) forest filter and C) HRI-default filter. Positive values indicate that the DTM
from the landslide filter is higher than the one from the other filter.
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from the PTD filter leads to insufficient points to represent the
diagnostic landslide morphological features and thus, a less accurate
landslide DTM for forested landslide recognition.

The differences between the DTMs generated by the landslide
filter and the other filters were computed to evaluate the spatial effect
of the different filters (Fig. 4). The major height difference between
the landslide and PTD filters mostly takes place over the zone of
depletion as depicted in the two subset area in Fig. 4A. It shows that
the landslide filter preserves small scale morphological features on
such areas better than the PTD filter. In Fig. 4B and C, height
differences between the landslide filter and both default filters
indicate that most of the active landslide areas show altitude
differences up to 0.15 m, whereas, over forested area, the height
difference is up to 0.30 m. Significant height differences also show up
Fig. 5. Examples of the representation of the shaded relief images from hybrid DTM m
in areas with a higher slope and along the stream incisions.
Consequently, the Fig. 4B and C show more points that are not
completely filtered out over open terrain and forested area.

4.2. Qualitative assessment of ALS-derived DTMs

The qualitative analysis on the generated DTMs by different
filtering parameter settings was carried out based on shaded relief
images of the hybrid DTM model as shown in Fig. 5. The reference
image is the terrain model generated by the landslide filter. Fig. 5A
presents an area with a number of shallow cracks in the terrain. Each
of the filters is capable of identifying the cracks although the HRI-
default filter and the forest filter still show some vegetation that was
not properly filtered out. Fig. 5B indicates that the landslide and PTD
odels from the four filters for different landslide features. See text for explanation.
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filters are slightly better in eliminating trees compared to the other
two filters. The accumulation zones in the complex landslide can be
recognized on each of the filter products. The displaced material and
the disrupted road are seen on the subset images (Fig. 5C). In Fig. 5D,
the landslide filter shows slightly better results than the other filters
for an escarpment area. However, as can be seen in Fig. 5E, the trade-
off for the good performance is that both the landslide and PTD filters
are worse for detecting isolated rock blocks in the area. The PTD filter
also shows a smoothening effect due to insufficient ground points
over the tested area.

4.3. Expert interpretation of DTMs

The three experts on image interpretation that evaluated the results
from the various filters agree that the ALS-derived image generated
using the landslide filter was the best for landslide interpretation. The
Fig. 6. Diagnostic features for the interpretation of landslide type and activity using the op
indicate the direction of landslide movement.
PTD-derived DTM shows less information over the deposition and
accumulation zones, whereas, the forest and HRI-default filters do not
completely filter out the trees.

Fig. 6 shows thediagnostic features of landslides onopenness images
derived fromDTM constructedwith the landslide filter. The presence of
clear cracks (A), semicircular niches followed by concave slopes (B),
flow lobes with concentric patterns (C), hummocky terrain (D) and
several secondary geomorphological features can be clearly observed.
The recognition of small cracks might be the best feature that can be
interpreted from these images, which provides additional information
as compared to the interpretation of optical images suchas aerial photos
or satellite images. The forest cover in this area hides most of these
landslide features, except for the few active zones, and makes the
interpretation of the landslides very difficult from optical images.

Mapping landslide types is also possible, since the diagnostic
features are interpretable on the images with a spatial resolution of
enness image from ALS, as indicated by expert image interpreters. The white arrows
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0.25 m. Most of the landslides in the study area have a source area
where cracks are developed with a radial pattern, followed by a
rotational landslide scarp (Fig. 6B). Most of the landslides are flow-
type slides, and the landslide rigid body turn progressively into a
flow-type body characterized by lobes with concentric ridges and
cracks (Fig. 6C). There are also indications of mass flows that reach
less steep slopes and that cannot extend laterally, producing pressure
ridges with higher elevations, and large cracks in the upslope part
(Fig. 6F). Another clear feature indicating flow-type behaviour is
found in the East of the study area, where the mass flow of a larger
landslide that enters the area from the South is separated from the
surrounding terrain with lateral ridges (Fig. 6E).

The classification of landslide activity is more difficult based on
only monoscopic images of filtered ALS data. As the information on
vegetation characteristics is removed, it is not possible to use the
presence of disrupted vegetation as a possible diagnostic feature. It is
advisable to combine the interpretation of ALS-derived images with
aerial photographs to get the best results. One of the best features that
can be used in this case was the state of the roads and tracks that pass
through the area. Interrupted roads (Fig. 6J) can be found in several
places indicating recent landslide activity that took out the road
surface. Also the downslope movement of the road surface on a
landslide (Fig. 6K) is a clear diagnostic feature. The freshness of
landslide features can only be used to classify the landslide in different
classes of activity and relative age, although in this area most of the
features appear rather fresh indicating that the entire area has been
Fig. 7. Geomorphological map with classification of lan
subjected to landslide activity very recently (Lopez Saez et al.,
submitted for publication). With the help of the openness map it is
possible to map out the various phases of landslide activity, as many
features are intersected by scarps and flow patterns of more recent
events. This allows the reconstruction of the various phases of
landslide activity. The interpretation indicates that the landslide
history has been very complex with many phases of mass flows that
overlap or are reactivated (Fig. 6L).

There are a number of aspects that are still unclear in the image
and need further evaluation. This is partly because the image is
covering part of a larger landslide complex (Bois Noir) and that there
are features of older landslide phases which can only be properly
interpreted when a larger area is evaluated. A complete geomorpho-
logical interpretation of the sample area is presented in Fig. 7. One of
the questions that remained after interpreting the images is whether a
number of ridge features (F and G in Fig. 5) have a structural
geological control (for instance showing the bedding or the main local
discontinuity of the underlying rocks) or are related to older landslide
features. Given the importance of landslides in the area and the
relatively large depth of the landslide features, it is more likely that
these ridges are related to larger scale instability that can only be
interpreted well when looking at the image of the entire Bois Noir
landslide slope segment. Also the relationship between the most
recent landslide activity and larger scale instability features (H in
Fig. 5) should be further investigated. It appears that the recent
landslide near H is actually occurring in a landslide block that is
dslides created by the expert image interpreters.
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located directly upslope. The line of reactivation (I in Fig. 5) seems to
be related to an older landslide mass coming from upslope, as well as
the large glacier-like flow structure (J in Fig. 5). The area between H
and J is considered as a large flow accumulation which has had several
stages of reactivation.

The landslide inventory map (Fig. 7) is prepared by the expert
interpreters. The map combines the relative age of the landslides with
morphological features and the landslide types. The areas indicated as
“non-landslide area” are the side slopes and ridges between the
landslide masses. They could be part of a larger, and older, landslide
complex, but this can only be interpreted from images of a larger area.
The source area is characterized by a large density of small cracks.
They appear upslope of the actual active landslide area. The active
landslides appear in a linear zone, probably related to a step in a larger
landslide complex, and seriously affect the forest road in four places,
two in the scarp area and two in the accumulation area of the active
landslides. The eastern part of the area consists of a mass large flow,
and which is reactivated in several places.

4.4. Visualization methods

The different 2D visualizations of the study area are presented in
Fig. 8. The shaded relief image is less effective in highlighting micro-
morphological features and it is difficult to identify features that occur
parallel to the source areas of the landslides due to the illumination
direction. This image requires a directional light source. The colour
composite technique significantly improves the quality of the image
in terms of visibility of some morphological features such as flow
pattern and hummocky topography. The openness image is recog-
nized by the image interpreters to be more appropriate for landslide
visualization. Based on the qualitative assessment carried out on
monoscopic images by expert image interpreters, many more macro-
and micro-morphological features can be found on the openness map
compared to the shaded relief map. The red relief image has similar
interpretability as the openness map, but the image interpreters
found the overall red colour to be disturbing in the image
interpretation process. Small details are visible in the scarps and
accumulation zone.
Fig. 8. Illustrations of the various visualization methods used for landslide interpretation. A) S
The 3D visualizations of the non-filtered and filtered datasets are
shown in Figs. 9 and 10. The stereoscopic model presented as an
anaglyph in Fig. 9A shows that most of the landslide morphology are
hidden beneath dense vegetation, whereas geomorphological features
under forest are clearly seen in Fig. 9B. Fig. 10A presents 34.2 million
points cloud over the non-filtered dataset, whereas 9.2 million points
represent the ground points are depicted in Fig. 10B. It presents the
scarps that were forming in the rough terrain. However, for landslide
interpretation the 3D point cloud representation is less useful than the
anaglyph images produced from the openness image.

4.5. ALS point density on landslide recognition

The thinned out datasets ranged from a point density of 1.69 to
27.20 points m−2 (Table 6). Fig. 11 shows a detail of the Bois Noir
area, visualized as openness images. Three datasets are shown, the
original, and thinned out data sets at levels 3 and 8. The visual
assessments by experts started on the dataset with level 8 then
followed by the other levels including the original dataset. The experts
all agreed that the thinned dataset could be used to recognize the
major geomorphological indicators of landslide activity. However, in
order to differentiate the minor relief, recognize individual landforms
and properly assess the landslide activity, point densities at levels 1–3
are required.

5. Discussion and conclusions

In this study, we evaluated the suitability of various types of ALS-
derived DTMs for mapping landslides and for identifying morpholog-
ical features of landslides. We used a quantitative measure for
expressing the accuracy of the landslide DTMs based on ALS data and
we investigated the usefulness of different visualization techniques on
the interpretability of the landslide morphology. The vertical accuracy
of the DTM varied between 0.28 and 0.36 m for the PTD filter. The
accuracy depends on the types of geomorphological features. Our
results are an improvement in accuracy compared to the previous
studies that reported 0.57 m (Kraus and Pfeifer, 1998) and 0.46 m
(Hodgson et al., 2003) vertical error over forested area. Reutebuch
haded relief map. B) Colour composite map. C) Openness map. D) Red relief imagemap.
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Fig. 9. Stereocopic models of non-filtered and filtered datasets. A) Anaglyph image showing dense vegetation covering the landslide area. B) Digital terrain model visualized as an
openness image showing the morphology of forested landslides. Both images need to view with red-blue anaglyph glasses.
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et al. (2003) and Wang and Glenn (2009) reported similar results for
sloping forested terrain. The results from the different filter
parameterizations of the HRI method were slightly less accurate, but
still in the range between 0.30 and 0.40 m. The PTD filter yielded
slightly lower RMSE than the landslide filter: about 0.28 and 0.33 m
for morphological preservation and elimination of the trees, respec-
tively. However, the landslide filter shows a better visualization for
landslide recognition as depicted by expert image interpreters.

Pfeifer and Mandlburger (2009) state that the evaluation of an
ALS-derived DTM under forest is difficult and expensive because it
requires a higher precision of the ground control points than the ALS
dataset and that reference points should be well distributed over the
study area. In this work, however, we succeeded to carry out a
thorough accuracy assessment. Under a dense canopy, the GPS signal
was indeed too weak for a few cases to reach a high accuracy. We
solved this problem by linking measurements acquired by a total
station to GPS points outside the forest canopy.

The interpretation of slope movements from the ALS-derived DTM
is based on the recognition or identification of elements associated
with slope movements and the interpretation of their significance to
slope instability. The ALS-derived DTM offers a significant improve-
ment for landslide recognition and classification in forested terrain, as
compared to optical images. Small morphological features, such as
cracks, lateral ridges, pressure ridges and step wise morphology are
clearly recognizable and gives the image interpreter unprecedented
detail. Also the type of landslide is easily recognized from the detailed
DTM. The trade-off between the four different filters is that trees were
properly filtered out in the landslide and PTD filters, but rock blocks
and the edges of incised channels are also filtered out. The HRI-default
and forest filters maintained more of the trees, rock and channel
edges. This trade-off is not shown in the accuracy assessment, but only
showed upwhile interpreting the gridded DTM. This suggests that the
HRI method with landslide filter parameterization would be a good
method for DTM extraction of forested landslides, but that a separate
filter should be applied when there is an interest in rock blocks and
step edges.

The assessment of landslide activity using only the DTMwas more
difficult. This could be done much better if two ALS datasets were
available from two different periods. Vegetation characteristics are
important indicators of activity and these are normally obtained from
aerial images. However, also with a high density ALS data the
distribution pattern of irregular trees can be a good indicator for
assessing landslide activity. The shape of the tree stem and the
orientation of the tree may also be influenced by landslides. Back-
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Fig. 10. 3D point cloud visualization of the Bois Noir landslide. A) 34.2 million points cloud representing the non-filtered dataset. B) Filtered ground points resulting in 9.2 million
points cloud over the complex landslides.
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tilting of trees indicate a rotational slide, whereas bended stems
indicate slow motion of the top soil. These topics are currently being
investigated.

While differences in the RMSE values differed little between the
filters, the method of visualization had a large effect on the inter-
pretability of the landslide. A stereoscopicmodel was used to visualize
the landslides. The 3D view of the landscape gives a much stronger
impression of the landscape dynamics than any of the monoscopic
images. The interpretability of the 3D point cloud visualization was
Table 6
Thinning dataset with different horizontal distances and average point densities.
The original dataset includes 12.6 million points with an average point density of
53 points m−2.

Thinning Horizontal distance Average point density No. of points

Level
(m) (points m−2) (×106)

1 0.25 27.20 6.50
2 1 12.37 2.96
3 3 5.69 1.36
4 5 3.80 0.91
5 7 2.84 0.69
6 9 2.32 0.55
7 11 2.00 0.46
8 13 1.69 0.40
also less attractive than the stereo image due to the varying point
densities across the area. For vegetation assessment the raw point
cloud would be superior as at such a high point density the shape of
the tree is clearly recognizable. The openness image showed most of
the details in the area. It has a more natural view than the composite
image and has the added advantage that the openness can be
combined in a stereoscopic view as it is monochromatic. Shaded relief
images proved less attractive due to the dependence on solar angle
and the loss of detail in the end result.

The required point density for landslide interpretation depends on
the purpose of the study. Gross morphological features of landslides
are easily distinguished at a point density of 1.69 points m−2. Detailed
analysis of morphological features requires a point density more
than 5.69 points m−2. However for vegetation analysis, a very high
density ALS data are preferable to enable detailed characterization of
the shape of tree stems and branches (Bucksch and Lindenbergh,
2008).

This paper has shown the quality of an ALS-derived DTM for
landslides mapping under a dense forest canopy. The generation of a
detailed landslide inventory in forested terrain is considered
important for landslide hazard assessment. This method should also
be suitable in tropical areas where the re-vegetation of landslides
proceeds rapidly. Furthermore, the vegetation characteristics, partic-
ularly on irregular trees extracted from high density ALS data could be
used to assess landslide activity beneath a densely vegetated area.
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Fig. 11. Three examples of an openness map made from different point densities. A) Original dataset. B) Thinned level 3. C) Thinned level 8 (See also Table 6 for explanation of
thinning levels).
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Follow-up work is planned for landslides occurring in a forested
tropical area with a case study in Malaysia.
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