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Abstract In this work, a simple methodology is presented for
processing high-resolution topographical data over wide areas. It
is based on digital elevation model of differences (DEMoD) among
high-resolution digital models (HRDEM) produced from light-
detection and ranging (LiDAR) data. Because these qualitative
approaches based on HRDEMs can be affected by errors related
to misalignment between different passes of the airborne sensor
and errors in classifying points, a simplified strategy was under-
taken for their semi-automatic correction and supervision for
analyzing geomorphological changes. Besides, it became possible
to detect, delineate, and classify a total of 47 natural landslides and
50 slope-cut failures over an area of 234km? on the basis of the
analysis of the LiDAR products (DEMs and DEMoD) and the
orthophotography imagery inspection integrated in a geographical
information system (GIS). Most of the displacements detected
were probably generated during the winter of 2009-2010 when a
new record of cumulative rainfall was reached. The displacement
rate of these movements cannot be known with precision, but the
minimum velocity that can be obtained is 0.3m/year regarding the
period between the two data acquisitions carried out in November
2008 and July 2010. On the other hand, a comparison was made of
the existing susceptibility maps with respect to this new inventory,
which indicated greater landslide frequency in areas of moderate
susceptibility levels. The influence of treating inventories at differ-
ent temporal scales is discussed.
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Introduction

In the framework of the calculation of total risk due to landslides,
the well-known definition of Varnes (1984): “the expected number
of lives lost, persons injured, damage to property and disruption
of economic activity due to a particular damaging phenomenon
for a given area and reference period” is frequently applied. This
implies that the spatial and temporal occurrence probability of one
specific event must be quantified (Brabb 1984; van Westen et al.
2006), and for that, the first and most important step is to get the
inventory as another layer of the input data such as is underlined
in the literature (Soeters and van Westen 1996; Cascini et al. 200s5;
van Westen et al. 2008; Guzzetti et al. 2012). A description of the
basic data sets required for susceptibility and hazard assessments
can be found in Fell et al. (2008) and in van Westen et al. (2008), as
well as they present a summary of techniques for the collection of
landslide information at different scales. The recent work of
Corominas et al. (2014) extends these recommendations to quan-
titative risk analysis (QRA) the recent work of Corominas et al.
(2014) can be consulted. Nevertheless, when inventory maps and
databases of landslides are made appear different problems (van
Westen et al. 2008, 2006) which also make it difficult to standard-
ize the methods for deal with the risk assessment in an objective
and reproducible way (Galli et al. 2008; Guzzetti et al. 2012). They

are basically due to the diversity of types of landslides, mecha-
nisms of initiation or reactivation, or changes in the preparatory
factors, as well as the important lack of historical data on dating
and characteristics of events happening (Ibsen and Brunsden
1996) that are only recorded in a timely manner after events that
cause substantial damage or when they are selected as research
objects. As a consequence, the existing information is often in-
complete, outdated, and lacks good quality (Cascini 2008;
Corominas et al. 2014; Van Den Eeckhaut and Hervds 2012; van
Westen et al. 2008). This matter is exacerbated when dealing with
quantifying the frequency of occurrence or analyzing the landslide
activity and development (Chacén et al. 2010), which involves
generating big amounts of information on this phenomenon with
minimum effort while saving time, mainly working in mapping
from local to minor scales (more than 10 km?®) (Cascini 2008;
Corominas et al. 2014). A review of several studies of inventory
with production time (from several months to several years) can
be found in Guzzetti et al. (2012). Despite these problems, in the
last decade, there have been efforts to draft guidelines for applying
different methodologies and techniques to the zoning of the main
components of risk (inventory, susceptibility, hazard, and vulner-
ability) depending on the scale and level of detail required by the
type of work (Cascini 2008; Corominas et al. 2014; Fell et al. 2008).
Unlike conventional techniques, those based in remote sensing
and altimetry constitute fundamental tools for rapid and precise
mapping of geomorphological features (Hervés et al. 2003; Baum
et al. 2005; Ardizzone et al. 2007; Ferndndez et al. 2008; Proke$ovéd
et al. 2010; Guzzetti et al. 2012; Daehne and Corsini 2013; Roering
et al. 2013), allowing inaccessible areas to be covered and enabling
the preparation of more complete inventories in a semi-automatic
way (Guzzetti et al. 2012; Jaboyedoff et al. 2012). The laser altimeter
based on light-detection and ranging (LiDAR), airborne or terrestri-
al, has evolved in the last 15 years (Haneberg et al. 2009; Derron and
Jaboyedoff 2010), enabling to the creation of high-resolution and
precise digital elevation models with HRDEM (McKean and Roering
2004; Glenn et al. 2006; Kasai et al. 2009). These models have been
used to evaluate land changes with greater precision, often integrat-
ing DEMs from other techniques such as photogrammetry, in differ-
ent research strategies (Dewitte et al. 2008; Marsella et al. 2009;
Ferndndez et al. 2011, 2013) or terrestrial laser scanner (Jaboyedoff
et al. 2012; Wang et al. 2013). Most of these works involve working
with small areas (a few km? or tens of km?) in which the generation
and edition of DEMs are not a too long time-consuming process.
In view of these advantages, the aim of this work is to develop a
feasible methodology integrating the LIDAR processing in a geograph-
ical information system (GIS) environment to collect landslide features
and data periodically to be used in the assessment of the total risk and
their components (Carrara et al. 1999; Chacén et al. 2006a, b) in
relatively large areas (hundreds of km®). In a nutshell, to highlight
and cartography terrain changes, the methodology was based in Digital
Elevation Model of Differences (DEMoD) (Daehne and Corsini 2013)
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supported by the visual inspection of the underlying orthophoto imag-
ery as an attempt to easily produce inventories in an effective and
regular manner. The methodology was applied in an area of 234 km?
using LiDAR data corresponding to the dates November 2008 and July
2010, which includes only two seasonal cycles, the second one (2009-
2010) characterized by critical rainfall periods resulting in damages for
infrastructures and private properties. These inventories of relative
short periods or covering few seasonal cycles can be classified
as seasonal inventories. Finally, the resulting inventory of
short time interval compared to the input inventory used to
generate the existing susceptibility model in the study area is
not considered enough complete to carry out a real validation
of such a model. Nevertheless, to this goal, the new inventory was
regarded as a preliminary data and its spatial distribution taking into
account the different lithology as well as the existing zoning suscep-
tibility (potential for landslides) based on historical geomorpholog-
ical inventory of higher temporal extension (Guzzetti et al. 2012) was
analyzed and discussed.

Characteristics of the study area
The present study lies in southern Spain and extends 234 km*
throughout the Guadalfeo basin, which can be considered a

relatively large area to be studied at medium or local-regional
scales (1:10.000-1:100.000) (Cascini 2008; Fell et al. 2008) and
geologically located in the Internal Zones of the Betic Cordillera.
This is composed primarily of metamorphic rocks of both the
Nevado-Filabride and the Alpujarride Complexes, which cover
an area of steep slopes resulting from alpine orogeny and crossed
by deep valleys; in addition, there are post-tectonic Neogene
and Quaternary deposits located in the topographically lowest
part with gentle slopes (Fig. 1). In the Nevado-Filabride Com-
plex, dark schists and feldspathic mica schists are widespread,
while the Alpujarride Complex is composed of Triassic calcar-
eous schists together with marbles, phyllites, and quartzites
(Gémez-Pugnaire et al. 2004). The Neogene lithology is com-
posed of marls and silts covered with conglomerates, colluvial
deposits in the lower part of a slope, and alluvial fill
transported throughout the watershed.

The different combinations of lithology and type of relief are
associated with the expected landslides types (Chacén et al. 2010).
In this area, the translational and rotational slides, debris flows,
and rockfalls can be found, some of them related to the mechan-
ical properties of the lithology sited between tectonic boundaries,
for instance, the existing landsliding activity in the surrounding of
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Fig. 1 Geographical location of the study area on the lithological and structural map of the Betic Cordillera and location and major structural units (bottom map)
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the contact between phyllites and schists, or through the tectonic
contact between coarse clastic deposits (silts, sands, and conglom-
erates) and the Alpujarride Complex (Chacén et al. 2006a, b).
Landsliding have been investigated in this area for several decades
as a generalized and hazardous denudation process, including
some inventories distributed in various adjacent areas: the envi-
rons of the Guadalfeo river (Ferndndez et al. 2009; Jiménez-
Perdlvarez et al. 2011); the Izbor river basin (El Hamdouni et al.
2008); and Sierra de La Contraviesa and Sierra de Los Gudjares
(Ferndndez et al. 2003; Irigaray et al. 2007). These inventories are
made through photointerpretation techniques with the aid of field
work, including the size and type of landslide, stage of develop-
ment, and the activity and lithology of each area. In addition, with
these inventories used as entry data together with other geomor-
phological variables and the lithology, the susceptibility map was
constructed from the determining factors, with the use of a GIS
Matrix Methodology (GMM) (Irigaray et al. 1999; Ferndndez et al.
2003; Irigaray et al. 2007), recently optimized (Jiménez-Perdlvarez
et al. 2011). Figure 2 illustrated the landslide-susceptibility zoning
established for the study area in the environs of the Sierra de La
Contraviesa and published in the natural hazards atlas of the
Granada province (DIPGRA/IGME 2007). The percentage of the
corresponding area for each final susceptibility class regarding the
investigated extent are 2.87 % (very low), 14.21 % (low), 61.15 %
(moderate), 21.66 % (high), and o.11 % (very high). The validation
and quality of this map was assessed by applying the degree of fit
(DOF) (Jimenez-Peralvarez et al. 2009) and using a different in-
ventory than that used for the susceptibility assessment. The DOF
is defined as follows:

where m; is the area occupied by the source areas of the
landslides at each susceptibility level or class i, and ¢; is the total
area covered by that susceptibility class. This DOF represent the
percentage of mobilized area located in each of those classes. For
the present susceptibility zoning, the DOF is lower (<7 %) in the

low and very low classes, and therefore showing a relative error,
while the value of the DOF increases with higher classes (relative
accuracy) (Jimenez-Peralvarez et al. 2009).

The predominant Mediterranean climate of the study area is
characterized by a varied rainfall pattern with long-dry summers
during which violent storms happen and wet winters. Nonetheless,
some historic anomalies have been detected, as occurred in the
winter 1996-1997 when the rainfall was more than double the
average, resulting in multiple damages to the road network of this
area (Irigaray et al. 2000). And more recently, in the wet period of
the winter 2009-2010 covered by the time window between the
data used in the present work, another record was reached as
revealed by the accumulative rainfall registered in pluviometric
stations spread over the Guadalfeo basin. The report of AEMET
(2010) states that in general, for the hydrological year 2009-2010
the cumulative precipitation exceeded 50 % of the average cumu-
lative precipitation for a typical hydrological year in Spain. On the
other hand, taking into account the most representative stations in
the area, the cumulative precipitation reached 247 % (Torvizcén
station) and 221 % (Orgiva station) with respect to the average in
the wet months from October 2009 to March 2010, corresponding
to quantities measured of 485 and 782 mm, respectively (Irigaray
and Palenzuela 2013; Palenzuela et al. 2013). This precipitation
triggered numerous floods, landslides, and heavy erosion, damag-
ing private property as well as civil infrastructures.

Materials and data
The two LiDAR databases were compiled by flights on two dates,
November 2008 and July 2010 including the wet cycle of the winter
2009-2010 when atypical rainfall took place, as described above.
From each database, 75 common tiles (150 in total) were select-
ed 2x2 km, and the mean density of the data was calculated, giving
values of 0.31 and 0.34 points/m?®, for the first and second flight,
respectively. In addition, the spacing between points averaged
1.20 m for the first flight and 1.08 for the second. Following these
parameters, the average number of points per part in the first flight
reached 2,721,214 million points and 3,318,737 million for the
second.
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Fig. 2 Susceptibility zoning in the study area
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The data were gathered with the airborne laser scanner 50 II
(Leica 2006) from an average height of 2000 m, which resulted in
predicted measurement errors in distances of less than 0.30 m, and
an illuminated footprint of 0.32 m* (Leica 2006). These errors are
acceptable within the scope of geomorphological studies (Tarolli
et al. 2012) at a level of detail of detecting and quantifying terrain
morphology (Singhroy and Molch 2004) (small scars, heads of ra-
vines, channel, sandbars, etc.) from contour maps with intervals less
than a meter (Prokop and Panholzer 2009) or HRDEMs. This tech-
nology enables the production of HRDEMs, from which precise
maps are drawn and directly georeferenced, avoiding certain typical
human errors in the field work due to reduced visibility when the
best vantage points cannot be reached to delineate the landslides and
where subjectivity appears in decision making based on the judg-
ment of the expert (Baum et al. 2005; Ardizzone et al. 2007), or
simply for not having access to all the parts of the study area. Other
errors that add to the measurement involve the precision of the
coordinates of the position caused by the differential geographical
positioning system (DGPS), as well as errors in the orientation
determined by the inertial navigation system (INS). This provokes
centimetric errors in the points on the XY plane, the effect being
more pronounced in the elevation coordinate (Z) (=5 cm). However,
in areas of steep slopes and forests, the dispersion of the beam and
the illumination footprint are multiplied by tens to hundreds of
times these values, depending on the Z coordinate of the deviation
in the position on the XY plane, and thus some points can vary
several meters in the least favorable areas, although the error can be
less than with some conventional methodologies of photogrammetry
at similar scales (McKean and Roering 2004; Baum et al. 2005).

All these errors resulted in translations and rotations of the set
of points with respect to their correct position and orientation and
consequently in the misalignment between the passes of the Li-
DAR sensor seen as a slide-lap effect in the border areas between

these bands (Ardizzone et al. 2007). As the raw data or those in
standard LAS format were divided by the flight agency into two
square parts of 2x2 km in order to reduce the computational cost
in the post-processing tasks, some minimal maladjustments were
detected also in the parts near the adjacent edges after the data
were adjusted by the present methodology due to the loss of lateral
consistency. Finally, apart from these errors inherent to the data-
gathering instruments and the georeferencing, there are non-
system errors resulting in the mistaken classification of the points
measured in the objects by different methods.

Methodology

The methodology represented schematically in the flow diagram in
Fig. 3 can be divided into the following steps where the two types
of DEMs are generated from the raw data for their processing,
digital terrain model (DTM) containing the bare earth surface and
digital surface model (DSM) that also includes all the other ele-
ments on the ground as follows:

® (lassification of the LiDAR data.

® Interpolation of the LiDAR data.

® First comparison of the DTMs and adjustment of the
alignment.

® Comparison of the DTMs of the adjusted data.

® Comparison of the DSMs, determination of the combined
DEMoD, and digitalization of features.

It bears emphasizing that many of the processes are applied
directly in GIS (ESRI 2013) in order to integrate the new database
with other layers of georeferenced information later used in geo-
morphological research or in other types of studies, projecting
each in the European Terrestrial Reference System 1989
(ETRS89) in conjunction with the ellipsoid height. In addition,

(1) Batch classification of ground / no ground
point and store into 4 geodatabases, 2 for each
date (DSM points and DTM points).

Y

(2) Point clouds interpolation and mosaicking
into 4 raster datasets 2 for each date (HRDSM
and HRDTM).

v

(3) 1t DTM COMPARISON. HRDTMs
subtraction - statistics noise reduction and
homogenization — classification.

N
Coarse noise was identified associated with
misaligned strips of multitemporal flight-lines.
Y
(4) Scripting and batch misalignment
correction by chunks.
v

(5) 2¢ DTM COMPARISON (11). To repeat
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Fig. 3 Work flow sketch
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some models of tools and scripts were created for automating
certain iterative tasks that consumed greater work time.

LiDAR dassification

Despite that the LIDAR data allow the preliminary assignment of
points to different types of objects (terrain, low vegetation, trees,
buildings, etc.) making use of the order of returning beams
reflected (up to 4 rebounds with the Leicaso II scanner), which
constitutes an advantage in wooded and urban areas where even
previously unknown land forms are revealed (Roering et al. 2013),
a correct classification and assignation of points to the terrain
cannot always be achieved. For example, in woods with a dense
canopy or constructions, it is common for all the rebounds to
come from objects higher than the ground, so that the last re-
bound that is assigned to the terrain would be misclassified in
these cases. Therefore, it is recommended to use filtered added
mathematics that improve this classification between ground
points and non-ground points (Axelsson 2000; Zhang et al. 2003;
Evans and Hudak 2007; Meng et al. 2010). In this way, in this first
stage, the data are classified by a filter commonly used for this type
of progressive densification (Axelsson 2000) implemented in
LAStools software (Isenburg 2013), being applicable to any type
of surface (from mountainous and forested areas to flat urban
zones). However, this filtering ends up beveling some abrupt areas
and crests of terrain that need to be taken into account in order to
analyze the results in successive stages of the processing. Current-
ly, the improvement of the filtering algorithms to avoid this prob-
lem continue to be a challenge in the classification strategies of
LiDAR data (Evans and Hudak 2007; Zhang et al. 2003), and as
long as this is not perfected, its application can result in the
omission of analysis areas where errors can be significant. The
classified LAS files were then imported into four GIS geodatabases,
two for each date (DSM points and DTM points) (Fig. 3 (1)).

Interpolation

Once the points measured were classified, some trials were made
to optimize the interpolation phase. First, different cell sizes were
used to find the ones most suitable for the products created from
the original data. For this, the points were converted to a raster
format, assigning the value “No Data” to cells when there was no
point projected over the domain of the corresponding pixel, and

Elevation (m)
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Elevation (m
- High : 1047,95

w : 862,69

Low : 862,69

the parameters of average density (=1 point per 3 m*) and average
spacing between points (=1.1 m) were taken into account.

Figure 4 shows three DSM rasters resulting from applying three
different cell sizes. In the first trial, a size of 1 m (a value close to
that of the spacing) produced a greater number of No Data values,
which are shown as white “holes” and represent areas of insuffi-
cient data. In the case of the raster with a pixel size of 2 m, the
number of No Data cells is almost the same as for the first case.
Finally, with a cell size of 2.5 m, the number of No Data pixels
diminished considerably, although the resolution or distribution
of elevation data was less in the raster (1 value per 6 m?®) than in
the original points cloud (1 value per 3 m®). Therefore, this unit cell
size was selected to produce the DSMs, since it can represent the
interpolated values (predicted) with a resolution that best approx-
imates that of the points cloud measured—that is, with minimum
loss of original resolution in terms of density but without
overexploiting the areas without data.

On the other hand, different interpolation methods were tested
to select a faster and more efficient one that would be applicable to
all the parts of the division of the scanned datasets, all of them
based on well-known interpolators implemented in ArcGIS. The
first one consisted of a combination of points to raster transfor-
mation and then the holes are closed by means of a geostatistical
reclassification based in a matrix of 3x3 m calculating the mean
value in the central cell, also were applied two common types of
kriging interpolators, these are, the simple and ordinary kriging
with default parameters, and lastly, the inverse distance weighted
(IDW) interpolation using 15 neighbors to calculate the predicted
values.

To evaluate the results of the interpolation methods, two dif-
ferent approaches were applied: cross validation through an inte-
grated tool in the GIS package and the residuals or variation in
height of the point with respect to the raster model interpolated.
The first approach evaluates the differences between the entire
data set used to generate the model comparing the predicted
values with the original ones. The latter was automated in a model
of GIS tools and permits the selection of a random sample of the
original points cloud and its direct comparison by the calculation
of the residuals taking as a base the interpolated raster. This model
calculates new columns with the vertical residuals (AZ) and its
absolute values, introducing them into the same database that
contains the test set. Optionally, the tool offers the possibility of
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Fig. 4 No Data (holes) distribution converted point to DSM raster for different pixel sizes
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directly representing the residual values on a color map on
selecting any interpolation model from among those included in
ArcMap. All of the interpolation strategies were carried out for the
same training data set with a number of 2000 points selected at
random and set at a minimum distance of 20 m apart.

The results are statistically summarized to be compared. The
mean and standard deviation (SD) of the absolute value of the
residuals are presented in Table 1, where it is shown that the IDW
offers the best approximation. This suggests that the kriging model
is not as good for representing the data distributed with patterns
of a certain irregularity in which it is difficult to fit the parameters
of the function to this trend. However, IDW is a rapid interpolator
that can be applied to the data bases in a deterministic and
understandable way, or can be easily reproduced through all the
interpolated parts. As a consequence, the IDW interpolator is
applied to all the parts (LiDAR data tiles) of the two geodatabases
on each date that were afterwards pooled to generate each mosaic
of DEMs. This resulted in four new raster datasets, one HRDSM
and one HRDTM for each date by using the classified point clouds
stored in the geodatabases (Fig. 3 (2)).

First DTM comparison and alignment fit

This phase consists of the subtraction of the first DTM of the
acquisition sequence (year 2008) to the last (year 2010). After this
step, the noise of the results is reduced in order to isolate the changes
in the terrain. For this, the DEMoD values were rounded to their
nearest integers and then a statistical filter was applied for which a
window of 3x3 pixels was used to determine the most frequent
discrete value assigned to each pixel, which produces a discrete
preliminary classification that can be supervised visually in an easier
way (Fig. 3 (3)), permitting the highlighted features to be delineated.

In this first comparison, the resulting DEMoD (in reality, it
should be called DTMoD) reveals some of the common errors
when acquiring and processing LiDAR data; on the one hand,
the misalignment or poor fit between the sequential passes of the
measuring sensor detected in border areas and on terrain parts of
pronounced slopes, and on the other hand the erroneous classifi-
cation of the data in rural zones and urbanized ones, and to a
lesser degree in forested sectors where a great part of the vegeta-
tion was correctly eliminated (Fig. 5), according to the classifica-
tion procedures described above.

The systematic error of misalignment can be partially corrected
by an adjustment of the original data. In this particular case, a data
base of ground control points (GCP) is not available, making it
necessary to measure these points onsite (by GPS), with the sub-
stantial increase in time. This is added to the significantly high
computational time and cost when such a volume of data is

treated. To overcome these limitations, the following procedure,
which was considered appropriate for this type of study, was
applied.

Initially, an individual alignment error was identified for only
1 year, revealing a major poor fit between the points scanned
within the three adjacent parts (tiles with a total surface area of
6x2 km) of the data belonging to the 2008 flight. This sample of
data was taken to confirm the poor alignment for being a zone
where greater differences were detected between the data of one or
another year, following adjacent patterns in overlapping zones of
several passes of the scan of the 2008 flight with a mean error of
—o0.53 m and a SD of 1.07 m (Fig. 5a and b). On the contrary, the
same area in the data from 2010 presented a lower mean error
(—0.034 and a SD of 0.58), which could be attributed to the
measurement error itself. With flight 2010 as the reference model,
the parts corresponding to flight 2008 were adjusted by the algo-
rithm of iterative closest point (ICP; Besl and McKay 1992) with
specific software. For this, the 75 parts of 2x2 km were first
subdivided into another 230 smaller parts taking into account
the scanner passes for flight 2008 (Fig. 6¢), since in that first
survey, the initial parameter data of external orientation were
not fit by GCPs or some reference DEM.

To cope with the above limitations, several scripts of automa-
tion were created in PolyWorks vio software (InnovMetric 2014) in
an effort to fit each of these parts sequentially and automatically
(Figs. 3 (4) and 6). The automatic process includes the incorpora-
tion of each part of the subdivision to the fit with respect to its
reference model (its tile corresponding to 2x2 km of flight 2010),
and its integration again in the 2x2 km part from which it came.
With this procedure, for a sample area spanning three overlapping
passes of the sensor, the exterior orientation of the flight im-
proved, reducing the average error from —0.53 to —0.002 m, while
the SD improved from 1.07 to 0.55 m. Also, the fit clearly improved
between flights 2008 and 2010, both in mean error (from o.179 to
—0.022 m) as well as in SD (from 0.87 to 0.173 m).

Second DTM comparison

This step comprises the process of comparing new corrected DTM
raster datasets (steps 1to 3) on Fig. 3 resulting in a second DTMoD,
for which the noise was reduced and the values were previously
classified (Fig. 3 (5)). This enabled a review of the objects and other
artifacts detected. In addition to the improvement in the orienta-
tion of flight 2008, the errors observed in the overlap areas of
scanned bands almost disappeared. However, the greater noise
remained in areas of strong slopes and to a lesser degree in areas
with dense vegetation according to what was revealed by profiles
or maps (Figs. 4d and 5d). This is related to the typical problem

Table 1 Interpolator error expressed as the mean (absolute values) and standard deviation

Interpolator Raster residues Cross validation

Mean (m)
Geostatistical reclassification 1.16 1.56 - -
Ordinary kriging 1.14 1.62 0.91 1.52
Simply kriging 1.18 1.53 1.84 1.93
IDW 1.11 1.68 0.87 1.53

SD standard deviation, IDW inverse distance weighted
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mentioned above and the main challenge in the investigation of
LiDAR data when an effort is made to extract ground control
points. When the extraction of ground control points by filtering
fails, it results in points classified as ground when this is false
(data-commission error), or classified as an object other than the
ground when it was in fact ground (omission error), provoking an
excess or shortage of points in some DTM areas located.

DSM comparison, generation of combined DEMoD, and delineation
of the features detected

In view of the errors that arose in selecting the points classified as
ground, a repeat of the process was tried in one part of the data
corresponding to the digital surface model (DSM), for which the
points of the first rebound of the beam were used directly without
applying any classification or filtering method. In this way, it was
observed that, while the differences in DSMs between the two dates
presented a generalized error greater than the differences in DEM
in the forest zones, due to the irregularity of these surfaces, the
contrary occurred in the zones of more abrupt topography and
with little vegetation (mountain crests, rocky outcrops, buildings,
bridges, etc.), due to the application of the classification filters of
the points clouds to generate the DTM, which can give different
results in the same area depending on the coordinates of the input
points incorporated in the algorithm (Fig. 3 (6)).

With this consideration, the same procedures were applied to
the points from the first rebounds as to the points classified as
ground in GIS, resulting in the raster representation of the highest
surface over the soil (DSM) for the data of each date. In the same
way, a second DEMoD was calculated (in reality this should be
called DSMoD). With these new results, a new combined DEMoD
was formulated automatically by selecting the value of the differ-
ence corresponding to the least absolute value found between the
two differential maps (differentials of DSMs or DTMs), leading to
a map of differences or DEMoD with a lower error, since in the
wooded areas the DTMoD was adopted and in the abrupt topog-
raphy the DSMoD (Figs. 2 (8) and 6), considering the above.

After the noise was minimized with the same geostatistical filter used
in the previous cases (Fig. 3 (9)), the study area was examined visually to
identify and delimit the features related to landslide phenomena ac-
cording to their morphological characteristics (Fig. 3 (10)). However, in
this review, three difference maps were used. That is, the last combined
DEMoD was used as the best overall solution, while the DTMoD was
more satisfactory in the areas with more vegetation, and the DSMoD
was best to distinguish the features in places with angular or abrupt
topography with less vegetation. For confirmation of the object and type
of movement detected, other two kinds of layers were used, the shaded
relief models to each date, and the existing orthophotography imagery
for the study years with a ground sampling distance (GSD) of 0.5 m by
linking them from the public web map server REDIAM (BOJA 2007) in
the GIS. These information layers used to control and map the features
found were adequate for most of the territory, but its resolution, despite
being rather high, presented some limitations in very narrow and small
areas such as steep slopes or ridges, where it became difficult to recog-
nize the landslide processes. In addition to their little dimensions, this
type of topography made it difficult to distinguish with certainty wheth-
er the changes corresponded to alterations of the terrain or simply to
common errors of classification and interpolation in these areas, so that
any retreat of cliffs or deposits of fallen rocks that occupy narrow
elongated areas were omitted in this preliminary inventory. Except in
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these areas, the shaded relief and orthophotography layers helped to
resolve the uncertainty between the assignment of truly natural changes
in the land, anthropic changes, or the existence of the errors mentioned
above. The distinction of the landslides against other changes in the
terrain (rainfall erosion, fluvial transport, anthropic alterations, or sim-
ply methodological errors) is facilitated when the depletion area and the
debris deposit or displaced mass as a whole are very close to one
another. Given that the negative values of DEMoD correspond to
degraded areas in which the ground surface descends and the positive
values correspond to accumulation areas in which the elevation of the
terrain rises, they are reclassified in positive and negative values (two
types) so that the source and accumulation zones for which area and
volume were later calculated stand out clearly. In addition, some field
campaigns have been carried out with in order to check natural land-
slides (Fig. 8 (a)), as well as the Google Street View selected on Google
Earth locations allowed to easily check the characteristics of the slope-
cut failures (Photo 1 and Photo 2 on Fig. 9).

Therefore, when the landscape features are mapped according
to their dimensional or morphological characteristics and regard-
ing the above considerations (narrow erosion escarp or deposit,
accumulation separated from its origin area, etc.), the types of
landslide were simplified as follows: incipient landslide, debris
flow, earth flow, complex slides, and translational slides. And for
the interpretation of the visual recognition, the known criteria of
Hutchinson (1988), Varnes (1978), and Wieczorek (1983) were ap-
plied as described in the following:

® First, when the doubt on artificial or natural change appears,
the visual checking on the orthophoto aids to distinguish
between both.

® If the classified closed form have only a color corresponding to
the lower values (—o0.5 or 0.5) and the shaded relief are also not
clear, the two orthophotos corresponding to both years can be
reviewed to check if a fresh, eroded, or denuded area does
appears in the last later photo.

® For translational slides, a confined displaced mass almost
undeformed bounded by a more or less discrete failure sur-
faces with a slight head rotation were observed.

® For debris flows longitudinal spread of a deformed mass were
easily observed, in most cases disconnected far from the source
area. This type of landslide is associated with steep gullies, and
the mass is channeled to its final fan.

® Earth flows are found in less steep areas with minimum settle-
ment in its head and surface more elongated than a transla-
tional landslide but with little deformation.

® Complex slides are assigned when a combination or a better
transformation of the king of movement was observed, for
instance, when a wide scarp was observed while the mass is
elongated and disconnected from its source, so it is not easy to
assign the movement to a debris slide or to a debris flow.

® Incipient was assigned to those movement where only a set-
tling (or not well-marked escarpment) without an accumula-
tion area is observed.

Results and discussion

The first product from this methodology was a new detailed
seasonal inventory at local scale (234 km?®) derived from the
generation of HRDEMs registered in a geodatabase (Figs. 7, 8,
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and 9) for the period between the acquisition dates (November
2008 and July 2010). The high resolution of the DEMoD together
with the HRDEMs and the orthophotography imagery allowed the
inventory at local scale. Nonetheless, difficulties can be found if
the aim is to address a site-specific study, when escarpments,
tension crack, and other features of several meters size, or little
deformation (centimeter to decimeter) should to be digitized.
Furthermore, the statistical process of noise reduction and classi-
fication limits the range of detection to changes greater than 0.5 m
in absolute value, including them into classes 1 and —1, respective-
ly. On the other hand, an imprecision does exists when establish-
ing the duration of such changes or displacements, as the date of
the initiation of the failure or reactivation and its completion are
unknown data. Nevertheless, an approximation of the minimum
velocity has been estimated taking into account the time window
between the two data acquisitions (~20 months) together with the
minimum absolute displacement detected (0,5 m), so the value
obtained is 0.025 m/month (0.3 m/year), and considering the
classification of (Cruden and Varnes 1996) these velocities corre-
spond to very low landslides (16 mm/year-1.6 m/year), but this
does not apply to debris flow or rapid translational landslides for
instance.

Respecting the production time, without taking into account
the days necessary planning the flights, capturing the data and
preparing them, once the methodology was ready to apply it, the
approximate time to obtain the final map is about 5 days to the
study area (including the semi-automatic adjustment of raw data),
being the longest task the visual recognition and digitizing of the
landslides and slope-cut failures taking 4 days. Several hours can
be saved if the raw data are well adjusted depending on the
computer equipment available. For this work was used a comput-
ed mounted with an Intel® Core™ iy-3820 CPU @ 3.60 GHz, 24 GB
RAM, Graphic card GeForce GTX 285 (1 GB DDR) and a 64 bits OS.
Thus comparing this with the reviewed methods in Guzzetti et al.
(2012), this methodology provides an effective alternative.

The final inventory map consists of two separate layers (see
Fig. 7) registered in a geodatabase, one containing 47 natural
landslides and other containing 50 slope-cut failures. Although

the exact date is not known, they were assigned to the period
between the two acquisitions dates; however, they are thought as
a consequence of the exceptional from October 2009 to March
2010. In the case of the natural landslides, they were classified into
25 debris slides, 17 complex slides, 3 earth flows, and 2 incipient
slides; while in the case of the slope-cut failures, all of them
presented characteristics of translational slides with nearly no
deformation in its displacement.

After the inventory was completed, the natural landslides iden-
tified, the areas, and number of spatial intersections between each
movement and the layers of susceptibility and lithology (DIPGRA/
IGME 2007) were calculated using different GIS tools. This is an
approach to analyze the spatial distribution of the new inventory
regarding the lithology and the susceptibility zoning existing in the
area, but this is not intended to validate the susceptibility map
from the inventory, as the susceptibility map has been assessed
using an inventory with different ages while the new inventory
only includes the events happened in less than 2 years. On the
other hand, the difficulties to check or validate all the inventoried
landslides and the completeness of the own inventory appear
principally in inspecting the entire area looking for non-
inventoried landslides, or in knowing if other little landslides were
removed by the runoff water; however, some campaigns of field
work were carried out to check some of the more accessible
landslides (Fig. 7a).

From this assessment, certain useful spatial relations were
discovered. The first noteworthy results show a greater area affect-
ed when combining the translational slide type and phyllites with
intercalated calcareous rocks (69.8 %) and then, over quartzites
and quartzite schists (15.16 %), while the conglomerates, calcare-
ous crust, and travertines were almost unaffected by the different
types of movement (Tables 2 and 3 and Fig. 10). Nevertheless,
given the frequency of the landslides detected from their repre-
sentative points, the number of them together with the phyllite,
quartzite, and quartzite schist were almost the same (40 %),
followed by calcareous rocks (limestones, dolomites, calcschists)
with 17 % of the failures (Table 2). In general, the area covered by
phyllites was the most affected one, with the greater size of the
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Fig. 8 Translational slide labelled in Fig. 7. a Field photography of the landslide. b and ¢ show the superimposed combined DEMoD to the orthophotos of years 2007 and 2010,
respectively. In d, the DEMoD overlays the shaded relief (DTM of the year 2010) showing the artificial earth works and the landslides whose settled head (red) and mass (blue)
are distinguished in e. f and g show the shaded relief based on the DSMs of 2008 and 2010, respectively, as well as the delimited landslide mass before and after the failure
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Fig. 9 a Part a, located in Fig. 7, shows the shaded relief (year 2010) and the overlaid combined DEMoD where several landslides and slope-cut failures were mapped. The
same features are presented in b showing downward (red) and upward (blue) general senses of movements. Numbers 1 and 2 are referred to slope-cut failures, while 3
to 5 are referred to natural landslides. In the same way, ¢ shows a sample of slope-cut failures along a stretch of road also located in Fig. 7. As a check, photos 1 and 2

show evidences on the slope cuts indicated in ¢

translational slides developed in these areas, while in other lithol-
ogies such as the quartzitic schists, the observed translational
slides were of smaller size. The alluvial deposits and debris deposits
were less affected by this type of phenomenon, although they could
be probably more affected by erosion (this being beyond the scope of
the present study). The smallest area affected in the rocks where the
predominant slope movement was translational sliding (conglomer-
ate limestone, dolomite, calcareous crust, and travertines) can be
attributed to the higher quality and strength of these more massive
and less blocky rock massifs.

When the inventory layer was crossed with the susceptibility
map, two important distinctions were made. First, the areas of
moderate susceptibility class were visibly affected by more than

double the area (69,766 m®) with respect to high susceptibility
(32,544 m*; Table 4 and Fig. 11), although a lesser degree was found
on comparing the percentage of movements in each type of sus-
ceptibility (57.47 vs. 42.55 %, taking into account the frequency of
their representative points, respectively). However, special care
must be taken when interpreting these results for the following
reasons; on the one hand, it does exist a significant difference
between the time window covered by this recent seasonal inven-
tory and the multi-temporal one used to assess the susceptibility
zoning what include events from remote times to more recent
periods (historical). On the other hand, the change to which the
main determining factors are submitted with time should be
considered (climatology, slope gradient, etc.). These
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Table 2 Landsliding affected area (source+accumulation) and count (representa-
tive points) by lithology

Lithology Affected Representative
area (%) points (%)

Calcareous crust and travertine 0.08 -

Conglomerate 243 4.26

Aluvial and debris deposits 3.73 -

Limestone, dolostone, and 8.78 17.02
calc-schist

Quarzite and quarzite schist 15.16 38.30

Phyllite with interbedded 69.81 40.43
calcareous rocks

Total 100.00 100.00

considerations can cause the classes of greater susceptibility
(moderate and high) to alternate throughout the area of
interest. As a result, due to the close relation between these
two highest classes, the inventory distribution can differ from
predicted by the susceptibility map. Secondly, translational
slides are found in all the susceptibility classes, even in lowest
susceptibility class. Other patent observation is the high fre-
quency of debris flows and complex slides with respect to
other types of movements.

Among other characteristics easily recognized by this method-
ology (alteration of the edges of fluvial beds, anthropic changes,
etc.), the stability of slope cuts also constitutes an important
process that directly affect highways or other infrastructures and
private property, although commonly controlled more by the
quality of the design and construction than by natural factors. In
this way, the slope-cut failures were also inventoried. This type of
process, as opposed to the phenomena of natural slope move-
ments, proved to be more frequent in quartzites and quartzite
schists. This can be explained by the construction and modifica-
tion of a large stretch of highway in the eastern part with steep
slopes, where quartzite schists predominate with high susceptibil-
ity to landslides (Tables 5 and 6). On the other hand, Table 6 shows
a larger area covered by these in moderate susceptibility zones
(66.43 %), while their representative points of these failures are
more frequent in the high-susceptibility class (58 %).

The inventory covers the special wet period from October 2009
to March 2010, during which the cumulative precipitation for two

Table 3 Landsliding affected area (source +accumulation) and count (centroids) by
lithology

Landslide type Affected area (%) Affected area

Incipient landslide 1.73 18.07
Debris flow 4.81 50.22
Earth flow 6.56 68.45
Complex slide 15.01 156.64
Translational slide 71.88 749.92
Total 100.00 1043.29
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representative pluviometric stations was 247 % (Torvizcon station)
and 221 % (Orgiva station) with respect to the average for that
months, corresponding to quantities measured of 485 and 782 mm,
respectively (Irigaray and Palenzuela 2013). Thus, the majority of
the landslides inventoried can be attributed to that rainfall as the
triggering factor.

Conclusions

The present work develops a new methodology for mapping land-
slides, based on the use of advanced LiDAR with GIS technology.
This approach has provided a way of compiling inventories in less
time, specifically in less than one week, overcoming some old
problems (difficult access, uncertainty of subjectivity) that hamper
mapping georeferenced features with greater precision in a more
effective way. And regarding the increasing of public
orthophotography imagery and LiDAR data production, this
methodology comprises a manner of keeping the geodatabases
updated or mapping a timely post-event inventory.

The preliminary results using this methodology come from the
processing of HRDEMs, automating certain tasks by scripts and
models of user-friendly GIS tools where needed in order to iden-
tify and delineate the potentially unstable DEMoD areas that were
integrated into the geospatial database together with other attri-
butes. Thus, the landslides were delineated in a short time after all
the data processing was applied in a semi-automatic way and
supervised, giving rise to the seasonal inventory between the dates
programmed for the acquisition. These inventories are construct-
ed in a more objective and complete way than when being handled
by a group of experts through field work and a conventional office
over several weeks or months (field mapping, even using DGPS,
photointerpretation, etc.). The most time-consuming process in
this methodology is the visual reviewing and then the realignment
and the filtering of LiDAR data. To accelerate the latter task in the
present work, the fit based on the ICP between corresponding
parts of the data of both flights was made sequentially and semi-
automatically over all of them. Nevertheless, this fit can be omitted
when the quality of the data gathered is greater, that is, when the
overlapping bands between scanner passes have a minimum error
that can be attributed to the measurement equipment, as in the
case of flight 2010 used as a reference. Regarding the automatic
classification by filtering the LiDAR data to distinguish between
ground points and non-ground points, the process is conducted in
only a few hours or even less, depending on the computer equip-
ment used. Other subsequent processing procedures such as the
edition of the models are not necessary in this work, in which the
measurements were made directly over the land and require only a
preliminary qualitative calculation of vertical movements, which
also implies a major time savings.

The methodology is recommended to digitally map landslides
and even features (i.e., major escarpments, lateral escarpments, toe
border or slope break) from local scale to minor scales (regional,
national) detecting the changes highlighted and isolated by the
DEMoD. When trying to collect some features groups of classified
pixels can appear that do not clearly define the morphology of a
landslide and need to be confirmed by auxiliary layers such as the
orthoimages or shaded relief layers with high resolution used in
this case. Under the assumption of all this, the characteristics of
the products generated can even surpass the recommended scale
(1:15,000) for the detection of small- or medium-sized movements
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Fig. 10 Affected area by landslide type and lithology

(Mantovani et al. 1996), although smaller features (little secondary
escarpments, tension cracks, or little displacements) are not so
evident in the results of this methodology. Nonetheless, this local-
seasonal inventory can be used as a starting point to planners or
researchers to determine zones where landslides are spatially more

Table 4 Landsliding affected area and frequency (representative points) by sus-
ceptibility class

Susceptibility Affected Affected Representative

class area (%) area points (%)
(x100 m?)

Low 0.79 8.28 -

Very low 1.14 11.91 -

High 31.19 325.44 42.55

Moderate 66.87 697.66 57.45

Total 100.00 1043.29 100.00

frequently, as well as to reveal new landslide failures or previously
unknown ones which can now be selected to be monitored by
higher-resolution techniques (TLS, high-resolution digital photo-
grammetry or the edition of DEMs LiDAR with the support of
stereoscopic models) to reveal smaller features and displacements.

One limitation worth mentioning in applying this type of meth-
odology is the common effect of omitting parts of the landscape
caused in some areas by the semi-automatic or automatic extrac-
tion of points of land when applying the data filtering or classifi-
cation. This effect was counteracted in good part by the
combination of the two maps of differences, DTMoD and DSMoD,
although some of the most abrupt areas remained where the fall of
rocks or collapses of small size could not be differentiated, since
the beveling brought about by these effects could be
misinterpreted as one of these movements.

This reflects not only the importance of the resolution of the
data, which depends directly on the height of the flight and which
defines the exactitude and smaller size of the features detected, but
also the accurate classification of the raw data, the perfection of
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Fig. 11 Landsliding frequency by landslide type and susceptibility class

which continues to be a challenge today. In fact, the completeness
and exactness of the new inventories constructed with this meth-
odology depend on these two factors, i.e., the resolution or density
of the data acquired and the correct extraction of the ground
points.

It bears emphasizing that the capacities related to this tech-
nique make it easy to bring together other characteristics (dynam-
ic fluvial changes, changes in land use, monitoring of
infrastructure construction, etc.), for which the inventory also
included slope-cut failure over highways, caused by strong season-
al rains during the wet season of the hydrological year 2009-2010,
delineating them in the same way as the natural movements
inventoried.

With this, methodology advances have been made with the
main aim of improving and streamlining the collection of events
within the inventories of landslides in the most extensive areas,
this constituting the basis for calculating the frequency of these
events and for assessing their true hazard. On the other hand, a
preliminary comparison between the new areal distribution of
landsliding frequency and the zones classified by the susceptibility
map was carried out. According to the results, the area and
number of landslides found in the moderate susceptibility zone
were higher than for the high-susceptibility zone, 66.87 % in
moderate susceptibility zones as opposed to 31.19 % in the high-

Table 5 Slope-cut failure affected area and frequency by lithology

susceptibility ones regarding their occupied area, or 57.45 % in
moderate susceptibility zones vs. 42.55 % in the high-susceptibility
ones regarding their frequency (Table 4). However, it should be
noted that the difference in temporal scale between the new sea-
sonal inventory, just compiled according to the changes that oc-
curred after a period of significant rains (which possibly triggered
most of these events), with respect to the scale of the inventory
used to generate the susceptibility map, as well as the possible
changes in the determining factors, influences the degree of the
relation between the predicted relative density by susceptibility
assessment and the distribution assigned by the real inventory.
This suggests that successive inventories made by using this or
other techniques can increase the information to achieve a more
reliable correlation with susceptibility maps calculated from in-
ventories at broader temporal scale and to allow a better calibra-
tion on the initial susceptibility model. Furthermore, if the update
of these geodatabase is conducted frequently, it will supply more
accuracy and complete inventory to assess the quantitative land-
slide hazard.

Is important to refer here the atypical cumulated rain from
October 2009 to March 2010 (both inclusive) measured in two
representative stations in the study area what overcome historical
record, by which possibly these rains are the triggering for most of
the landslides and slope-cut failures as consequence of the high
pore pressure reached because of the infiltration. Nonetheless,
further investigation is necessary to approach the date of the
probably landsliding initiation or completion, and thus the

Lithology Affected Representative
area (%) points (%)
Conglomerate - - Table 6 Slope-cut failure affected area and frequency (representative points) by
— susceptibility class

Phyllite with interbedded 7.31 16.33 — -

calcareous rocks Susceptibility Affected Representative

class area (%) points (%)

Limestone, dolostone and 7.88 4.08

calc-schist Moderate 66.43 42.00
Quartzite and quartzite schist 84.80 79.59 High 33.57 58.00
Total general 100.00 100.00 Total general 100.00 100.00
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threshold of the triggering rainfall or the velocity associated with
those movements.
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