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Abstract: In this work a detailed analysis of the temporal evolution of the Almegíjar landslide is
presented. It is a rock slide located in the Alpujarras region (Granada, Spain) that has developed over
the last 30 years. Six datasets and photogrammetric flights corresponding to the years 1956, 1984, 1992,
2001, 2008, and 2010 were surveyed. The more recent flight of 2010 combined an aerial digital camera
and a LiDAR sensor and was oriented by means of in-flight data and tie points. This 2010 flight
allowed for the generation of a reliable and high-precision Digital Terrain Model (DTM). The other
flights were oriented using second-order ground control points transferred from the 2010 flight, and
the corresponding DTMs were prepared by automatic matching and subsequent editing from the
stereoscopic models. After comparing the DTMs of different dates, it has been observed that the
landslide was triggered after 1984 and since then has evolved in an irregular pattern with periods of
variable activity. On average, the ground surface dropped more than 8 m in depleted zones and rose
nearly 4 m in the accumulation zones, with a velocity catalogued as very slow (about 15–30 cm/year)
over a time span corresponding to a degree VIII of diachroneity. The total volume of the mobilized
mass of this large contemporary slide was about 300 × 103 m3.
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1. Introduction

This article is an extended and improved version of the conference paper titled “Digital
photogrammetry and LiDAR techniques to study the evolution of a landslide” [1], presented at the
Eighth International Conference on Geo-information for Disaster Management (Gi4DM), celebrated in
Enschede (The Netherlands) in December 2012.

The application of remote sensing techniques to natural hazards and landslide research has
been steadily expanding in the last two decades [2,3], with different approaches from the optical
spectrum to Synthetic Aperture Radar (SAR) techniques [4,5]. Among these techniques, those
based on photogrammetry and Light Detection and Ranging (LiDAR) are adequate for middle- to
high-resolution studies.

Regarding photogrammetric techniques, it should be taken into account that the only current
approach that enables reconstruction of the landslide kinematics at sufficiently significant temporal
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and spatial resolution is the use of aerial photographs from historical flights [6,7] and, alternatively,
but with less accuracy, the use of historical cartography. Therefore the photogrammetric techniques
have been widely employed [1,7–22], sometimes combined with LiDAR [1,23,24], Global Navigation
Satellite Systems, GNSS [25,26], digitization of old maps [24], and other techniques such as the electric
resistivity tomography [27]. Recently, the use of Unmanned Aerial Vehicles (UAV) has extended the
use of photogrammetric techniques to very high resolution studies [28–39].

Most studies based on photogrammetric techniques follow a similar methodology, starting with
the orientation of the digital aerial images using photo-triangulation techniques by means of bundle
block adjustment [1,7,10,11,13–16,19–23,26,27]. Then it is possible to use a reduced number of ground
control points (GCPs), which are generally established by means of GNSS techniques, discarding in
each survey any control points that are not adequately identified in the corresponding images.

Once the stereoscopic models are oriented, Digital Elevation Models (DEMs)—Digital
Terrain Models (DTMs) or Digital Surface Models (DSMs)—and orthophotographs are generated
by image matching techniques. After this step, almost all these studies perform different
quantitative analyses, including those to prepare differential DEMs between surveys, profiles, and
volumetric calculations. Also, in some studies, displacement vectors between single points are
determined [10,11,13–18,21,26,29,30,32,36–38] or correlation algorithms are used with a much larger
number of points [20,31,33]. From these analyses, useful qualitative features concerning their evolution
are also established [1,7,13–16,20,23,24,27,32].

The quality or positional accuracy of these analyses is easily assessed in most of the
aforementioned studies by means of the root mean square error (RMS) at the residuals of the control
and/or check points [19,22,29,32,33,37,39,40], including the error propagation to DEMs and their
differentials [7,23,38].

On the other hand, LiDAR techniques supply reliable and high-density point clouds from which
true Digital Terrain Models (DTMs) can be generated [41–52], as the processes of classification and
filtering of ground points work better in LiDAR than in photogrammetric approaches. In this
way, DTMs from LiDAR data corresponding to different dates, together with those from digital
photogrammetry, may be compared in order to determine vertical ground displacements or calculate
volumes [23,24,47,48,51,52]. Also, these DTMs, both photogrammetry and LiDAR-derived, provide the
starting steps for geomorphological studies based on different parameters (slope, aspect, roughness,
etc.), enabling landforms and landslides to be identified [42,45,46,49–52]. In some cases, data from
different surveys are compared in order to assess the ground surface evolution [46]. In addition,
accuracy analysis of LiDAR data and models are accomplished [47,48,52].

The methodology of this study starts from a combined camera and LiDAR flight oriented with
in-flight information (onboard GNSS and inertial data), which provides a common reference system
for both the photogrammetric and the high-resolution LiDAR digital models. Taking this flight as a
reference, the other photogrammetric flights were oriented by means of second-order ground control
points that were transferred from the reference flight. Once these historical flights were oriented, the
DTMs corresponding to each survey were obtained by outdating the reference DSM (from LiDAR
data) by means of stereoscopic editing in a photogrammetric workstation. Then differential DTMs
and subsequent profiles and volumetric changes were computed. It is a rather efficient methodology
that considerably reduces the number of field-surveyed ground control points and allows for the
geo-referencing of all data in a common reference system.

2. Geographical and Geological Setting

The study zone is located in the Alpujarras region, a mountainous area in the Sierra Nevada
range (Granada province, Southern Spain), near the Mediterranean Sea (Figure 1). The region is widely
affected by slope instability processes, giving rise to abundant rock falls, slides, and debris flows
resulting from a combination of abrupt relief and metamorphic geological units of the Internal Zone of
the Betic Cordillera, rather susceptible to landslides [53–59].
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Figure 1. Geographical and geological setting. Coordinates are in ETRS89/UTM30. 

The main triggering factor in the region is the combination of torrential rainfalls, the 
morphological slope, and a river channel evolution controlled by semiarid environmental conditions 
which gives place to a ”rambla” segment in the Guadalfeo River. This channel has a planar bottom 
in which ephemeral streams alternate with variable flooding controlled by extraordinary intense 
storms or the quick melting of Sierra Nevada snow during spring rising of temperatures. 

The landslide studied is a good example of the many landslides resulting from the slope 
evolution on the intensely eroded northern margin of the Guadalfeo River [59]. It is settled near the 
village of Almegíjar (Granada, Spain), but clearly outside the urban area and affecting only terrain 
free of any buildings or infrastructure. Given the fresh morphological features and the sliding 
material, it has been classified as a translational rock slide, with a clear upper scarp and a planar 
crown of 20 m height. The landslide mass is 250 m long, 300 m wide, and 140 m high (Figure 2). Also, 
some secondary minor scarps are visible, besides rock fall and debris flow in the frontal part of the 
mass [1,60]. 
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Figure 1. Geographical and geological setting. Coordinates are in ETRS89/UTM30.

The main triggering factor in the region is the combination of torrential rainfalls, the morphological
slope, and a river channel evolution controlled by semiarid environmental conditions which gives
place to a ”rambla” segment in the Guadalfeo River. This channel has a planar bottom in which
ephemeral streams alternate with variable flooding controlled by extraordinary intense storms or the
quick melting of Sierra Nevada snow during spring rising of temperatures.

The landslide studied is a good example of the many landslides resulting from the slope evolution
on the intensely eroded northern margin of the Guadalfeo River [59]. It is settled near the village of
Almegíjar (Granada, Spain), but clearly outside the urban area and affecting only terrain free of any
buildings or infrastructure. Given the fresh morphological features and the sliding material, it has
been classified as a translational rock slide, with a clear upper scarp and a planar crown of 20 m height.
The landslide mass is 250 m long, 300 m wide, and 140 m high (Figure 2). Also, some secondary minor
scarps are visible, besides rock fall and debris flow in the frontal part of the mass [1,60].
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The landslide is considered to be active, although alternating periods of very slow speed with
more active periods during ephemeral floods of the “rambla” [53,58,59]. Also, according to [60], the
slide reactivation in the period 2009–2010 showed a bulging in the lower sector of the displaced mass,
following a mechanism described by [61].

The mass of the Almegíjar slide is composed of an Alpujarride unit of quartzites and
quartzphyllites of Permian to Triassic age [62]. Nevertheless, the slide is part of an unstable but
dormant slope showing an upward extension of the instability expressed by the appearance of large
rock blocks and open cracks affecting the overlying marble unit, with water flows in its bottom
infiltrating the mass of phyllite rock.

3. Materials and Methods

Digital photogrammetry and LiDAR techniques represent a significant advance in the study
of ground surface evolution derived from landslides and other processes. The results using
photogrammetric workstations have offered better and more accurate interpretations of changes
on the terrain surface over the past decade [8,13–16].

Thus, landslide inventories and their geomorphic features (scarps, crown, lateral flanks,
cracks, etc.) may be prepared by means of 3D digital stereoplotting. In this sense, not only single
landslides but also the identification of unstable slopes in a region may be analyzed with these
techniques, starting from high-resolution DEMs and 3D inventories [22,44,47]. In addition, if data
from different surveys are available, it becomes possible to study landslide evolution. The overlaying
of landslide inventories in Geographical Information Systems (GIS) allows the study of landslide
evolution in a given region and the identification of reactivated landslide areas as well as the growth or
generation of new landslides. Even landslide multitemporal landslides can be obtained from accurate
DEMs of different epochs [44,47]. Thus it is possible to determine landslide activity, differentiating
between active, dormant, and relict landslides. The concept of landslide diachroneity [63] distinguishes
landslides considering the time span of the active periods and the initial triggering data.

For the analysis of single landslides, two approaches are available: the first is
based on a comparison between DEMs from different flights, calculating distances and
volumes [1,7–11,13–26,29–32,36–38,48,52]; the second approach consists of a comparison between
points and other elements identified without any ambiguity between the different surveys,
enabling the determination of 3D displacement vectors for accurate identification of the landslide
kinematics [10,11,13–18,21,26,29,30,32,36–38]. In this paper the quantitative analysis of ground changes
will be approached by comparing different DTMs.

The starting point is a dataset made up by photogrammetric flights and LiDAR data. The
methodology, established by the research team based on previous results [1,19], includes a set of tasks
summarized in the following steps (Figure 3):

1. Dataset compilation and digitization of images from historical flights.
2. Definition of reference system and orientation of reference data.
3. Orientation of historical photogrammetric flights.
4. Building and editing DTMs.
5. Comparison between models and calculations.
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3.1. Dataset Compilation and Digitization of Images from Historical Flights

First, a photogrammetric flight corresponding to the year 2010 was available, combined with
a digital camera (Z/I DMC) and a LiDAR sensor (Leica ALS50-II), as well as attached GNSS/IMU
systems for direct orientation. The Z/I digital camera offers a resolution of 0.20 m and has four spectral
bands, three in the visible spectrum (RGB) and one in the near-infrared (NIR). The LiDAR instrument
produces a ground resolution of about 1–1.5 points per m2. A second photogrammetric flight of 2008
with the same properties of the first one was also available but without LiDAR dataset.

Besides the highly accurate and recent flights, historical images from aerial film cameras were
also available, corresponding to four photogrammetric flights of the years 1956, 1984, 1992, and 2001.
The first one was the so-called “American flight”, as it was undertaken by the U.S. government in 1956,
and it was panchromatic at a middle scale (1:33,000). The second one (1984) was a panchromatic flight
made by the National Geographic Institute of Spain (IGN) at scale of 1:30,000. The other two (1992 and
2001) were also panchromatic flights at a scale of 1:20,000, made by the Andalusian Cartographic and
Statistical Institute (IECA). The main flight features are indicated in Table 1 and their distributions are
shown in Figure 4.

Table 1. Properties of the image datasets.

Date Bands Format Pixel 1 GSD 2 Camera Focal Distance 3 LiDAR

1956 Panchromatic Film 15 0.60 - 151.42 No
1984 Panchromatic Film 20 0.80 UAG-II 153.03 No
1992 Panchromatic Film 15 0.30 UAG-II 153.03 No
2001 Panchromatic Film 15 0.30 Wild UAO-S 152.75 No
2008 RGB-NIR Digital 12 0.20 Z/I DMC 120.00 No
2010 RGB-NIR Digital 12 0.20 Z/I DMC 120.00 Yes

1 Pixel size is in microns; 2 GSD (ground sample distance) is in meters; 3 Focal distance is in mm.
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These historical flights were digitized with a precision photogrammetric scanner Vexcel Ultrascan
5000 at a resolution of 15 microns, which, in turn, implies a ground sample distance (GSD) of 0.60 m in
the 1956 flight and 0.30 m in the 1992 and 2001 flights. The 1984 flight was already supplied in digital
format after a scanning at 20 microns that provided a GSD of 0.80 m.

The period considered (c. 50 years) is long enough to study short-term changes in the relief and,
more precisely, to analyze the landslide evolution in the study zone.

3.2. Definition of Reference System and Orientation of Reference Data

As a starting point for the entire process, the 2010 flight (camera and LiDAR) was used. This flight
was oriented by means of in-flight orientation systems (direct orientation). As this dataset was
considered to be of the highest quality, both in image resolution and point cloud accuracy, it has been
proposed as the reference data and the previous flights have been registered with respect to it.

Thus, it is important to ensure the adjustment and minimal data discrepancies between the
photogrammetric flight and the LiDAR point cloud of this 2010 reference flight. The discrepancies
between them are originated as a consequence of the independent orientation systems of these
sensors—despite the simultaneous recording of data—and thus its different positioning, which may
prompt a lack of geometrical coincidence in the data compiled. This raises the need for an optimal
adjustment between the two types of data [64].

In accordance with the above, the reference data are compiled and refined by three steps:

1. Photogrammetric orientation using in-flight GNSS and inertial data to ensure the geometrical
quality of the whole photogrammetric block. This procedure was performed by means of a
photogrammetric workstation and Socet Set 5.2 software (BAE Systems Plc., London, UK) [65] by
measuring about 200 tie points and readjusting the orientation parameters. The RMS errors of
the resulting model, based on the residual of 20 check points surveyed with GNSS (GNSS-based
check points), are 0.258 m in XY and 0.100 m in Z (Table 2).

2. LiDAR data orientation, by readjustment of different strips, which is employed to obtain a
single homogeneous point cloud, even in overlapping zones. This task was carried out with the
TerraMatch module of TerraSolid software (Terrasolid Ltd., Helsinki, Finland) [66].
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3. Analysis of height coincidence of both datasets. For this analysis an internal control process of
the LiDAR point cloud was made using check points (model-based check points) taken from the
refined photogrammetric model of the step 1. These points were selected taking into account
the following:

• Points on stable and flat surfaces, avoiding high slopes or roughness zones, were selected.
• The points had to be well distributed throughout the study area and the number high enough

to get an appropriate redundancy and significant results.

Table 2. Orientation errors.

Date
Photographs

Number
GCP/CHK
Number

Tie Points
Number

Errors

RMS
Pixel

GCP/CHK RMS 1 Propagation 1

RMSXY RMSZ PEXY PEZ

2010 36 20 195 0.529 0.258 0.100 - -
2008 9 8 xyz 82 0.246 0.145 0.042 0.296 0.108
2001 3 8 xyz 14 0.363 0.187 0.213 0.319 0.235
1992 4 7 xyz 21 0.423 0.255 0.067 0.363 0.120
1984 3 8 xyz 15 0.621 0.517 0.234 0.578 0.254
1956 3 8 xyz.4 z 14 1.038 0.566 0.269 0.622 0.287

1 Root Mean Square (RMS) and propagation errors are in meters. For 2010, flight errors are calculated in check points
(CHK). For the remaining flights, errors correspond to the residual calculated in ground control points (GCPs).
GCP types: full (xyz) and height (z).

Taking into account the good adjustment of the image orientation process, with mean values of
about 0.10 m in GNSS-based check points, what really was tested in Step 3 were the errors of the LiDAR
data. The vertical accuracy of aerial LiDAR data is well documented in many works [47–49,51,52]
although the values present a great dispersion—from 0.16 to 3.26 m [47]—depending on different
factors (flight altitude, field of view, beam angle respect to the vertical, coverage reflectance,
vegetation, etc.). Furthermore, according to [67], the vertical error in LIDAR increases by 0.1 m
per 1000 m of flight altitude, so it reaches values of about 0.10–0.20 m in conventional flights. In this
sense, some works, in which the point density is usually higher than 1 point/m2, establish a vertical
accuracy of 0.10–0.20 m [48,49,52,68]; but in other works, with point densities lower than 1 point/m2,
the accuracy is about 0.50 m [47,50]. Thus, the higher the flight is, the lower the point accuracy and
density, and therefore the vertical errors and uncertainties usually increase with the flight altitude.
Meanwhile, in [47] the vertical discrepancies—expressed as RMS—between two LIDAR surveys
in a close time interval were of 0.28 m, measured in stable zones (out of a mask drawn with the
landslide inventory); however, the calculated uncertainties from comparison of LiDAR data with
GNSS-measured points ranges from 0.50 m in leaf-off conditions and 0.75 m in leaf-on conditions.
Bearing in mind these previous data, a reference value of accuracy of 0.20 m has been established for
the present work, according the flight altitude and LiDAR configuration.

Nevertheless, a set of 59 model-based check points was extracted in a wide area surrounding
the studied landslide to test the adjustment of LIDAR data and the photogrammetric model.
The distribution of these points, all of them located outside of the landslide limits, is shown in Figure 5.
The discrepancies or errors between the datasets range from 0 to near 1 m, with a mean positive value
of 0.529 m, as can be observed in Table 3 and Figure 5a,c. Considering the good adjustment of the
photogrammetric orientation process, this analysis allows us to infer a systematic error upwards in
LiDAR data, corresponding to a translation of about 0.5 m, due to weak absolute georeferencing of
the whole LiDAR block. This discrepancy could be eliminated by a simple translation downwards in
height of the LiDAR data equal to the mean error. Meanwhile, the standard deviation (0.260 m) was of
the same order of expected accuracy of LiDAR [48,49,52,67,68] and remained constant after correction.
The discrepancies in the points after correction are also shown in Table 5 and Figure 5b,c. Thus, in the
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new situation, a refined adjustment has been reached with a zero mean error and a standard deviation
around the considered accuracy of LiDAR data.

Table 3. Statistics of errors between LiDAR and photogrammetric data of the 2010 flight.

Statistics of Errors Before Correction 1 After Correction 1

Mean 0.529 0.000
Standard deviation 0.259 0.259

Maximum 0.939 0.410
Minimum 0.045 −0.484

Median 0.564 0.035
1 Errors are in meters.
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3.3. Orientation of Historical Photogrammetric Flights

Once the 2010 reference flight was re-oriented and the agreement between the photogrammetric
and LiDAR data was ensured, the historical flights were oriented with respect to the 2010 reference
system. The processing of several historical flights corresponding to a broad time span is rather difficult
as the field ground control points (GCPs) must be stable, accessible, and unequivocally recognizable,
not only in images from the time period considered but also in the field, where the points have to be
measured with differential GNSS observations. Thus, this paper proposes the use of GCPs transferred
from the reference photogrammetric flight (second-order GCPs) recognizable in flights corresponding
to each survey. As the GCPs are directly located on the photogrammetric flights (the one to be oriented
and the reference flight), it will be possible to certify in real time whether the point is observable and
unequivocally recognizable on both flights. In addition, with a zenithal perspective the observer would
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have access to the entire study area, without limitation in accessibility or observation. Furthermore,
with this procedure the number of required GCPs measured in the field is optimized, as well as the
field work and processing time.

The main constraint of this methodology is a theoretical reduction in the accuracy of the
coordinates in the second-order GCPs with regard to the accuracy of the first-order GCPs due to
error propagation. Nevertheless, as the 2010 photogrammetric flight with higher resolution and a RMS
lower than the pixel size was always taken as the reference, the accuracy in the GCPs transferred in
this way is proved to be better than the resolution of the historical flights.

The process of transferring points from the reference flight (more recent) to the previous flights to
be oriented is made iteratively following the next steps (Figure 3):

1. Approximate pre-orientation of the flight to be oriented in the reference system.
2. Once the two photogrammetric flights are pre-oriented in the same reference system, a set of

several common points in both flights are located and uploaded simultaneously in the digital
photogrammetric workstation.

3. All these points located and measured in the reference flight are considered second-order GCPs
for the flight to be oriented (Figure 6). This process includes full GCPs (known X,Y,Z), horizontal
GCPs (known X,Y), and height GCPs (known Z). Table 2 shows the number and type of the
second-order GCPs used in the orientation of the historical flights.

4. The flight to be oriented is adjusted and the process is repeated from step 2 until a final proper
orientation is attained, that is when the difference between coordinates of GCPs in both datasets
was lower than the image resolution of the flight to be oriented.
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In Table 2, the results of the process of orientation of historical flights are presented together with
data from the reference flight. The orientation errors of the 2008 flight are satisfactory but the errors
increase in the older flights. Thus, XY errors range from 0.15 m (2008), about 0.20 m (2001 and 1992),
0.50 m (1984), to near 0.60 m (1956). Regarding to heights, Z errors are between 0.04 m for 2008 flight,
0.07 m for 1992 flight and 0.20–0.30 m for 2001, 1984 and 1956 flights. But, as the historical flights were
oriented using GCPs obtained from the reference 2010 flight, the precision of any measurement in
those flights is influenced by the error propagation from the 2010 flight. Therefore the final precision
of these flights can be calculated according to the following expression:

PropYEAR = (RMS2010
2 + RMSYEAR

2)0.5 (1)
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Thus, the propagated error increases in the following way: XY errors range between 0.30–0.36 m
for the 2008, 2001, and 1992 flights to near 0.60 m for the 1984 and 1956 flights; and Z errors are between
0.11–0.12 m for 2008 and 1992 flights to 0.24–0.30 m for 2001, 1984, and 1956 flights.

After applying this procedure, the spatial correspondence between the two compared flights is
checked out under the premise of finding a total correspondence in stable zones where no modifications
were detected between the two surveys. The comparison was made by overlaying the reference 2010
LiDAR data and the stereomodels of the historical flights with the stereoscopic viewing tools of the
Socet Set and the photogrammetric workstation. If the orientation was correct, then DTM contours and
points derived from LiDAR data had to be adjusted to the ground in the stable areas of the study zone.
If significant discrepancies were found, then an orientation re-adjustment would be necessary. In the
case studies, the stereoviewing display comparison showed a good coincidence between elevation
and stereoscopic models in all the flights, and therefore no readjustments of the flight orientation
were necessary.

For this comparison, different types of color compositions were applied in recent flights: true
color (Blue-Green-Red) and false color (Green-Red-NIR), which was possible in recent flights (2008
and 2010), since they incorporated the near infrared (NIR) band. With these compositions the different
ground features were more visible and identifiable in addition to the element over them, such as
vegetation, which is very sensible to detection with near infrared.

3.4. Building and Editing DTMs

A Digital Surface Model (DSM) was obtained from the 2010 LiDAR data. Then a classification
was made between ground-points and non-ground-points (vegetation, buildings, artifacts, etc.).
This classification process was performed with the software TerraSolid (module TerraScan). Once this
classification was finished, the ground surface corresponding to the reference survey was defined by
those filtered ground-points, thus obtaining the Digital Terrain Model (DTM).

From the initial 4,240,499 points in the 2010 LiDAR point cloud, 1,943,545 were classified as
ground-points while 2,296,954 were non-ground points. Then, the results of this classification were
displayed in the stereo photogrammetric workstation together with the reference photogrammetric
flight, and edited using the stereoscopic tools supplied by Socet Set. This editing process consisted
basically on correcting wrong classified points and stereoplotting breaklines and some typical ground
features, such as scarps, water streams, slope changes, etc., which allowed for a more realistic and
precise DTM generation.

After preparing a reference DTM from LiDAR data classification, the models corresponding
to the historical flights are obtained by editing and outdating the 2010 reference model.
Other authors [7,20,21,23,24,26] have generated DEMs corresponding to each survey by a process
of image correlation independent for each flight. However, in this work another approach has been
adopted for the following two reasons. First, the accuracy of models is consistent with the resolution
and the radiometric quality of the aerial images, which in the older flights has led to a lower accuracy
in the models. A second reason is the need to build the model again by matching, which in addition
requires the editing of all the surveys in the study zone, no matter if there have been any changes in
the terrain or not, thereby giving rise to inevitable false ground modifications in the comparison of
models corresponding to different surveys and noise in the detection of changes.

For these reasons, an outdating of the reference model—of a higher quality and geometric
resolution than those models that would be obtained by a matching technique in each case—is
proposed. This outdating process consists of uploading the reference model overlaid to the historical
flights in the photogrammetric workstation. Then, by means of the stereoscopic viewing tools is
possible to analyze the lack of coincidence between the two datasets. When that lack of coincidence
occurs, the 2010 DTM is edited in that zone to adapt the terrain to the ground surface in the stereomodel
of the historical flight. In the case of changes affecting large surfaces, it is necessary to launch a
matching process exclusively for that area. In ground areas where no change is detected, the model
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is not modified, thus reducing the editing process time as well as avoiding noise in the analysis of
changes and maintaining a better overall quality of the model provided by the higher positional
accuracy of the 2010 data.

After finishing the outdating of the reference model to the immediately previous historical survey
under analysis, this resulting model was used as a reference model in the preceding survey, repeating
the process in all cases until the 1956 DTM was obtained. In Figure 7, the DTMs generated in the
unstable area are shown, allowing a visual observation of significant changes between these six
dates considered.
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3.5. Comparison between Models and Calculations

The comparison between models was carried out from different perspectives:

1. Vertical displacements by subtracting DTMs (differential DTMs) (Figure 7). They may be negative
or positive, depending on whether the model compared with the reference lies below or above,
allowing the identification of areas of mass depletion or accumulation, respectively.

2. Volumetric calculations between models. As in the previous case, the volumes can be negative
(depletion areas) or positive (accumulation areas).

3. Analysis of DTMs profiles through the landslides permitting a better observation of terrain
displacements (Figure 8). With enough profiles, it is possible to attain an overview of the
landslide kinematics, for instance if it is planar or there are rotations around vertical or horizontal
axis indicating rotational sliding.



Geosciences 2017, 7, 32 12 of 23
Geosciences 2017, 7, 32  12 of 23 

 

 
Figure 8. Cross sections or profiles of the DTMs: (a) 1956–1984; (b) 1984–1992; (c) 1992–2001; (d) 2001–
2008; (e) 2008–2010; (f) 1984–2010. 

These calculations and analyses have been made by means of the Maptek I-Site Studio 6.0 
software (Maptek Pty. Ltd., Adelaide, Australia) [69] and ArcGIS 10.2 (Esri, Redlands CA, USA) [70]. 
The errors and uncertainties—usually expressed as root mean square (RMS) and standard deviation 
(SD), respectively—of these procedures have to be estimated in order to validate the results of these 
calculations. In the case of the 2010 flight, the value of standard deviation (0.26 m) is assumed to be 
vertical uncertainty or the minimum level of detection [52,71,72]. Meanwhile, from previous works 
[7,23,32] it has been observed that the vertical errors and uncertainties in DEMs obtained by means 
of matching from photogrammetric oriented flights are about two or three times higher than the 
orientation residual errors in Z. Therefore the vertical uncertainties of DTMs obtained in this work 
range from 0.27 to 0.30 m for 2008 and 1992 flights, about 0.60 m for 2001 and 1984 flights, to over 
0.70 m for the 1956 flight (Table 4). 

Table 4. Estimated uncertainties of DTMs, differential models, and volumetric calculations. 

Date 
Propagated 

Error GCPs 1 
Uncertainty 
in DTMs 1 Interval  

Differential 
Models 1  

Volumes 2 

DEP ACC WAS
1956 0.287 0.718 1956–1984 0.958 33,548 22,266 40,265 
1984 0.254 0.635 1984–1992 0.702 25,735 17,350 31,037 
1992 0.120 0.300 1992–2001 0.660 18,374 15,782 24,222 
2001 0.235 0.588 2001–2008 0.647 23,933 23,755 33,720 
2008 0.108 0.270 2008–2010 0.375 16,024 14,278 21,462 
2010 - 0.260 1956–2010 0.763 26,558 20,600 33,611 

- - - 1984–2010 0.686 22,717 16,343 27,985 
1 Errors in GCPs and the estimated uncertainty in DTMs (Digital Terrain Model) and differential 
models are in meters. 2 The estimated uncertainty in volumetric calculations is in m3. Volumes: DEP: 
Depletion; ACC: Accumulation; WAS: Waste. 

Furthermore, the vertical uncertainties of the differential DEMs are estimated as [7,52,71,72]: 

Figure 8. Cross sections or profiles of the DTMs: (a) 1956–1984; (b) 1984–1992; (c) 1992–2001;
(d) 2001–2008; (e) 2008–2010; (f) 1984–2010.

These calculations and analyses have been made by means of the Maptek I-Site Studio 6.0
software (Maptek Pty. Ltd., Adelaide, Australia) [69] and ArcGIS 10.2 (Esri, Redlands CA, USA) [70].
The errors and uncertainties—usually expressed as root mean square (RMS) and standard deviation
(SD), respectively—of these procedures have to be estimated in order to validate the results of these
calculations. In the case of the 2010 flight, the value of standard deviation (0.26 m) is assumed to
be vertical uncertainty or the minimum level of detection [52,71,72]. Meanwhile, from previous
works [7,23,32] it has been observed that the vertical errors and uncertainties in DEMs obtained by
means of matching from photogrammetric oriented flights are about two or three times higher than
the orientation residual errors in Z. Therefore the vertical uncertainties of DTMs obtained in this work
range from 0.27 to 0.30 m for 2008 and 1992 flights, about 0.60 m for 2001 and 1984 flights, to over
0.70 m for the 1956 flight (Table 4).

Table 4. Estimated uncertainties of DTMs, differential models, and volumetric calculations.

Date
Propagated

Error GCPs 1
Uncertainty
in DTMs 1 Interval

Differential
Models 1

Volumes 2

DEP ACC WAS

1956 0.287 0.718 1956–1984 0.958 33,548 22,266 40,265
1984 0.254 0.635 1984–1992 0.702 25,735 17,350 31,037
1992 0.120 0.300 1992–2001 0.660 18,374 15,782 24,222
2001 0.235 0.588 2001–2008 0.647 23,933 23,755 33,720
2008 0.108 0.270 2008–2010 0.375 16,024 14,278 21,462
2010 - 0.260 1956–2010 0.763 26,558 20,600 33,611

- - - 1984–2010 0.686 22,717 16,343 27,985
1 Errors in GCPs and the estimated uncertainty in DTMs (Digital Terrain Model) and differential models are in meters.
2 The estimated uncertainty in volumetric calculations is in m3. Volumes: DEP: Depletion; ACC: Accumulation;
WAS: Waste.

Furthermore, the vertical uncertainties of the differential DEMs are estimated as [7,52,71,72]:
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Uncert. YEAR1-YEAR2 = (Uncert. YEAR1
2 + Uncert. YEAR2

2)0.5 (2)

In this case, the uncertainties are lower than 0.40 m for the 2008–2010 period, 0.65–0.70 m for the
2001–2008, 1992–2001, and 1984–1992 periods, and close to 1 m for the 1956–1984 period (Table 4).

In addition, the uncertainties of the volumetric calculations are estimated by multiplying the
vertical uncertainties by the areas of depletion and accumulation [52]. The uncertainty of the waste
material (difference between depletion and accumulation volumes) is calculated as a propagated error
(square root of the sum of squares of depletion and accumulation volumetric uncertainties). These last
ones range from 21 × 103 m3 for the 2008–2010 period, 31–33 × 103 m3 for the 2001–2008, 1992–2001,
and 1984–1992 periods, to about 40 × 103 m3 for the 1956–1984 period (Table 4).

4. Results

The analysis of orthophotographs and models since 1956 of the area located in the Guadalfeo River,
near Almegíjar village, has allowed for the identification of a landslide as well as its characteristics and
evolution. The landslide does not appear in the aerial photographs of the 1956 and 1984 flights, so it
was triggered after 1984, although located in a broadly unstable zone, with evidence of older activity
upslope. Thus in the stereoscopic models of later dates (1992, 2001, 2008, and 2010), the landslide
area presents some clear features that include a clean scarp, steps and terraces, minor scarps, and
an accumulation zone invading the river channel. The involved mass reaches about 300 × 103 m3

according to the volumetric calculations, so the landslide can be defined as moderately large. Other
features identified through aerial photographs, but also field work, are a large extent of debris flows
and the development of pervasive erosion in rills and gullies on the weathered rock-mass surface,
even before 1984 and at the start of the main landslide.

The differential models between the 1956 and 2010 surveys (the whole period considered) show
two clearly differentiated areas, the depletion area at the upper part of the mass and the accumulation
area in the lower part as shown in Figures 7 and 8. As the differential models are calculated by
subtracting the older models to the recent ones, negative differences in elevation and volume can
be observed in the depleted area, and positive differences are recorded in the accumulation zone.
In the Table 5, the proportion of areas of depletion, accumulation, and below the uncertainty is
shown. If uncertainty is not taken into account, the areas of depletion and accumulation are practically
compensated for (near 50%), although in some periods (1992–2001 and 2008–2010) depletion areas
predominate slightly. When the uncertainty areas are introduced, some periods show a high proportion
of areas below the uncertainty, such as 1956–1992 and 2001–2008 (less than 10%) or even 2008–2010
(16%). In these cases, the depleted and accumulated areas are compensated for except in the 2008–2010
period where the depleted area predominates. Meanwhile, other periods such as 1984–1992, 1992–2001,
and the global periods show a higher proportion of area depleted and accumulated (over 70%), usually
compensated for, except in the 1992–2001 period, when depleted area also predominates.

Table 5. Areas resulting in from the comparisons between DTMs.

Period

Without Uncertainty With Uncertainty

Areas 1 Proportion 2 Areas 1 Proportion 2

DEP ACC DEP ACC DEP ACC UNC DEP ACC UNC

1956–1984 37,846 35,859 51.35 48.65 4738 4048 64,919 6.43 5.49 88.08
198–1992 44,024 29,681 59.73 40.27 33,555 19,950 20,200 45.53 27.07 27.41
199–2001 39,650 34,055 53.80 46.20 28,985 22,764 21,955 39.33 30.89 29.79
200–2008 36,990 36,715 50.19 49.81 5955 5425 62,325 8.08 7.36 84.56
200–2010 38,975 34,730 52.88 47.12 12,232 7448 54,026 16.60 10.10 73.30
195–2010 45,887 27,818 62.26 37.74 37,523 29,523 6659 50.91 40.06 9.03
198–2010 41,509 32,196 56.32 43.68 37,770 28,533 7403 51.24 38.71 10.04

1 Areas are in m2. 2 Proportions are in %. Volumes and areas: DEP: Depletion; ACC: Accumulation;
UNC: Uncertainty.
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Significant vertical displacements are recorded in the landslide area, as shown in Table 6, with
mean values higher than an order of magnitude with respect to the estimated uncertainties (Table 4).
Thus, in the depleted area, there is an average descent of 8.5 m of the ground surface, with maximum
values around 28 m. In addition, in the accumulation area, vertical displacements related to the
elevation of the ground surface show an average value of 3.9 m, with maximum peaks of almost 28 m.
Considering that the landslide was triggered after 1984, the annual displacement rates reach at least
0.32 m/year and 0.15 m/year in the depleted and accumulation areas, respectively. Consequently, the
landslide velocity can be estimated on the order of some few cm/year so the slide can be catalogued as
“very slow” if it were considered continuous and uniform in time [73,74].

The analysis of the results of all five time periods considered (Table 6), between the six available
flights, reveals that the vertical mean displacements are practically null in the first period of 1956–1984
(0.09 m and 0.08 of terrain elevation in the depletion and accumulation areas), higher in the second
period of 1984–1992 (3.70 m of decrease in the depletion area and 3.11 m of elevation in the accumulation
area), lower in the third period of 1992–2001 (2.87 m and 1.78 m, respectively), and far lower in the
last two periods of 2001–2008 (0.30 and 0.27 m) and 2008–2010 (0.43 and 0.23 m). These partial
values are significantly higher than the uncertainties of Table 4, except for the periods of 1956–1984
and 2001–2008 (clearly lower than uncertainties) and the period 2008–2010 (similar to uncertainties).
More informative is the comparison of annual rates, with values clearly above average in the period
1984–1992 (0.46 m/year of depletion and 0.39 m/year of accumulation); values near average in the
period 1992–2001 (0.32 and 0.20 m/year respectively), and slightly lower in 2008–2010 (0.22 and
0.12 m/year); finally, rate values are clearly lower in the period 2001–2008 (0.04 and 0.04 m/year) and
practically null in the period 1956–1984.

Table 6. Vertical displacements resulting from differential DTMs.

Period

Displacements 1 Rates 2

Depletion Area Accumulation Area DEP ACC

MIN MAX ME SD MIN MAX ME SD ME ME

1956–1984 −3.39 2.91 −0.09 1.95 −2.83 2.37 −0.08 1.66 0.00 0.00
1984–1992 −12.40 2.57 −3.70 3.94 −2.17 24.75 3.11 4.21 −0.46 0.39
1992–2001 −10.89 2.35 −2.87 2.43 −1.98 19.09 1.78 2.22 −0.32 0.20
2001–2008 −6.14 0.65 −0.30 0.36 −0.83 7.95 0.27 0.41 −0.04 0.04
2008–2010 −5.95 1.02 −0.43 0.34 −1.34 6.14 0.23 0.65 −0.22 0.12
1956–2010 −27.75 3.12 −8.49 6.29 −3.53 27.60 3.94 4.82 −0.16 0.07
1984–2010 −25.67 3.03 −8.41 6.18 −3.23 25.70 3.89 4.74 −0.32 0.15
1 Displacements are in meters. 2 Displacement rates are in m/year. Rates: DEP: Depletion; ACC: Accumulation.
MIN: Minimum; MAX: Maximum; ME: Mean; SD: Standard deviation.

The volume assessment in Table 7 shows a depletion of more than 290 × 103 m3 of mass in the
upper part of the slide, but the accumulated mass in the lower part near the river channel is about
120 × 103 m3. This implies mass losses of nearly 175 × 103 m3, probably evacuated by the river
flow. These values are slightly modified to 280 × 103 m3, over 110 × 103 m3 and 167 × 103 m3 if a
starting date of 1984 is considered. By periods, the values are very low in the first period of 1956–1984
(24 × 103 m3 of depleted material, 17 × 103 m3 of accumulated material and 8 × 103 m3 of waste
material), clearly higher in the second period of 1984–1992 (169 × 103, 53 × 103 and 116 × 103 m3,
respectively), lower in the third period of 1992–2001 (86 × 103, 46 × 103 and 40 × 103 m3), and far lower
in the last two periods of 2001–2008 (9,2 × 103, 8,7 × 103 and 0,5 × 103 m3) and 2008–2010 (18 × 103,
7 × 103 and 11 × 103 m3). The values corresponding to the periods 1984–1992 and 1992–2001 are
clearly higher than the uncertainties in Table 4, but the values of the periods 1956–1984 and 2001–2008
are lower than the uncertainties. The values of the period 2008–2010 are on the same order as the
uncertainties, higher in depleted material and lower in accumulated and waste materials.
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The annual rates considering the landslide starting after 1984 show values over 10.7 × 103 m3/year
of depletion, near 4.3 × 103 m3/year of accumulation, and about 6.4 × 103 m3/year of mass waste.
By periods, the annual rates are highest in the interval 1984–1992 (21 × 103 m3/year of depleted
material, almost 7 × 103 m3/year of accumulated material and 15 × 103 m3/year of waste material),
followed by the intervals of 1992–2001 and 2008–2010, with rates near to those of the whole period
(9.2–9.5 × 103, 3.6–5.1 × 103 and 4.4–5.6 × 103 m3/year, respectively), and much lower in 2001–2008
(1.3 × 103, 1.2 × 103 and 0.1 × 103 m3/year) and 1956–1992, when the mass losses are practically null.

Table 7. Volumetric calculations between DTMs.

Period
Volumes 1 Rates 2

DEP ACC WAS DEP ACC WAS

1956–1984 −24,503 16,803 −7700 −875 600 −275
1984–1992 −168,806 52,765 −116,041 −21,101 6596 −14,505
1992–2001 −85,784 46,182 −39,602 −9532 5131 −4400
2001–2008 −9252 8705 −547 −1322 1244 −78
2008–2010 −18,389 7124 −11,265 −9195 3562 −5632
1956–2010 −292,333 117,707 −174,626 −5414 2180 −3234
1984–2010 −280,231 112,776 −167,455 −10,778 4338 −6441

1 Volumes are in m3; 2 Volume rates are in m3/year. Volumes and rates: DEP: Depletion; ACC: Accumulation;
WAS: Waste.

5. Discussion

As the landslide does not appear in aerial photographs from the 1956 and 1984 flights, the origin
of the landslide had to be after 1984, probably in 1989, the rainiest year in this period [75]. However,
due to the uncertainty about this date, the calculations presented in Tables 6 and 7 are made assuming
the landslide origin in 1984, so the rate values should be considered as minimum values for the
period 1984–1992.

The development of recent features, such as a clean scarp, steps and terraces, minor scarps, and
an accumulation zone invading the river channel, can be clearly observed in the orthophotographs
and models from 1992 to 2010, which evidences significant activity in the last 30 years. As mentioned
before, other features identified in the orthoimages of 1956 and 1984 such as debris flows and the
development of rills and gullies allow the zone to be described as unstable, with some evidence of
older activity upslope.

Furthermore, landslides and these other features evidence a relevant geomorphic activity in the
study area, confirmed by large mass losses associated with seasonal “rambla” flash-flooding events.
Thus, the recorded negative displacements or volume changes (ground decrease or mass erosion) are
larger than the positive changes (ground elevation or mass accumulation), so it can be deduced that
the resulting mass losses are due to their evacuation by river flows. The great volume of mass waste is
consistent with the significant geomorphic activity and the high indexes of tectonic activity along the
southern flank of the Sierra Nevada, where the Almegíjar landslide is set [58]. This currently visible
activity is related to the overall tectonic evolution of the region since Late Neogene and through the
Holocene [76].

The parameters related to the landslide and determined from the calculation and comparison
of models, longitudinal sections, and other evidence (Tables 5–7 and Figures 7 and 8) allow for the
assessment of its dimensions and morphology, as well as the identification of trends concerning age,
velocity, activity, diachroneity, and intensity following published classifications [63,73,74,77–81].

Thus the affected area is about 75 × 103 m2, with a balanced distribution of depletion and
accumulation areas (near 50%, although with a certain predominance of the depletion areas) that leads
to a movement of rockslide type without development of flow mechanism, in which the material
can expand downslope. In this sense, according to [60], the landslide, reactivated in the period
2009–2010, shows a strain shortening along the slope with an extension perpendicular to this axis,
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resulting in a bulging in the lower sector of the displaced mass, following a mechanism described
by [61]. The morphology of the landslide scarp and the profiles suggest a planar sliding surface
and a mass thickness ranging from 40 to 70 m, partially eroded and affected by debris flow of the
weathered rock-mass surface. According to it, the movement can be classified as a rock translational
or planar slide [74,77] without evidence of a rotational sliding component in the models and sections.
The mobilized (depleted) mass has a volume of about 300 × 103 m3, which leads us to categorize the
landslide as “moderately large” [63,78,80]. Part of the mobilized mass is now displaced downslope,
while another part invaded the river channel and was evacuated by the water flow, which has also
limited the development of the accumulation areas.

The age is catalogued as “contemporary” [63] and its velocity—in average terms—can be
considered as “very slow” [73,74], with vertical displacements of 0.32 and 0.15 m/year in the depleted
and in the accumulated area, respectively, over the whole period of 26 years (1984–2010). However, as
discussed below, this velocity is not uniform along this period and the landslide has shown periods of
different rates of movement, with inactive and active phases, where the velocity ranges from “extremely
slow” to “very slow.” Thus, more difficult is the assessment of the landslide activity and diachroneity,
because the results do not provide a detailed pattern of active periods, which is particularly difficult
in these regions where the triggering factors, mainly the rainfall, do not follow a regular or seasonal
pattern. However, the analysis of the differential changes between DTMs for the five time periods
considered, and some additional data from terrestrial laser scanner (TLS) techniques [60], make it
possible to assess certain activity features of interest.

The style of activity [81] is “single,” corresponding to the displacement of a well-delimited mass
in this single planar slide. On the other hand, the distribution of the activity may be considered “in
advance” and also “confined,” as the failure plane—shown only at the slide crown of the main scarp—is
below the mass at slide toe. Regarding the state of activity [81], the movement can be considered active,
although alternating periods of low activity with more active periods during ephemeral floods of the
“rambla” [53,58,59].

Furthermore, the results described in the previous section show some periods of activity with
displacements rates—measured in the vertical direction—on the order of decimeters by year. Regarding
them, the accuracy of the technique has to be taken into account. The accuracy has been established
in this work from errors of the flight orientation at check points that allow the estimation of the
uncertainty of DTMs and differential DTMs. This uncertainty ranges from 0.36 m in the most favorable
case (2008–2010) to 0.95 m in the least favorable (1956–1984), with the other cases between 0.60–0.70 m.
Thus the vertical displacements measured in the periods 1984–1992 and 1992–2001, clearly higher than
uncertainty, can be considered significant, but those measured in the periods 1956–1984 and 2001–2008
(next to zero values) are considered non-significant. The displacements calculated in the short period
of 2008–2010—slightly higher than uncertainty—are at the limit of accuracy of the analysis, although
additional data confirm the activity in this period, as will be discussed below. The volumetric accuracy
and calculations agree with this, and therefore the depleted, accumulated, and waste volumes in the
periods 1984–1992 and 1992–2001 are significant (much larger than the uncertainty), while the other
periods (1956–1984, 2001–2008, and 2008–2010) are not significant (lower or similar to the uncertainty).

With this premise, the movement started after 1984 with the maximum rates observed
(0.46 m/year of descent in the head or depleted area and 0.39 m/year in the foot or accumulation
area), and slowed in the next period of 1992–2001 when lower displacements are observed (0.32 and
0.20 m/year, respectively), until the landslide seemed to stop in the period of 2001–2008, when the
measured displacements are not significant. After that, in the last period of 2008–2010 a reactivation
of the landslide occurred with displacement rates of about 0.21 and 0.12 m/year. The volumetric
calculations confirm this evolution, with volume rates ranging between 10 to 20 × 103 m3/year in the
active periods and values near to 0 in the inactive periods.

At this point, we must mention the complementary results found in this landslide by the combined
use of Terrestrial Laser Scanner (TLS) and Global Navigation Satellite Systems (GNSS) between 2008
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and 2010 [60], which showed a reactivation in the period March 2009 to June 2010—coinciding with
a year of intense rainfall—after an inactive period between September 2008 and March 2009. In the
reactivation period a downward movement of 1.20 m at the top was measured, which corresponds to
a descent rate of 0.96 m/year; meanwhile, below the middle part of the mass, 1.30 m of advance was
established with a displacement rate of 1.04 m/year. These values of the annual rates about 1 m/year
express periods of greater activity with a velocity near to that catalogued as “slow” (higher than
1 m/year) between periods of much lower activity in which the velocity is “very slow” to “extremely
slow”. These data suggest that other vertical displacements and volumes measured between the flights
used in this study could have taken place in shorter intervals of time than the periods considered in
this work.

Thus, in a more speculative way, if the date of 1989 were considered as the starting point of the
landslide—triggered by a period of heavy rainfall [75]—the estimated rates of displacements calculated
for the period of 1984–1992 (decimeters by year) would increase to 1.7 m/year in the depleted area
and almost 1 m/year in the accumulation area (velocity catalogued as “slow”), on the same order of
magnitude as those calculated with TLS measurements [60]. If the period in which the displacement
occurred were even shorter, the displacement rates could be even higher, which expresses a large
initial impulse for the landslide. The same situation could have occurred in other active periods such
as 1992–2001, in relation to the heavy rainfall in the years 1995 to 1998, particularly in the winter of
1996–1997. Again, the displacement rates could increase to values near 1 m/year or higher.

For these landslides of discontinuous activity, an interesting concept is the activity duration
or diachroneity [63]. According to the scale established in these works, the degree of diachroneity
assigned to the studied landslide is VIII (10 to 100 years). Nevertheless, if only the periods of activity
are considered, the degree of diachroneity would be VI (1 month to 1 year).

The triggering mechanism of the landslide was the rainfall, as in other regions near to it [55] and
in general in Mediterranean countries [82]. In these areas the movements are triggered occasionally by
“rambla” flash floods cutting down through the confined planar slide mass and dragging out the mass
accumulation [75,83]. These flood events occur at the beginning of autumn with heavy rain (cold drop
phenomenon) or at the beginning of spring after a rainy winter, in which heavy rains coincide with
snow melting from the Sierra Nevada range.

Thus, in an approximate way, a relationship between the landslide activity and the rainfalls can
be established. The landslide probably was triggered in relation to a rainy event of about 800 mm
between November 1989 and January 1990 (more than 400% of the average rainfall for this period).
Other equivalent periods occurred between November 1996 and January 1997 with more than 600 mm
(more than 300% of the average) [53,55,59,75,83], and in the early months of 2010 with 500 mm between
December 2009 and March 2010 (more than 200% of the average rainfall). These events and the
general rainfalls of the corresponding years (1989–1990, 1995–1998, and 2009–2011) are related to the
higher activity of the periods 1984–1992, 1992–2001, and 2008–2010, respectively. Meanwhile, the
lesser activity in the period 2001–2008, when minimum displacements and volumetric changes were
recorded, is associated with the absence of relevant precipitation.

This irregular pattern of landslides and rainfall coincides with other evidence such as field
observations and landslide inventories along the Betic Cordillera since 1979 [54–57], particularly in the
vicinity of this landslide [53,58,59,75,83]. The analysis of the available regional climatic data, reliable
in the region since 1940, shows some intense rainy periods similar to those recorded in 1989, 1997,
and 2010 [54], triggering slope failures in the study zone. These rainfall patterns, spanning periods of
two or three years, register intense peaks in some months. First, we can see five periods exceeding
400 mm in three months, when the mean annual rainfall is 620 mm/y, and also another four periods of
accumulated rainfall of more than 300 mm. Thus, the return period for rainfall triggering landslides
in the region is around 15 years for the more intense events and eight years if less intense events are
taken into account. Other analyses, based on average annual rainfall, show return periods of 18 years
for annual precipitation higher than 950 mm, and five years for precipitation higher than 750 mm,
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these reaching the threshold of new landslides in the region [84]. Finally, recent studies based on the
analysis of the anomalies in antecedent cumulative rainfall establish return periods of 12.4 years for
these anomalies [85], a value similar to the previous studies.

Comparing these data with climatic studies on the origin of the precipitation in southern Spain,
the intense rainfall in the region appears to be related to a negative value of the North Atlantic
Oscillation index (NAO index, [86]). Positive values, which are more frequent, are related to more
intense precipitation in Northern Europe and drier periods with rainfall in the Mediterranean area.
As the periodicity of winter values of this NAO index is eight years [87], this can be seen as coincident
with the return periods identified.

6. Conclusions

In conclusion, the real usefulness of LiDAR and digital photogrammetry techniques, as well
as the use of differential DEMs, is demonstrated in landslide studies, particularly concerning the
determination of the temporal evolution of landslides. The accuracy and consistency of these
techniques enables the detection of very detailed slope features and their changes. In this work
a new methodology has been developed, based on the use of a stereo photogrammetric workstation
for outdating DTMs of more recent flights by editing them only in unstable zones (with clear changes
between DTMs), over the stereoscopic models of previous flights. This permits us to reduce the time
spent editing DTMs and especially to avoid noise in the differential model calculations.

Concerning the results, the methodology has enabled the detection and quantification of the
extent of depletion and accumulation areas of the landslide, with average vertical displacement of
about 8.5 m in the depletion area and 4 m in the accumulation area, attaining maximum displacements
of almost 30 m in both areas. These displacements can be considered significant because they are an
order of magnitude higher than the estimated uncertainty. Also, significant volumetric changes of
about 300 × 103 m3 in depletion area and 120 × 103 m3 in accumulation areas were quantified, with
some 175 × 103 m3 of materials evacuated afterwards by the river flow.

The displacement and volumetric change rates are not constant over time, attaining maximum
values in the initial period 1984–1992 (displacements of about 40 cm/year) and more moderate in
the periods 1992–2001 and 2008–2010 (displacements of 15–30 cm/year), during seasons of heavy
rainfalls, particularly in 1997 and 2010. The lowest rates were recorded in the period 2001–2008,
when the displacement hardly reached 4 cm/year in a long dry period and they can be considered
non-significant regarding the accuracy of the technique used. Other observations and data from TLS
lead to estimates of displacement rates of higher than 1 m/year in some recent reactivation (2009–2010),
similar to that found during the landslide-triggering phase. This difference in slide activity features
diachronic slope movements alternating periods of variable activity depending on the influence of
triggering factors. From these data, an “extremely to very slow and slow” slide velocity is calculated.

Nevertheless, current research could provide more detailed results on the slide displacements and
evolution by using more flights, mainly available in the last decade, and incorporating TLS and UAV
photogrammetric data, as well as displacement wireless sensor networks (WSN) and local rainfall
data, for easier forecasts of future slide displacements. On the other hand, other techniques such as
the determination of displacement vectors in significant slope points or the calculation of absolute
distances provide more precise information on the slide kinematics. Finally, regional quantitative
studies of other landslides are also needed to draw better quality landslide-hazard maps.

Acknowledgments: This research was funded by the projects P06-RNM-02125 and RNM-06862 (ISTEGEO)
funded by the Andalusian Research Plan, projects CGL2008-04854 and TIN2009-09939 funded by the Ministry of
Science and Innovation of Spain and Research Groups TEP-213, and RNM 221 of the Andalusian Research Plan.

Author Contributions: Tomás Fernández, José Luis Pérez, Javier Cardenal and Clemente Irigaray conceived
and organized the research activity. José Luis Pérez, Javier Cardenal, and Carlos Colomo processed the
photogrammetric data, generated the DTMs, and made the calculations (differential models and volumes).
Tomás Fernández, José Antonio Palenzuela and Clemente Irigaray made the GIS analysis and Tomás Fernández



Geosciences 2017, 7, 32 19 of 23

interpreted the resulting data. Jorge Delgado and José Chacón supervised the research activity. All authors
contributed to the writing of this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fernández, T.; Pérez, J.L.; Colomo, C.; Mata, E.; Delgado, J.; Cardenal, J.; Irigaray, C.; Chacón, J. Digital
photogrammetry and LiDAR techniques to study the evolution of a landslide. In Proceedings of the
8th International Conference on Geo-information for Disaster Management: Best Practices, Enschede,
The Netherlands, 13–14 December 2012; Zlatanova, S., Peters, R., Fendel, E.M., Eds.; Universiteit Twente:
Enschede, The Netherlands, 2012; pp. 95–104.

2. Mantovani, F.; Soeters, R.; van Westen, C.J. Remote Sensing Techniques for Landslide Studies and Hazard
Zonation in Europe. Geomorphology 1996, 15, 213–225. [CrossRef]

3. Chacón, J.; Irigaray, C.; Fernández, T.; El Hamdouni, R. Engineering geology maps: Landslides and
Geographical Information Systems (GIS). Bull. Eng. Geol. Environ. 2006, 65, 341–411. [CrossRef]

4. Metternicht, G.; Hurni, L.; Gogu, R. Remote sensing of landslides: An analysis of the potential contribution
to geo-spatial systems for hazard assessment in mountainous environments. Remote Sens. Environ. 2005, 98,
284–303. [CrossRef]

5. Tofani, V.; Hong, Y.; Singhroy, V. Introduction: Remote Sensing Techniques for Landslide Mapping and
Monitoring. In Landslide Science for a Safer Geoenvironment; Sassa, K., Canuti, P., Yin, Y., Eds.; Springer: Cham,
Switzerland, 2014; Part III; pp. 301–303.

6. Hapke, C.J. Estimation of Regional Material Yield from Coastal Landslides Based on Historical Digital
Terrain Modelling. Earth Surf. Process. Landf. 2005, 30, 679–697. [CrossRef]

7. Prokešová, R.; Kardoš, M.; Medved’ová, A. Landslide dynamics from high-resolution aerial photographs:
A case study from the Western Carpathians, Slovakia. Geomorphology 2010, 115, 90–101. [CrossRef]

8. Chandler, J.H.; Brunsden, D. Steady state behaviour of the Black Ven Mudslide: The application of archival
analytical photogrammetry to studies of landform change. Earth Surf. Process. Landf. 1995, 20, 255–275.
[CrossRef]

9. Gentili, G.; Giusti, E.; Pizzaferri, G. Photogrammetric Techniques for the Investigation of the Corniglio
Landslide. In Applied Geomorphology; Allison, R.J., Ed.; John Wiley & Sons: Chichester, UK, 2002; pp. 39–48.

10. Casson, B.; Delacourt, C.; Allemand, P. Contribution of multi-temporal remote sensing images to characterize
landslide slip surface: Application to the La Clapière landslide (France). Nat. Hazards Earth Syst. Sci. 2005, 5,
425–437. [CrossRef]

11. Casson, B.; Delacourt, C.; Baratoux, D.; Allemand, P. Seventeen Years of the “La Clapière” Landslide
Evolution Analysed from Ortho-Rectified Aerial Photographs. Eng. Geol. 2003, 68, 123–139. [CrossRef]

12. Van Westen, C.J.; Getahun, F.L. Analyzing the evolution of the Tessina landslide using aerial photographs
and digital elevation models. Geomorphology 2003, 54, 77–89. [CrossRef]

13. Walstra, J.; Chandler, J.H.; Dixon, N.; Dijkstra, T.A. Time for Change—Quantifying Landslide Evolution Using
Historical Aerial Photographs and Modern Photogrammetric Methods. In The International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, Proceedings of the XXth ISPRS Congress, Istanbul,
Turkey, 12–23 July 2004; Altan, O., Ed.; Copernicus Publications: Gottingen, Germany, 2004; Volume XXXV,
Part B4; pp. 475–480.

14. Walstra, J.; Chandler, J.H.; Dixon, N.; Dijkstra, T.A. Extracting Landslide Movements from Historical Aerial
Photographs. In Landslides: Evaluation and Stabilization; Lacerda, W., Erlich, M., Fontoura, S.A.B., Sayao, A.S.F.,
Eds.; Taylor & Francis: London, UK, 2004; pp. 843–850.

15. Walstra, J.; Chandler, J.H.; Dixon, N.; Dijkstra, T.A. Aerial Photography and Digital Photogrammetry for
Landslide Monitoring. Geol. Soc. (Lond.) Spec. Publ. 2007, 283, 53–63. [CrossRef]

16. Walstra, J.; Dixon, N.; Chandler, J.H. Historical aerial photographs for landslide assessment: Two case
histories. Q. J. Eng. Geol. Hydrogeol. 2007, 40, 315–332. [CrossRef]

17. Baldi, P.; Fabris, M.; Monticelli, R. Monitoring the morphological evolution of the Sciara Del Fuoco during
the 2002–2003 Stromboli eruption using multi-temporal photogrammetry. ISPRS J. Photogramm. Remote Sens.
2005, 59, 199–211. [CrossRef]

http://dx.doi.org/10.1016/0169-555X(95)00071-C
http://dx.doi.org/10.1007/s10064-006-0064-z
http://dx.doi.org/10.1016/j.rse.2005.08.004
http://dx.doi.org/10.1002/esp.1168
http://dx.doi.org/10.1016/j.geomorph.2009.09.033
http://dx.doi.org/10.1002/esp.3290200307
http://dx.doi.org/10.5194/nhess-5-425-2005
http://dx.doi.org/10.1016/S0013-7952(02)00201-6
http://dx.doi.org/10.1016/S0169-555X(03)00057-6
http://dx.doi.org/10.1144/SP283.5
http://dx.doi.org/10.1144/1470-9236/07-011
http://dx.doi.org/10.1016/j.isprsjprs.2005.02.004


Geosciences 2017, 7, 32 20 of 23

18. Baldi, P.; Cenni, N.; Fabris, M.; Zanutta, A. Kinematics of a landslide derived from archival photogrammetry
and GPS data. Geomorphology 2008, 102, 435–444. [CrossRef]

19. Cardenal, J.; Delgado, J.; Mata, E.; González-Díez, A.; Remondo, J.; Díaz de Terán, J.R.; Francés, E.; Salas, L.;
Bonachea, J.; Olague, I.; et al. The use of digital photogrammetry techniques in landslide instability.
In Geodetic Deformation Monitoring: From Geophysical to Geodetic Roles; Gil-Cruz, J., Sanso, F., Eds.; IAG Springer
Series: New York, NY, USA; Heidelberg, Germany, 2006; pp. 259–264.

20. Kasperski, J.; Delacourt, C.; Allemand, P.; Potherat, P. Evolution of the Sedrun landslide (Graubünden,
Switzerland) with ortho-rectified air images. Bull. Eng. Geol. Environ. 2010, 69, 421–430. [CrossRef]

21. Fabris, M.; Menin, A.; Achilli, V. Landslide displacement estimation by archival digital photogrammetry.
Ital. J. Remote Sens. 2011, 43, 23–30. [CrossRef]

22. González-Díez, A.; Fernández-Maroto, G.; Doughty, M.W.; Díaz de Terán, J.R.; Bruschi, V.; Cardenal, J.;
Pérez, J.L.; Mata, E.; Delgado, J. Development of a methodological approach for the accurate measurement
of slope changes due to landslides, using digital photogrammetry. Landslides 2014, 11, 615–628. [CrossRef]

23. Dewitte, O.; Jasselette, J.C.; Cornet, Y.; Van Den Eeckhaut, M.; Collignon, A.; Poesen, J.; Demoulin, A.
Decadal-scale analysis of ground movements in old landslides in western Belgium. Eng. Geol. 2008, 99,
11–22. [CrossRef]

24. Corsini, A.; Borgatti, L.; Cervi, F.; Dahne, A.; Ronchetti, F.; Sterzai, P. Estimating mass-wasting processes
in active earth slides—Earth flows with time-series of High-Resolution DEMs from photogrammetry and
airborne LiDAR. Nat. Hazards Earth Syst. Sci. 2009, 9, 433–439. [CrossRef]

25. Mora, P.; Baldi, P.; Casula, G.; Fabris, M.; Ghirotti, M.; Mazzini, E.; Pesci, A. Global Positioning Systems and
Digital Photogrammetry for the Monitoring of Mass Movements: Application to the Ca’ Di Malta Landslide
(Nothern Apennines, Italy). Eng. Geol. 2003, 68, 103–121. [CrossRef]

26. Brückl, E.; Brunner, F.K.; Kraus, K. Kinematics of a deep-seated landslide derived from photogrammetric,
GPS and geophysical data. Eng. Geol. 2006, 88, 149–159. [CrossRef]

27. De Bari, C.; Lapenna, V.; Perrone, A.; Puglisi, C.; Sdao, F. Digital photogrammetric analysis and
electrical resistivity tomography for investigating the Picerno landslide (Basilicata region, southern Italy).
Geomorphology 2011, 133, 34–46. [CrossRef]

28. Yeh, M.L.; Hsiao, Y.C.; Chen, Y.H.; Chung, J.C. A study on unmanned aerial vehicle applied to acquire
terrain information of landslide. In Proceedings of the 32 Asian Conference Remote Sensing, Taipei, Taiwan,
3–7 October 2011; Volume 3, pp. 2210–2215.

29. Niethammer, U.; James, M.R.; Rothmund, S.; Travelletti, J.; Joswig, M. UAV-based remote sensing of the
Super-Sauze landslide: Evaluation and results. Eng. Geol. 2012, 128, 2–11. [CrossRef]

30. Stumpf, A.; Malet, J.P.; Kerle, N.; Niethammer, U.; Rothmund, S. Image-based mapping of surface fissures
for the investigation of landslide dynamics. Geomorphology 2013, 186, 12–27. [CrossRef]

31. Turner, D.; Lucieer, A.; de Jong, S.M. Time Series Analysis of Landslide Dynamics using an Unmanned
Aerial Vehicle (UAV). Remote Sens. 2015, 7, 1736–1757. [CrossRef]

32. Fernández, T.; Pérez, J.L.; Cardenal, F.J.; Gómez, J.M.; Colomo, C.; Delgado, J. Analysis of landslide evolution
affecting olive groves using UAV and photogrammetric techniques. Remote Sens. 2016, 8, 837.

33. Peterman, V. Landslide activity monitoring with the help of unmanned aerial vehicle. In The International
Archives of the Photogrammetry Remote Sensing and Spatial Information Sciences, Proceedings of the International
Conference on Unmanned Aerial Vehicles in Geomatics, Toronto, Canada, 30 August–2 September 2015;
Armenakis, E., Ed.; Copernicus Publications: Gottingen, Germany, 2015; Volume XL-1/W4, pp. 215–218.

34. Vrublova, D.; Kapica, R.; Jirankova, E.; Strus, A. Documentation of landslides and inaccessible parts of a
mine using an unmanned UAV system and methods of digital terrestrial photogrammetry. GeoSci. Eng. 2015,
LXI, 8–19.

35. Yang, Z.; Lan, H.; Liu, H.; Li, L.; Wu, Y.; Meng, Y.; Xu, L. Post-earthquake rainfall-triggered slope stability
analysis in the Lushan area. J. Mt. Sci. 2015, 12, 232–242. [CrossRef]

36. Shi, B.; Liu, C. UAV for Landslide Mapping and Deformation Analysis. In Proceedings of the International
Conference on Intelligent Earth Observing and Applications, Guilin, China, 23–24 October 2015; Zhou, G.,
Kang, C., Eds.; Volume 9808.

37. Lindner, G.; Schraml, K.; Mansberger, R.; Hübl, J. UAV monitoring and documentation of a large landslide.
Appl. Geomat. 2016, 8, 1–11. [CrossRef]

http://dx.doi.org/10.1016/j.geomorph.2008.04.027
http://dx.doi.org/10.1007/s10064-010-0293-z
http://dx.doi.org/10.5721/ItJRS20114322
http://dx.doi.org/10.1007/s10346-013-0413-5
http://dx.doi.org/10.1016/j.enggeo.2008.02.006
http://dx.doi.org/10.5194/nhess-9-433-2009
http://dx.doi.org/10.1016/S0013-7952(02)00200-4
http://dx.doi.org/10.1016/j.enggeo.2006.09.004
http://dx.doi.org/10.1016/j.geomorph.2011.06.013
http://dx.doi.org/10.1016/j.enggeo.2011.03.012
http://dx.doi.org/10.1016/j.geomorph.2012.12.010
http://dx.doi.org/10.3390/rs70201736
http://dx.doi.org/10.1007/s11629-013-2839-6
http://dx.doi.org/10.1007/s12518-015-0165-0


Geosciences 2017, 7, 32 21 of 23

38. Hsieh, Y.C.; Chan, Y.; Hu, J. Digital Elevation Model Differencing and Error Estimation from Multiple
Sources: A Case Study from the Meiyuan Shan Landslide in Taiwan. Remote Sens. 2016, 8, 199. [CrossRef]

39. Al-Rawabdeh, A.; He, F.; Moussa, A.; El-Sheimy, N.; Habib, A. Using an Unmanned Aerial Vehicle-Based
Digital Imaging System to Derive a 3D Point Cloud for Landslide Scarp Recognition. Remote Sens. 2016, 8, 95.
[CrossRef]

40. Walstra, J.; Chandler, J.H.; Dixon, N.; Wackrow, R. Evaluation of the controls affecting the quality of spatial
data derived from historical aerial photographs. Earth Surf. Process. Landf. 2010, 36, 853–863. [CrossRef]

41. Adams, J.C.; Chandler, J.H. Evaluation of LiDAR and Medium Scale Photogrammetry for Detecting Soft-Cliff
Coastal Change. Photogramm. Rec. 2002, 17, 405–418. [CrossRef]

42. Glenn, N.F.; Streutker, D.R.; Chadwick, D.J.; Thackray, G.D.; Dorsch, S.J. Analysis of LiDAR-derived
topographic information for characterizing and differentiating landslide morphology and activity.
Geomorphology 2006, 73, 131–148. [CrossRef]

43. Derron, M.H.; Jaboyedoff, M. LIDAR and DEM techniques for landslides monitoring and characterization.
Nat. Hazards Earth Syst. Sci. 2010, 10, 1877–1879. [CrossRef]

44. Palenzuela, J.A.; Marsella, M.; Nardinocchi, C.; Pérez, J.L.; Fernández, T.; Chacón, J.; Irigaray, C. Landslide
detection and inventory by integrating LiDAR data in a GIS environment. Landslides 2015, 12, 1035–1050.
[CrossRef]

45. McKean, J.; Roering, J. Objective landslide detection and surface morphology mapping using high resolution
airborne laser altimetry. Geomorphology 2004, 57, 331–351. [CrossRef]

46. Kasai, M.; Ikeda, M.; Asahina, T.; Fujisawa, K. LiDAR-derived DEM evaluation of deep-seated landslides in
a steep and rocky region of Japan. Geomorphology 2009, 113, 57–69. [CrossRef]

47. Burns, W.J.; Coe, J.A.; Kaya, B.S.; Ma, L. Analysis of Elevation Changes Detected from Multi-Temporal
LiDAR Surveys in Forested Landslide Terrain in Western Oregon. Environ. Eng. Geosci. 2010, 16, 315–341.
[CrossRef]

48. DeLong, S.B.; Prentice, C.S.; Hilley, G.E.; Ebert, Y. Multitemporal ALSM change detection, sediment delivery,
and process mapping at an active earthflow. Earth Surf. Proc. Land. 2012, 37, 262–272. [CrossRef]

49. Roering, J.J.; Mackey, B.H.; Marshall, J.A.; Sweeney, K.E.; Deligne, N.I.; Booth, A.M.; Handwerger, A.L.;
Cerovski-Darriau, C. “You are HERE”: Connecting the dots with airborne lidar for geomorphic fieldwork.
Geomorphology 2013, 200, 172–183. [CrossRef]

50. Cavalli, M.; Trevisani, S.; Comiti, F.; Marchi, L. Geomorphometric assessment of spatial sediment connectivity
in small Alpine catchments. Geomorphology 2013, 188, 31–41. [CrossRef]

51. Tarolli, P. High-resolution topography for understanding Earth surface processes: Opportunities and
challenges. Geomorphology 2014, 216, 295–312. [CrossRef]

52. Bossi, G.; Cavalli, M.; Crema, S.; Frigerio, S.; Quan Luna, B.; Mantovani, M.; Marcato, G.; Schenato, L.;
Pasuto, A. Multi-temporal LiDAR-DTMs as a tool for modelling a complex landslide: A case study in the
Rotolon catchment (eastern Italian Alps). Nat. Hazards Earth Syst. Sci. 2015, 15, 715–722. [CrossRef]

53. Fernández, T.; Irigaray, C.; El Hamdouni, R.; Chacón, J. Methodology for landslide susceptibility mapping
by means of a GIS. Application to the Contraviesa area (Granada, Spain). Nat. Hazards 2003, 30, 297–308.
[CrossRef]

54. Fernández, T.; Ureña, M.A.; Delgado, J.; Cardenal, J.; Irigaray, C.; Chacón, J. Examples of natural risk
analysis from SDI. In Proceedings of the International Cartographic Conference (CO-022), Paris, France,
21–27 June 2011.

55. Irigaray, C.; Lamas, F.; El Hamdouni, R.; Fernández, T.; Chacón, J. The importance of the precipitation and
the susceptibility of the slopes for the triggering of landslides along the roads. Nat. Hazards 2000, 21, 65–81.
[CrossRef]

56. Irigaray, C.; Fernández, T.; El Hamdouni, R.; Chacón, J. Evaluation and validation of landslide susceptibility
maps obtained by a GIS matrix method: Examples from the Betic Cordillera (southern Spain). Nat. Hazards
2007, 41, 61–79. [CrossRef]

57. Chacón, J. Landslide susceptibility, hazard & risk GIS mapping in the Betic Cordillera (Spain): Areas with
limited information about triggering factors. In Guidelines for Mapping Areas at Risk of Landslides in Europe,
Proc. Experts Meeting Joint Research Center (JRC), Ispra, Italy, 23–24 October 2007; Hervás, J., Ed.; Office for
Official Publications of the European Communities: Luxembourg, Luxembourg, 2007; pp. 23–26.

http://dx.doi.org/10.3390/rs8030199
http://dx.doi.org/10.3390/rs8020095
http://dx.doi.org/10.1002/esp.2111
http://dx.doi.org/10.1111/0031-868X.00195
http://dx.doi.org/10.1016/j.geomorph.2005.07.006
http://dx.doi.org/10.5194/nhess-10-1877-2010
http://dx.doi.org/10.1007/s10346-014-0534-5
http://dx.doi.org/10.1016/S0169-555X(03)00164-8
http://dx.doi.org/10.1016/j.geomorph.2009.06.004
http://dx.doi.org/10.2113/gseegeosci.16.4.315
http://dx.doi.org/10.1002/esp.2234
http://dx.doi.org/10.1016/j.geomorph.2013.04.009
http://dx.doi.org/10.1016/j.geomorph.2012.05.007
http://dx.doi.org/10.1016/j.geomorph.2014.03.008
http://dx.doi.org/10.5194/nhess-15-715-2015
http://dx.doi.org/10.1023/B:NHAZ.0000007092.51910.3f
http://dx.doi.org/10.1023/A:1008126113789
http://dx.doi.org/10.1007/s11069-006-9027-8


Geosciences 2017, 7, 32 22 of 23

58. El Hamdouni, R.; Irigaray, C.; Fernández, T.; Chacón, J.; Keller, E.A. Assessment of relative active tectonics,
southwest border of the Sierra Nevada (Southern Spain). Geomorphology 2008, 96, 150–173. [CrossRef]

59. Jiménez-Perálvarez, J.D.; Irigaray, C.; El Hamdouni, R.; Chacón, J. Landslide-susceptibility mapping in a
semi-arid mountain environment: An example from the southern slopes of Sierra Nevada (Granada, Spain).
Bull. Eng. Geol. Environ. 2011, 70, 265–277. [CrossRef]

60. Palenzuela, J.A.; Irigaray, C.; Jiménez-Perálvarez, J.D.; Chacón, J. Application of Terrestrial Laser Scanner to
the Assessment of the Evolution of Diachronic Landslides. In Landslide Science and Practice; Margottini, C.,
Canuti, P., Sassa, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2013; Section 68; pp. 517–523.

61. Agliardi, F.; Crosta, G.; Zanchi, A. Structural constraints on deep-seated slope deformation kinematics.
Eng. Geol. 2001, 59, 83–102. [CrossRef]

62. Aldaya, F.; Díaz de Federico, A.; García-Dueñas, V.; Martínez García, E.; Navarro-Vila, F.; Puga, E.
Mapa Geológico de España 1:50.000: Hoja 1042 Lanjarón; 2ª serie; IGME: Madrid, Spain, 1981; p. 32.

63. Chacón, J.; Irigaray, C.; El Hamdouni, R.; Jiménez-Perálvarez, J.D. Diachroneity of landslides. In Geologically
Active; Williams, A.L., Pinches, G.M., Chin, C.Y., McMorran, T.J., Massey, C.I., Eds.; CRC Press/Balkema,
Taylor & Francis Group: Leiden, The Netherlands, 2010; pp. 999–1006.

64. Colomo-Jiménez, C.; Pérez-García, J.L.; Fernández-del-Castillo, T.; Gómez-López, J.M.; Mozas-Calvache, A.M.
Methodology for orientation and fusion of photogrammetric and LiDAR data for multitemporal studies.
In The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Proceedings
of the XXIII ISPRS Congress, Prague, Czech Republic, 12–19 July 2016; Copernicus Publications: Gottingen,
Germany, 2016; Volume XLI-B7, pp. 639–645.

65. Socet Set 5.2; Bae Systems Plc.: London, UK, 2009.
66. Terramatch; TerraSolid Ltd.: Helsinki, Finland, 2012.
67. Oshel, E.; Liddle, D. Photogrammetric applications: Space Application of Photogrammetry. In Manual of

Photogrammetry, 6th ed.; McGlone, C., Mikhail, E., Bethel, J., Eds.; American Society for Photogrammetry and
Remote Sensing (ASPRS): Bethesda, MD, USA, 2013; p. 1183.

68. Cavalli, M.; Tarolli, P. Application of LiDAR technology for rivers analysis. Ital. J. Eng. Geol. Environ. 2011, 1,
33–44.

69. Maptek I-Site Studio 6.0; Maptek Pty. Ltd.: Adelaide, Australia, 2016.
70. ArcGIS 10.3; Esri: Redlands, CA, USA, 2013.
71. Brasington, J.; Rumsby, B.T.; McVey, R.A. Monitoring and modelling morphological change in a braided

gravel-bed river using high resolution GPS-based survey. Earth Surf. Proc. Land. 2000, 25, 973–990. [CrossRef]
72. Wheaton, J.M.; Brasington, J.; Darby, S.E.; Sear, D.A. Accounting for uncertainty in DEMs from repeat

topographic surveys: Improved sediment budgets. Earth Surf. Proc. Land. 2010, 35, 136–156. [CrossRef]
73. WP/WLI. A suggested method for describing the rate of movement of a landslide. Bull. Eng. Geol. Environ.

1995, 52, 75–78.
74. Hungr, O.; Leroueil, S.; Picarelli, L. The Varnes classification of landslide types, an update. Landslides 2014,

11, 167–194. [CrossRef]
75. Thornes, J.B.; Alcántara-Ayala, I. Modelling mass failure in a Mediterranean mountain environment: Climatic,

geological, topographical and erosional controls. Geomorphology 1998, 24, 87–100. [CrossRef]
76. García, A.F.; Zhu, Z.; Ku, T.L.; Sanz de Galdeano, C.; Chadwick, O.A.; Chacón, J. Tectonically driven

landscape development within the eastern Alpujarran Corridor, Betic Cordillera, SE Spain (Almería).
Geomorphology 2003, 50, 83–110. [CrossRef]

77. Varnes, D.J. Slope movement, types and processes. In Landslides: Analysis and Control; Schuster, R.L.,
Krizek, R.J., Eds.; Transportation Research Board Special Report National Academy of Sciences: Washington,
DC, USA, 1978; Volume 176, pp. 12–33.

78. Fell, R. Landslide risk assessment and acceptable risk. Can. Geotech. J. 1994, 31, 261–272. [CrossRef]
79. Cardinali, M.; Reichenbach, P.; Guzzetti, F.; Ardizzone, F.; Antonini, G.; Galli, M.; Cacciano, M.; Castellani, M.;

Salvati, P. A geomorphological approach to the estimation of landslide hazards and risks in Umbria, Central
Italy. Nat. Hazards Earth Syst. Sci. 2002, 2, 57–72. [CrossRef]

80. Rodríguez-Ortiz, J.M.; Hinojosa, J.A.; Prieto, C. Regional studies on mass movements in Spain. In Proceedings
of the 3th IAEG Congress, Madrid, Spain, 4–8 September 1978; Volume 1, pp. 267–277.

81. WP/WLI. A suggested method for describing the activity of a landslide. Bull. Eng. Geol. Environ. 1993, 47,
53–57.

http://dx.doi.org/10.1016/j.geomorph.2007.08.004
http://dx.doi.org/10.1007/s10064-010-0332-9
http://dx.doi.org/10.1016/S0013-7952(00)00066-1
http://dx.doi.org/10.1002/1096-9837(200008)25:9&lt;973::AID-ESP111&gt;3.0.CO;2-Y
http://dx.doi.org/10.1002/esp.1886
http://dx.doi.org/10.1007/s10346-013-0436-y
http://dx.doi.org/10.1016/S0169-555X(97)00103-7
http://dx.doi.org/10.1016/S0169-555X(02)00209-X
http://dx.doi.org/10.1139/t94-031
http://dx.doi.org/10.5194/nhess-2-57-2002


Geosciences 2017, 7, 32 23 of 23

82. Guzzeti, F. Landslide hazard assessment and risk evaluation: Limits and prospectives. In Proceedings of the
4th EGS Plinius Conference, Mediterranean Storms, Mallorca, Spain, 2–4 October 2002.

83. Alcántara-Ayala, I.; Thornes, J.B. Structure and hydrology in controlling mass failure in space and time:
The case of the Guadalfeo failures. In Proceedings of the 8th International Conference & Field Trip on
Landslides, Granada, Spain, 27–28 September 1996; Chacón, J., Irigaray, C., Fernández, T., Eds.; Balkema:
Rotterdam, The Netherlands, 1996; pp. 89–96.

84. Jimenez-Perálvarez, J.D. Movimientos de ladera en la vertiente meridional de Sierra Nevada (Granada,
España): Identificación, análisis y cartografía de susceptibilidad y peligrosidad mediante SIG. Ph.D. Thesis,
University of Granada, Granada, Spain, July 2012.

85. Palenzuela, J.A.; Jiménez-Perálvarez, J.D.; Chacón, J.; Irigaray, C. Assessing critical rainfall thresholds for
landslide triggering by generating additional information from a reduced database: An approach with
examples from the Betic Cordillera (Spain). Nat. Hazards 2016, 84, 185–212. [CrossRef]

86. Trigo, R.M.; Pozo, D.; Timothy, C.; Osborn, J.; Castro, Y.; Gámiz, S.; Esteban, M.J. NAO influence on
precipitation, river flow and water resources in the Iberian Peninsula. Int. J. Climatol. 2004, 24, 925–944.
[CrossRef]

87. Pozo, D.; Esteban, M.J.; Rodrigo, F.S.; Castro, Y. An analysis of the variability of the North Atlantic Oscillation
in the time and frequency domains. Int. J. Climatol. 2000, 20, 1675–1692. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11069-016-2416-8
http://dx.doi.org/10.1002/joc.1048
http://dx.doi.org/10.1002/1097-0088(20001130)20:14&lt;1675::AID-JOC564&gt;3.0.CO;2-C
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Geographical and Geological Setting 
	Materials and Methods 
	Dataset Compilation and Digitization of Images from Historical Flights 
	Definition of Reference System and Orientation of Reference Data 
	Orientation of Historical Photogrammetric Flights 
	Building and Editing DTMs 
	Comparison between Models and Calculations 

	Results 
	Discussion 
	Conclusions 

