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ABSTRACT
The monitoring of morphologic changes in high-mountain envi-
ronments is an important, but complex task. Terrestrial as well as
airborne laser scanning (TLS and ALS) and digital photogram-
metry (DP) using Unnamed Aerial Vehicle (UAV) can determine
recent variations. In contrast, changes that occurred 20 or more
years ago, need generally the application of DP and historic aerial
photograph. We compared these four geomatic techniques and
the resulting digital elevation models (DEM) that ranged over a
70-year time span (1946–2016). The accuracy of the different
models and also the effect of different cell size were analysed.
The accuracy analysis of the resulting DEMs shows important
drawbacks, when historic aerial photographs are used. In these
DEMs, the error in elevation can be important and a detailed ana-
lysis of morphologic changes is limited. Nowadays, the combin-
ation of DP and UAV is the technique with best cost-benefit ratio,
although TLS could reveal similar precision. However, the applica-
tion of TLS is restrained by the complex morphology and the
presence of vegetation, which produce many shadows. Finally,
the erosion rate was determined in our catchment. The resulting
values range between 0.06 and 0.16m3/m2/y, which coincides
rather well with data observed in other studies.
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1. Introduction

The importance of monitoring topographic changes associated with geomorphologic
processes has increased during the last decades (Bennett et al. 2012; Jaboyedoff et al.
2012; Kamps et al. 2017). Assessment and mitigation of geomorphologic hazards and
risks have improved quality due to technological advances in geomatic surveys, but
still need to resolve multiples difficulties. When the observation focuses on mass
movements in high mountain regions or on torrential processes, the situation is even
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more complex because of the fact that study sites are mostly located in remote areas
with steep slopes; very irregular terrain and the significant amount of vegetation
(Blasone et al. 2014; Zhang et al. 2015; Fey and Wichmann 2017).

Since roughly 20 years ago, geomatic techniques allow the observation of ground
movements using control points total stations or GNSS systems (Sanjos�e-Blasco et al.
2007). During the last decades, methods have strongly improved including different
types of technologies: i) higher resolution of satellite images (Liberti et al. 2009), ii)
photogrammetry analysing historical aerial photographs or multiple digital images
(Bennett et al. 2012; James et al. 2012), iii) terrestrial and airborne laser scanning
(Bremer and Sass 2012; Jaboyedoff et al. 2012; Sch€urch et al. 2011), iv) comparison of
orthophotos (Niethammer et al. 2012; Stumpf et al. 2013), or v) digital photogram-
metry using images of Unnamed Aerial Vehicle (UAV) (Eisenbeiss et al. 2005; Liu
et al. 2011; Aicardi et al. 2017; Piras et al. 2017; Tziavou et al. 2018).

Terrestrial laser scanning (TLS) is widely used for the analysis of ground displace-
ments, but their application is limited in heterogeneous and irregular terrains like tor-
rential high-mountain catchments. There, parts of the study area can be obstructed
due to sharp morphologic changes or vegetation (Sch€urch et al. 2011; Lato et al.
2012). In contrast, aerial photogrammetry, which a decade ago was rarely applied due
to its high costs and problems of altitude and scales, has strongly increased its appli-
cation recently thanks to the use of UAV and algorithms of structure for motion
(Faugeras and Luong 2001). UAVs normally fly at lower altitude and therefore
improve resolution of photos and finally increase the density of points in the result-
ing terrain models. In both cases, we have the difficulty of eliminating the vegetation
in order to go from a DSM to a DTM, which is necessary for the geologic changes
assessment. In the case of the obtained models by laser scanning techniques, the dif-
ferent reflectivity of the vegetation can be used to eliminate it, including the filters
based on the last pulse of LiDAR (Gonçalves-Seco et al. 2006; Barilotti et al. 2008). In
photogrammetry, only the RGB colour channels of the photography are available to
remove the vegetation. The process uses the thresholding to generate binary images
from a greyscale image G�ee et al. (2008) propose a simple threshold based on the
average value of the gray level of the image (histogram). In addition, by calculating
the index of vegetation with methods based on the “computer vision” (Aitkenhead
et al. 2003; Guijarro and Pajares 2009; Zhang and Kovacs 2012).

Nonetheless, the analysis of ground movements over many decades can only be
performed by the interpretation of historic aerial photographs (Walstra and Chandler
2004; Cardenal et al. 2006; Bennett et al. 2012; Aguilar et al. 2013; P�erez et al. 2014).
For their use, historic photographs must be scanned at high quality, but a detailed
analysis is difficult, since these photographs were taken at regional scale and reso-
lution is limited.

ALS (Aerial Laser Scanning) is a third option to analyze multitemporal geo-
morphic changes in high altitude and debris flow catchments. However, it needs a
high economic investment and has a lower resolution in the point clouds obtained
from the aforementioned techniques. Their main advantages are that it allows investi-
gation also under vegetation cover, and it is particularly suitable for the monitoring
of large areas. It is found a sample of the use of this technique in the Pyrenees
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(Victoriano et al. 2018) and Alps (Bossi et al. 2015), more especially in debris flow
we find the studies of (Scheidl et al. 2008) and (Cavalli et al. 2017).

In all the geomatic techniques mentioned above, the final outcome is a point cloud
that may be transformed into a regular raster for better comparison in a Geographic
Information System (GIS) (Prokop and Panholzer 2009; Sch€urch et al. 2011; Lenda
et al. 2016).

Summarising, the monitoring of slope mass-wasting in high mountain areas is very
complex and many problems related to the data gathering, transformation and ana-
lysis are not resolved. For this reason, the global goal of this study intends to improve
our understanding, when we deal with the measurements of morphologic changes in
an irregular alpine area. This includes the comparison and evaluation of different
techniques to capture and quantify topographic data, a sensitivity analysis of the dif-
ferent resolutions in the models, and the analysis of the terrain change in our debris
flow test area.

2. Study area

The Rebaixader catchment is situated in the Central Pyrenees and is characterized by
typical high-mountain morphology. The drainage basin has an orientation towards
Northwest and covers a total area of 0.5 km2 (Figure 1).

From a geological point of view, the catchment is located in the Axial Pyrenees,
where bedrock is formed of Palaeozoic metamorphic rocks including slates and phyl-
lites (Mu~noz 1992). An irregular layer of colluvium and glacial deposits cover the
bedrock. The most important morphologic feature is the large open scarp in the mid-
dle area of the catchment, where the lateral moraine is covering the bedrock with an
important thickness. The scarp covers an area of about 0.09 km2 between 1425 and
1710m a.s.l. and has slope angles between 30� and 70� (Figure 1b). The relief in this
area is very irregular due to the presence of large blocks in the moraine and badland-
like morphology with deep gullies.

Different types of slope mass-wasting processes in the lateral moraine have formed
the large scarp since the last glaciation. Nowadays, the most important torrential
processes, which affect the morphology of the scarp, are debris flows and rockfalls
(H€urlimann et al. 2012, 2014). They start in the steep scarp, move down slope and
mostly stop on the fan. The activity of the torrential processes is high, as 10 debris
flows and 24 debris floods have been detected by a monitoring system installed in the
catchment, since 2009. The monitoring system is equipped with a wide variety of in
situ sensors connected wired and wirelessly, providing data on triggering conditions
and post-failure behaviour of torrential processes (H€urlimann et al. 2014). Thus, the
Rebaixader catchment is a perfect site to apply and compare different geomatic tech-
niques for the analysis of morphologic changes.

3. Data and methods

In this study, four different geomatic techniques were applied for the capture of the
ground data: i) digital photography of historic aerial photographs between 1946 and
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1992 (DP-HAP), ii) airborne LiDAR scanning (ALS), iii) terrestrial LiDAR scanning
(TLS); and, iv) digital photography from UAV (DP-UAV) (Table 1).

3.1. Digital photogrammetry

3.1.1. Digital photogrammetry with air photographs
A total of four 3d models were built with historic aerial photographs (Table 2). The
format of all them was 23� 23 cm.

The first 3D model, DP-HAP1946, was obtained from the photographs of the first
American flight over Spain, which is also called ‘set A’ flight. This survey was carried
out by the US Army during February 1945 and October 1946. The photographic

Figure 1. (a) Orthophotograph of the Rebaixader study area. Inset shows its location in the
Catalan Pyrenees. (b) Slope angle map of the lower part of the catchment and the fan.
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cameras utilized during this campaign were Fairchild K-17B y K18 with wide-angle
lenses producing high distortions. The resulting photograms did not include neither
fiducial marks nor metrics, which are necessary to achieve classic cartographic prod-
ucts (P�erez et al. 2014). The final model was created by 12 photographs, whose nega-
tives were scanned at a resolution of 1210 dpi. So, the ground resolution (equivalent
to GSD, Ground Sampling Distance) was 0.73m. Subsequently, the software Agisoft
PhotoScan (Agisoft 2018) was used, since it allows the handling of photographs taken
with non-metric cameras and approximated internal orientation parameters. We used
five control points, which were clearly identified on the photograms and on the pre-
sent cartography. PhotoScan software generated the model automatically by linking
points using SIFT algorithms (de Mat�ıas et al. 2009; Chen et al. 2017). Finally, a
dense point cloud of the zone of interest with 0.5 points/m2 was obtained.

The second model DP-HAP1957, which is called ‘set B’ flight because it was the
second American flight. It was carried out between 1956 and 1957. This flight used
photographic cameras Fairchild T-11 with Metrogon lens and controlled distortion.
They included fiducial marks and used metric cameras (P�erez et al. 2014). The photo-
grammetric adjustment of the block was created using 4 photographs, whose nega-
tives were scanned at a resolution of 1210 dpi. So, the equivalent GSD was 0.63m.
The photogrammetric adjustment was performed with 6 ground control points. A
dense point cloud with 0.5 points/m2 was obtained.

A comparison of the orthophotographs obtained from the two oldest flights (1946
and 1957) is shown in Figure 2, which reflects the better quality of the 1957 flight.

The third model, DP-HAP1975, was realized by the private company Aerofoto,
S.A. (AFSA) during July 1975. The photographic cameras utilized during this survey
were Wild RC10 with wide-angle lenses and focal length of 152.96mm. The photo-
grammetric block was generated by three photographs and the scan resolution was
1690 dpi, and the equivalent GSD was 0.30m. The photogrammetric adjustment was
performed with 68 tie points and 7 control points. A dense point cloud of the zone
of interest was obtained with a resolution of 0.5 points/m2.

The forth model, DP-HAP1992, was performed by ICGC. The photographic cam-
era used during this survey was Wild RC10 with wide-angle lenses and focal length
of 152.12mm. The photogrammetric model was calculated incorporating three photo-
graphs, which were scanned at 1814 dpi (the equivalent GSD was 36 cm). Afterwards,
the model was created with 5 ground control points. A dense point cloud of the zone
of interest was obtained with 2 points/m2.

Table 1. Date of data capture and applied techniques of the different Digital Elevation
Models (DEM).
Date (month year) Technique applied Abbreviation of resulting DEM

February 1946 Photogrammetry DP-HAP1946
August 1957 Photogrammetry DP-HAP1957
July 1975 Photogrammetry DP-HAP1975
August 1992 Photogrammetry DP-HAP1992
October 2011 ALS ALS2011
May 2012 TLS TLS2012
July 2014 TLS TLS2014
September 2015 TLS TLS2015
June 2016 Photogrammetry DP-UAV2016
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For all the point clouds obtained from photogrammetry, vegetation has been
removed in the study area, when dense forest was observed in the orthophotographs.
In contrast, areas of shrubs and grass were not filtered inside the scarp, since this
task is too time-consuming and cost-benefit is not justified. To compare the different
models a mask was used in the small areas, where trees were observed.

3.1.2. Digital photogrammetry using UAV
The UAV applied in this study was a quadcopter DJI Inspire 1 Pro 4K with GPS and
Zenmuse X5 with a photographic camera DJI FC550, which has a focal length of
15mm, a 4/3 CMOS sensor with a resolution of 16 Mpx (4608� 3456, RGB),
17.50mm � 13.125mm frame and a resulting pixel size of 3.76 mm.

The UAV survey in July 2017 was performed at about 100m above the terrain sur-
face and produced images with a GSD lower than 10 cm. The photographs were taken
vertically and obliquely depending on the inclination of the ground of the corre-
sponding study zone. 1021 out of the 1500 initial photographs were selected for the
block adjustment and the subsequent creation of the model. In this case, 72,000 tie
points and 9 ground control points were used in order to permit an excellent adjust-
ment. The targets have dimensions of 20 cm � 20 cm, with 2� 2 checked boards.
Their coordinates were obtained from the bases of the topographic network previ-
ously mentioned using a laser total station. The absolute accuracy in these coordi-
nates are better than 3 cm for the planimetric ones and 4 cm in the altitude. The
point cloud has a density of 85 point/m2.

3.2. Laser scanning

3.2.1. Terrestrial laser scanning
Four surveys were carried out during May 2012 and September 2015 applying two
different sensors. During the first field campaign, we used a Leica HDS880 with a
nominal scan distance up to 1400m (for bedrock surfaces), and a precision of 20mm
at 1000m and 0.01� angular. The georeferencing of this sensor is direct due to it is
able to set in a known point and oriented.

The May 2012 survey was performed from 8 base stations, from E1 to E8 in
Figure 3, in order to cover the entire study area. However, the complex morphology,
which caused many parts of the area out of the line of sight, and the minor reflectiv-
ity of the surface, resulted in multiple small zones without of data. These zones are
mostly located at the higher part of the open scarp, where the erosion formed large
rills in the glacial deposit and consequently a very heterogeneous ground surface.
Such morphologic characteristics, humidity at the surface and long distance scanning
strongly impended a correct data capturing, a fact that was already described in other

Table 2. Characteristics of the historic aerial photographs (AMS stands for Army Map Service).

Abbreviation Source
Number of
photos used

Pixel
(lm)

Height above
terrain (m)

Focal length
(mm)

Approximate
scale

DP-HAP1946 AMS (Set A) 12 21 5600 �150 1:40,000
DP-HAP1957 AMS (Set B) 2 21 4000 151.36 1:30,000
DP-HAP1975 ICGC 3 15 3100 152.96 1:20,000
DP-HAP1992 ICGC 3 14 3980 152.12 1:22,000
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studies (Fey and Wichmann 2017). The filtering and registration of the different
point clouds was performed in three steps: First, the noise, which was mainly caused
by fog and rainfall during the survey, was deleted. Second, the vegetation was filtered
and deleted using the differences in the reflectivity. These two steps were carried out
manually. Third, the point clouds were merged applying the Cyclone of Leica. The
point cloud had an average resolution of 20 cm.

The following three TLS campaigns between October 2012 and September 2015
were performed by a RIEGL LPM321 with a nominal scan distance of 6000m, and a
precision of 25mm at 50m and 0.009� angular. The surveys were carried out at 5
base stations (three of them were the same as in the first TLS campaign) and the
georeferencing was achieved due to the reflector targets situated at known coordi-
nates. Finally, we applied the well-known Iterative Closest Point (ICP) algorithm for
the registration of the point clouds (Besl and McKay 1992; Chen and Medioni 1991;
Zhang 1994; Gruen and Akca 2005). This algorithm is implemented in the RIEGL
software RISCAN PRO (Riegl 2018) and was used in this study for the merging of
the point clouds of each single TLS survey. A multi-temporal use of the algorithm
was avoided because of the possible morphologic changes in the study site. The scan-
ning of stables zones in the neighborhood was not taken into account due to the dif-
ficult environment. Like in the previous case, the resulting point cloud had a
resolution of 20 cm, although there were some areas without of data.

3.2.1. Airborne laser scanning
Airborne Laser Scanning (ALS) is mostly applied for regional surveys and the result-
ing density of the point cloud is principally related to the flight altitude (in general,
0.5–2 points/m2). GNSS and differential GNSS techniques provide a correct georefer-
encing of the point clouds.

In this study, the ICGC offered a raster file of terrain surface with a cell size of
2m. This DEM was achieved by an Optech ALTM 3025 sensor mounted on an air-
plane. The point density was 0.5 points/m2 and the RMSE (Root Mean Square Error)
of the metadata about 0.15m. However, RMSE-height values strongly vary depending

Figure 2. Orthophotographs of the study area obtained from flight 1946 (a) and 1957 (b).
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on the slope angle (Moreno Ba~nos et al. 2011) and may reach 0.7m for slope angles
between 40 and 50� or even 1.3m for 50–60�.

3.3. Georeference system

A fundamental aspect for the comparison of the different terrain models is the geore-
ference, which must be the same for all of them. In this study, all the models are rep-
resented in UTM 31N (ETRS89). Regarding altitudes, the geoid model EGM08D595
was applied to transform the ellipsoidal heights into orthometric values. This model
is the result of the adjustment of the EGM08 global model to Catalonia. Its altitude
error in our test area is neglected for the purpose in this study.

The DEM’s derived from TLS and DP-UAV were georeferenced using ground con-
trol points measured from the 9 bases of the local topographic network established
by GNSS observations, Figure 3. This network has been computed incorporating per-
manent station of the Cartographic and Geological Institute of Catalonia (ICGC) net-
work. The accuracy of the coordinates of bases is better than 2 cm in planimetric
coordinates and 3.2 cm in altitude. In contrast, the four models obtained by DP of
historic aerial photographs were georeferenced by control points that were selected
on the official topographic maps with a scale of 1:5000 available at the ICGC (www.
icgc.cat). The accuracy for this coordinates, according with the ICGC’s technical spec-
ifications is of 1m for the planimetric coordinates and 1.5m for the altitude. This
accuracy will condition the accuracy of the DP-HAP models, since in any case could
be better than these values.

Finally, the ALS model, which was elaborated by the ICGC, is in the planimetric
reference system ED50 and uses the geoid model UB91 for altitudes. Therefore, the
transformation of this initial ALS model was necessary for both planimetric

Figure 3. GPS network established in the area to obtain coordinates of the targets and ground
control points.
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coordinates and altitudes in order to achieve a model with the same reference systems
as the other ones. The transformation was carried out using the parameters estab-
lished by the ICGC. In this case a 2D similarity , Equations (1) and (2), is enough for
the planimetric coordinates.

x0 ¼ kxcosa� kysinaþ Tx (1)

y0 ¼ kycosaþ kxsinaþ Ty (2)

where k is the scale factor, a the rotation between systems and Tx, Ty translations.
The maximum residual obtained in this case was of 0.021m and the minimum
of 0.007m.

In the case of altimetry, the difference between both models (UB91-modified and
EGM08D595) in 7 points that were used for testing is approximately 3 cm; less than
the error of the models. Therefore, it will not be necessary to apply a vertical offset.

3.4. Uncertainty analysis

Ground control points were defined inside the study area in order to carry out a quanti-
tative accuracy assessment of all the models. The Ground Control Points (GCP) were
selected in places close to the zone affected by the torrential processes, but not in a dan-
gerous place for the in situ measurements, since we defined their coordinates by total
station (Figure 4). It would be desirable that they had a homogenous distribution, but
this was not possible for the reason previously mentioned. The GCPs were divided into
three classes using the local slope angle as classification factor: i) smooth terrain (slope
angles between 0 and 15�), ii) medium slope terrain (15�–30�) and iii) steep terrain
(30�–60�). Slope angles higher than 60� were not found. Each class includes between 6
and 8 GCPs. This number is rather low, because stable zones without of vegetation are
scarce, but characterizes the complex environmental conditions in our study area.

Regarding the models obtained by historic aerial photographs and DP, different GCPs
were selected (Figure 4), because the ground surface and vegetation cover has changed in
the past. Therefore, GCP that are situated out of the open scarp, were selected. Finally,
seven GCPs were defined to check the four models obtained by DP-HAP.

The accuracy analysis was performed in two steps. First, the original point clouds
were analysed and RMSE-values calculated. This task could be performed for the TLS
and DP-UAV models. Regarding the DP-HAP models, it could only be performed
for DP-HAP1992, since the other models have a too low resolution. Second, the ras-
ter files, which were created by the TIN-algorithm and a cell size of 2m, were eval-
uated by the two following methods: a bilinear interpolation as well as the ‘point
sampling tool’ plug-in of QGIS.

In order to establish the real change between the models of different years, the
minimum level of detectable changes (min LoD) was used, since LoD is directly
related to the model errors. Because the model differences were calculated applying
the law of variance-covariance propagation, the resulting error of the model of differ-
ences was expressed as:
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rdif ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2MDT new þ r2MDT old

q
(3)

where r2MDT new is the variance for recent model and r2MDT old is the variance for
the older model.

Figure 4. Location of the ground control points (GCP) used for the accuracy assessment. GCPs
used for the ALS, TLS and DP-UAV models (top) and used for DP-HAP (bottom).
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To evaluate the significance of the uncertainties (rdif Þ in predicted elevation
changes among models the minimum LoD or a probabilistic thresholding can be
used (Wheaton et al. 2010). In our case, since a spatial variability is important, we
have used the last one (Brasington et al. 2003; Victoriano et al. 2018) to discard noise
and consider only real changes. To establish the threshold to consider a change statis-
tically significant or not, Student’s t-distribution was applied, calculating the t-param-
eter for each cell of the resulting difference model by

t ¼ DZj j
rdif

(4)

DZ corresponds to the elevation differences in this cell of the models of different
years. The probability (p) of a realistic elevation difference was achieved by the value
of t. In this study, a reliability of 68%, which coincides with a standard deviation, was
defined to assume no elevation change for cells with p< 0.32.

3.5. From point cloud to raster DEM

The most common procedure in the comparison of multi-temporal terrain models is
transformed them into raster DEM for easy handling. However, the accuracy of the
DEM is not only depending on the geomatic technique applied during the data cap-
turing, but also on the selected interpolation method to transform the point cloud
into a raster DEM (Ashraf et al. 2017).

The most common interpolation methods are: Triangulation Irregular Network,
Inverse Distance Weighted, Natural Neighbour, Kriging, Splines and methods based
on Radial Basis Functions (RBF) (Ali 2004; Aguilar et al. 2005; Hejmanowska 2007;
Goff and Nordfjord 2008; Hejmanowska 2007; Ashraf et al. 2017). Among all of
them, the Triangulation Irregular Network (TIN) interpolation is widely used because
of its simplicity and its ability to resolve abrupt changes in topography. Since the
data provided by TLS and digital photogrammetry are dense we will use this method
in the following sections.

It is important to always apply the same method since the use of one or other
method provide different results (Li and Heap 2008; Ashraf et al. 2017).

4. Results and discussion

The results of three different aspects are presented and discussed herein: i) the dis-
tinct accuracies of point cloud and raster models, and ii) the influence of the different
techniques on the resulting volume quantification between two models, and iii) the
erosion rate over the last 70 years in the study area.

4.1. Accuracy assessment of digitals models

In this section we analyze the quality of the models in a double way. First, we deter-
mine the accuracy of the DP-HAP and DP-UAV models regarding the
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photogrammetric adjustment. Then, we use some selected ground control points to
evaluate the quality of the models.

The quality of the models achieved by digital photogrammetry clearly shows the dif-
ference between the models that were created from historic aerial photographs and the
one generated by photos taken by the UAV. This can be easily explained, since the
accuracy of the final model depends mainly on the quality of the control points used in
the block adjustment, the number of photograms available and the overlap among the
different images. For the adjustment of Historical Photographs points obtained from the
existing cartographic maps are used and their precision is around 1m. After the photo-
grammetric process, the altimetric errors of the models obtained by historic photographs
exceed 0.65 m. The best accuracy is reached in the DP-HAP1975 (0.56 m) and the worst
in the DP-HAP1946 (0.95m). The accuracies of DP-HAP1992 and DP-HAP1956 were
0.74m and 0.62m, respectively. It has to be kept in mind that three of the four DP-HAP
models were created by only two or three photograms (Table 1). In contrast, the adjust-
ment of the photogrammetric block from UAV included a total of images and has an
accuracy of 0.15m. During the data capturing of the TLS-models, an accuracy of 0.15 to
0.30 m was achieved. This value is estimated, since the error of the model does not have
a homogeneous distribution and may vary between the central parts and the surfaces
located in the direction of maximum slope angles. The elimination of the errors during
TLS-surveys is very complex, especially when working at large distances and stable sub-
areas instead of fixed targets are used for the control (Fey and Wichmann 2017). In our
case, the collocation of targets was very difficult due to the dangerous natural processes
in many parts of the zone, the dense vegetation in the adjacent parts and the complex
morphology with large slope angles, rills and big blocks.

Finally, the accuracy of the ALS-model is given by the characteristics of the raster-
file that was directly obtained from ICGC. The technical specifications of this model
remark a vertical error of 0.15m in smooth flat areas and 0.90m in inclined zones.
In very steep mountain areas, like our test site, vertical errors of up to 1.30m can
occur (Moreno Ba~nos et al. 2011).

The results of all the nine models show that the accuracy has strongly improved when
comparing the historic DP-HAP models (Table 3) with the more recent models obtained
by ALS, TLS or DP-UAV (Table 4). RMSE-values are high for DP-HAP models, because
the goal of these photogrammetric flights focused on cartographic aspects at medium
scale and not on the creation of high resolution DEMs. Another general outcome is that
the errors are higher for the raster files than for the point cloud.

Analyzing the most recent models in details, we detected that, the errors are larger
in steep terrains. This trend was already observed in other studies (Moreno Ba~nos
et al. 2011).

4.2. Uncertainty due to raster resolution on the quantification of
ground movement

The selection of the most adequate cell size of the involved raster files is fundamental. In
the following, we compare raster files with two different cell sizes (0.5 and 2.0m) and
perform a detailed analysis for three test zones located in our basin (Figure 7). Two test
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zones are located in the middle part of the open scarp and each of them covers 2500m2

(50 per 50m). The third one is situated at the upper bound of the scarp, where the
morphology is more complex, and covers 625m2 (25 per 25m, see Figure 7).

The TLS2012 model and the DP-UAV2016 model were selected for the compari-
son, because both models present a good accuracy and a dense point cloud. This was
necessary, since the point clouds were used as reference model.

The quantification of volume differences normally neglects the small topographic
changes. The standard deviation of the TLS model regarding the elevation is 0.22m
and 0.15m for the UAV-model. Applying the variance propagation Equation (3) dif-
ferences larger than ±0.26m are not included in the calculations. The distance
between the two point clouds was calculated applying the M3C2 distance algorithm
in “CloudCompare” (Lague et al. 2013). Detailed results of the DoD (Difference of
Distance) are shown in Figure 5 for the zones 1 and 3. In addition, the raster files
were compared by an own software developed in MATLAB to obtain the quantifica-
tion of total accumulation and erosion in the three test zones.

The volumes of all these calculations are shown in Figure 6 and demonstrate that
the influence of the cell size is not significant. Surprising is also the fact that the cal-
culations with point clouds revealed no clear improvement. The results indicate that
the values of erosion and accumulations are smallest in the 0.50m raster and highest
in the 2m raster. From a geomorphological point of view, the results show that the
principal process is erosion in the higher parts of the scarp (zone 1 and 2), where
slopes are steeper. In contrast, accumulation is the main morphologic process in zone
3, which is located in the lower part of the scarp. Largest distances between the topo-
graphic models of 2012 and 2016 are observed due to the failure of big blocks and
other mass-wasting processes. Such differences are visible, since some mobilized
blocks have diameters up to 1 or 3m (Figure 5).

At last, even in our case with a very heterogeneous morphology, the differences of the
volume calculations obtained by the different methods are not important. Thus, an ana-
lysis with a 2m raster file would be adequate. A more detailed and precise analysis of
this topic is only possible, if both models were created by DP-UAV. Then, not only
DoDs can be generated, but also a raster of distribution errors, which enables the appli-
cation of Equation (3) to each cell and the detection of significant differences.

4.3. Temporal evolution of erosion

As a final task, the erosion rate in the Rebaixader scarp was calculated over a time
span of 70 years (1946–2016). This task is rather complex, because the area with
active erosion has been variable over time. On one side, the total area of the open

Table 3. RMSE-values, units in meters, of the DP-HAP models using ground control points
obtained from cartography (see Fig. 4 for location of GCPs).

1946
DP-HAP

1957
DP-HAP

1975
DP-HAP

1992
DP-HAP

Point Cloud 1.72 1.41 0.85 1.63
2�2 raster bilinear 1.92 1.57 0.94 1.77
2�2 raster (QGIS) 1.98 1.65 1.02 1.84
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scarp has increased due to erosion at its lateral limits and backward displacement of
the head scarp at the top. On the other side, vegetation cover has changed during the
last 70 years with an increase of grass, shrubs and trees in the Eastern part of the
scarp and at its lower part, near the channelized area (compare ortophotographs of
1946 and 1957 in Figure 3 with the one of 2016 in Figure 4).

In a first step, the temporal evolution of the erosion was estimated in a qualitative
and visual manner comparing the retreat of the upper limit of the open scarp, which
is visible in the different orthophotographs (Figure 7). An exact quantification of
backward displacement of the scarp is difficult, but the following general patterns can
be observed: the largest retreat rates occurred during the first 11 years (1946–1957)
and in diminishing importance until 1975 or 1992. In contrast, minor retreat rates
are detected during the last 23 years (1992–2016). This reduction of the retreat rate

Table 4. RMSE-values, units in meters, of the ALS, TLS and DP-UAV models using ground control
points obtained by total station measurements (see Figure 4 for location of GCPs).

Slope class 2011 ALS 2012.1 TLS 2014 TLS 2015 TLS 2016 DP-UAV

Point Cloud 0�–15�
15�–30�
30�–60�

ND
ND
ND

0.56
0.60
0.68

0.65
0.69
0.82

0.45
0.59
0.78

0.21
0.27
0.17

2�2 raster bilinear 0�–15�
15�–30�
30�–60�

0.22
0.58
0.84

0.55
0.69
0.98

0.77
0.65
1.12

0.30
0.63
0.90

0.29
0.55
0.66

2�2 raster (QGIS) 0�–15�
15�–30�
30�–60�

0.29
0.52
0.79

0.75
0.79
1.12

0.88
0.71
0.90

0.17
0.53
0.93

0.25
0.51
0.77

The RMSE-value from the height differences was obtained for each slope class.

Figure 5. DEM of Difference (DoD) between model TLS2012.1 and DP-UAV2016. (a) Situation of
the three test zones and corresponding DoD. (b) Detailed results of the DoD of zone 1 and zone 3.
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over the studied time span is also supported and maybe correlated with the increase
of vegetation cover in the down slope scarp area.

In the second step, the nine available DEMs were taken into account to quantify
the erosion rates. Finally, the three TLS-models must be rejected, since they did not
cover the entire test area. Therefore, the calculations included six DEMs: four DP-
HAP models (1946–1992), the ALS2011 model and the DP-UAV2016 model. The
DoDs were calculated using 2m raster files and applying standard commands of
QGIS. The differences among the models 1946–1957, 1957–1975, 1975–1992,
1992–2011, 2011–2016 have been obtained. The thresholds of significant change in
these differences were calculated by using the values that were achieved from
Equations (3) and (4). In this process the values of RMSE from Tables 3 and 4 have
been considered. Since we do not have neither the information of all the slope ranges
nor all the point clouds, the values from the bilinear interpolation and the slope
range 15�–30� were used. Therefore, for instance, the threshold for the difference of
the 1946–1957 models was 1.38m, while it was 0.38m in the case of the 2011–2016
models. Changes on the open scarp area were considered by the calculation of the

Figure 6. Total erosion (a) and accumulation (b) calculated by three different methods (DoD of
point clouds, 0.5 m and 2.0 m raster) in the three test zones between TLS2012.1 and DP-UAV2016.
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erosion rate. First, a polygon representing the open scarp area was drawn for each of
the selected years, using the corresponding ortophotograph. These polygons contain
zones without grass, shrubs or trees. DEMs of open scarp areas were extracted from
original DEMs, using these polygons as masks, therefore the analysis only included
area without vegetation. By doing so, possible erosion errors associated to the
increase of vegetation or shrubs were avoided. Finally, the annual erosion rate was
computed using the polygon area and the time span between the two raster files.

Within the studied period, maximum open scarp area was identified in 1957, cor-
responding to the end of the time period with maximum annual erosion (Figure 8a).
After 1957, the increase of vegetation in the Eastern and lower parts of the head scarp
supposed a reduction of the total open scarp area, as well as lower annual erosion
volumes and annual erosion rates (Figure 8b).

The results show that the average annual erosion rate in the Rebaixader scarp was
of 0.09m3/m2/y, which coincides rather well with other studies performed in torren-
tial catchments [e.g. (Bennett et al. 2012)]. The temporal evolution of the erosion rate
reveals that, after the initial period (1946–1957) with major erosion rate, the mean
value of annual erosion rate was 0.08, with higher values between 1975 and 1992.
Other time intervals have similar values. The maximum erosion in the initial period
of this study could be associated with historical floods and landslide episodes
occurred during the 1930’s and 1940’s in the Pyrenees (e.g. H€urlimann et al. 2003;
Portilla et al. 2010). Torrential processes and landslides have probably also occurred
in the Rebaixader catchment by the same rainfall episodes that also caused the floods,
leaving more open area exposed for erosion. This hypothesis is supported by the
observation of a great number of open scarps in the ortophotographs not only in the
Rebaixader catchment, but all over the territory nearby. The second period with large
erosion (1975–1992) may be related to the exceptional and catastrophic 1982 flood
episode, which affected large parts of the Pyrenees and created hundreds of landslides
and torrential flows [e.g. (Corominas and Alonso 1990)]. Unfortunately, a clear evi-
dence of an important torrential process in the Rebaixader catchment during the

Figure 7. Position of the upper limit of the open scarp between 1946 and 2016. The 1975 ortho-
photograph is shown as background.
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1982 flood has not yet been found. Maybe, because our test catchment does not
include any infrastructure that could have been damaged.

5. Conclusions

The detection of morphologic changes in high mountain environments is an import-
ant task for the correct understanding of geomorphologic processes and their impact.
In this study, we focused on the monitoring of erosion and accumulation associated
with torrential mass wasting in a large open scarp. We compared four geomatic tech-
niques and evaluated the quality of nine resulting digital elevation models. Finally,
DEMs from 1946 (created by the oldest aerial photograph available) till 2016 (most
recent UAV flight) were generated, and therefore allowed an analysis of changes over
an observation time span of 70 years.

As a general conclusion, we can state that two typical features of high mountain
environments complicated our monitoring surveys: the vegetation and the complex

Figure 8. Temporal evolution of annual erosion rate in the Rebaixader site between 1946 and
2016. (a) Annual erosion and area of the open scarp. (b) Annual erosion rate (dashed line indicates
the average value).
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relief. Both features strongly limited the usefulness of applying TLS, because many
parts of the area under consideration were not in the line of sight. The morphologic
characteristics of the open scarp (large blocks, large gullies and steep slopes) increased
difficulties especially for TLS application, but also for the other techniques. Only DP-
UAV resolved these constraints by taking photographs perpendicular to the slope sur-
face inclining the camera. Regarding the presence of vegetation, we had to filter the
vegetated areas manually, since a correct definition was not possible using automat-
ized procedures. Another drawback of monitoring mountainous regions with multi-
ples morphological active processes is the fact that the selection of stable control
points is very difficult, especially when surveying many decades.

In addition, the following specific conclusions can be expressed: i) The comparison of
the different techniques showed that the most precise DEMs were achieved by applying
DP-UAV and ALS. However, cost-benefit ratio of DP-UAV technique is much better
than of ALS. ii) The historic aerial photographs, which have been taken for cartographic
purposes, only allow the creation of DEMs with limited accuracy. Thus, the detection of
small morphologic changes is impossible and only large differences in altitude can be
determined. iii) The comparison of DoDs obtained from initial point clouds and both
0.5m and 2.0m raster files indicated that differences in our test area are small.

Summarizing, we recommend the application of DP-UAV for monitoring active
morphologic processes in complex high mountain terrains like torrential basins.
When historic topographic changes have to be detected, the application of DP to the
available aerial photographs is necessary, but results strongly depends on the quality
of the photos. In our case, the error of the resulting DEMs was rather large, since the
historic aerial photographs have been taken for cartographic purposes. Nevertheless,
the rate of slope mass-wasting, which was determined over the time-span of the last
70 years, coincides well with values obtained in other areas.
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