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Abstract: In this study, the geomorphological evolution of an inner flank of the Cratère Dolomieu
at Piton de La Fournaise/La Réunion was investigated with the help of terrestrial laser scanning
(TLS) data, terrestrial photogrammetric images, and historical webcam photographs. While TLS data
and the terrestrial images were recorded during three field surveys, the study was also able to use
historical webcam images that were installed for the monitoring of the volcanic activity inside the
crater. Although the webcams were originally intended to be used only for visual monitoring of the
area, at certain times they captured image pairs that could be analyzed using structure from motion
(SfM) and subsequently processed to create digital terrain models (DTMs). With the help of all the
data, the geomorphological evolution of selected areas of the crater was investigated in high temporal
and spatial resolution. Surface changes were detected and quantified on scree slopes in the upper area
of the crater as well as on scree slopes at the transition from the slope to the crater floor. In addition to
their quantification, these changes could be assigned to individual geomorphological processes over
time. The webcam photographs were a very important additional source of information here, as they
allowed the observation period to be extended further into the past. Besides this, the webcam images
made it possible to determine the exact dates at which geomorphological processes were active.

Keywords: terrestrial images; webcam data; LiDAR; TLS; photogrammetry; structure from motion;
rockfalls; multitemporal change detection

1. Introduction

Slopes in high mountain and volcanic regions are formed by a variety of geomor-
phological processes and their interaction. Forming and evolving craters and calderas
are important geomorphic processes in volcanic regions. Gravitational instabilities can
be induced by ongoing deformation and other processes affecting volcanic surfaces [1–3].
Observations have shown that calderas form mainly by subsidence, caused by magma
draining from an underlying reservoir causing the overlying rock to collapse [4–7]. This
collapse creates steep slopes susceptible to continuous rockfall and debris flows, for ex-
ample, leading to deposits within the caldera [7]. In general, two main types of processes,
depending on their occurrence and amplitude, govern the construction and evolution
of high mountain slopes. There are high-frequency, low-amplitude phenomena that are
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constantly monitored, measured, and quantified [8]. However, there are also low-frequency,
high-amplitude events that are measured only sporadically [9–12]. For example, fluvial
erosion contrasts with landslides and other debris avalanches. Infrequent processes such
as debris flows or rockfalls can affect a high proportion of the sediment balance. Both the
magnitude and frequency of these events are of great scientific interest, and this is why
they are quantified in numerous studies, whereby different approaches are used [13].

It is possible to identify and map individual events of high magnitude using archival
data such as historical aerial photographs, historical airborne laser scanning (ALS) data,
photographs, or written records, e.g., [3,14–18]. Quantities of transported material can be
derived from diachronic digital terrain models (DTMs) obtained by LiDAR (light detection
and raging) acquisitions and/or stereophotogrammetric (SfM: structure from motion)
analyses. However, the exact localization of the event can be used to determine the
transported quantities at least approximately with current 3D surveys, e.g., [16]. In addition,
it is necessary to consider the importance of the timing of the event’s occurrence. It is
essential that this is defined as accurately as possible. Due to this difficulty, it is important to
note that temporal precision hinges on the temporal resolution of the input data. Depending
on the region, time series of high-resolution aerial photographs can be available with an
interval of several decades [13,16], whereas newer ALS data have intervals of up to a
decade. This makes it difficult to determine the recurrence probability of such larger
events accurately.

In addition to the fact that the frequency is not precisely recordable, there is a further
problem in high mountain regions due to the usually very high geomorphodynamics.
On steep and vegetation-free slopes, such as those of the Cratère Dolomieu of Piton de
la Fournaise (PLF), individual processes may occur in succession, making it difficult to
differentiate them. This problem is even more significant when the frequency of event
occurrence is much higher than that of data acquisition. Consequently, this leads to
inaccuracies regarding the frequency and magnitude of recorded events and, accordingly,
in the data processing [19]. The probability of multiple events occurring between two
measurement campaigns (especially several small ones that are not identified at the time of
their occurrence and are later obscured by a larger one) is very high. This directly increases
the error in calculating the frequency of occurrence [19].

Seismometers are therefore increasingly being used to monitor the frequency and
magnitude of gravitational mass movements, e.g., [20–23]. These measurements make
it possible to localize such events (starting zone, process area) precisely and to quan-
tify them accurately using the seismic signals [24]. In addition to seismometers, InSAR
(Interferometric Synthetic Aperture Radar) data can be used to monitor calderas [25,26].

Terrestrial photographs are another possibility to record changes on steep slopes,
e.g., [16,18,27,28], but often have low temporal resolution, even for well-known locations
like, e.g., famous alpine peaks [18]. While these images can extend observation series into
the past, they cannot provide high temporal densification. In contrast, webcams (automatic
cameras) used over the past 30 years offer a solution [29–32]. The prerequisites for the
use of such data are (i) the longest possible period of time over which a webcam was
operated at a fixed location and (ii) that the data were appropriately saved over this period.
If these conditions are fulfilled, single images can be used for detailed spatial mapping
and identification of single events, e.g., by visual inspection with a very high temporal
resolution. This allows precise determination of event frequency in time and magnitude
through subsequent quantification via, e.g., SfM or LiDAR. If such webcam images are
available in pairs, direct quantitative analyses can be performed on the overlapping areas
using a more or less 4D approach. In most cases, such image pairs are not installed
according to stereophotogrammetric principles. Instead, they are captured to represent a
slope from different angles or to view larger slope sections, which can result in overlaps
that can in turn be used (with restrictions) for stereophotogrammetric processing.

Although there are some studies that use fixed webcams for volcano monitoring, these
are not for the purpose of multitemporal analysis and quantification of geomorphological
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processes [33–36]. For this reason, this study used two webcams in combination with
additional data such as terrestrial LiDAR and terrestrial photography within the Cratère
Dolomieu at PLF. The aim was to determine the geomorphodynamics of a slope over a
period of approximately six years (2010–2016). In addition, the study aimed to inves-
tigate whether these photographs can help to analyze geomorphodynamics at a higher
temporal resolution.

2. Study Area

La Réunion is a tropical island located in the Indian Ocean east of Madagascar (Figure 1).
It forms an oceanic shield volcano with a spatial extent of nearly 240 km in diameter and a
height of seven km measured from the seafloor [37,38]. The island has an age of around five
Ma [39], beginning with the growth of the adjacent volcanoes Piton des Neiges (PDN) and
Les Alizés (LA). While LA is now completely dismantled [37], PDN has remained inactive
since its last eruption 27 ka years ago [40] but still forms the highest peak of La Réunion with
about 3070 m a.s.l. All eruptions during the last 27 ka took place at PLF, which is situated
on the flanks of LA and PDN and has a height of 2632 m a.s.l. PLF is among the most active
shield volcanoes of the world [41] with a high eruptive frequency of one eruption every
eight months on average [21]. The Cratère Dolomieu of PLF in its present shape (Figure 1)
was partly formed by a collapse during an eruption in April 2007 and has partially begun to
fill up due to lava flows of following eruptions [42]. The collapse of the crater floor created
steep rock faces up to 320 m high, which are prone to continuous rockfall activity, varying
widely in volume [22].

 Figure 1. Location of the study area Cratère Dolomieu of the PLF. (Source of the overview base map:
ASTER DEM. Source of the overview map of the Cratère Dolomieu is a 1 m DEM based on terrestrial
laser scanning data acquired in 2014).

In addition to the volcanic filling of the caldera, geomorphic processes are involved in
reshaping the “fresh” landscape inside the crater, characterized by high magnitudes and
short frequencies. The very high geomorphic activity, resulting in massive slope failures
and corresponding talus cones, is due to seismicity combined with the lithological and
topographical conditions, as well as the extremely high amounts of rainfall [21,22]. The
average annual precipitation ranges between 3000 and 4250 mm/year (for a watershed
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of the PLF catchment area, [43]) with particularly intense precipitation during the rainy
season. Reference [44] measured a mean annual rainfall of 6200 mm. The climate station on
the southern rim of the Cratère Dolomieu (Figure 1) recorded an annual mean precipitation
of 7469 mm for the period 2010 until 2016 with a maximum of 9890 mm in 2015.

3. Materials and Methods
3.1. Acquisition and Registration of Ground-Based LiDAR Data

During a two-day mission in November 2014, the Cratère Dolomieu was captured by
the terrestrial laser scanner (TLS) Riegl VZ4000 with a maximum scanning distance up to
4000 m. Stable, precipitation-free weather conditions had to prevail during the entire data
acquisition period. The position of the sun also had to be taken into account in order to
avoid excessive shading. Both the TLS data and the terrestrial photographs were taken by
climbing up to the crater.

To provide a high-resolution point cloud of the whole crater and to minimize shad-
owing effects (c.f. [45]), the scanning was conducted from eight different scan positions,
which were all located close to the crater rim (Figures 1 and 2). The TLS specifications and
survey parameters are listed in Tables 1 and 2. The horizontal and vertical scan resolution
was set to a 0.02◦ step width and included overlapping areas between the single scans
and also areas in the backside of every scan position. The backside scans were captured
in order to scan tie points (Riegl reflectors). Those exact positions of the reflectors were
measured externally during the mission by using a dGNSS system (Figure 2) and thus
provide information about the global coordinate system (UTM40S/WGS84; EPSG: 32740)
after postprocessing. The acquired TLS raw data had to pass several postprocessing steps
(c.f. [45]), beginning with the registration/referencing of every single scan position by using
an iterative closest point (ICP) algorithm (Multi Station Adjustment tool) in the software
RiScan Pro (Version 2.4, riegl.com) [46,47]. The referencing accuracies show values between
0.007 m and 0.013 m.
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(Riegl reflector) (own photographs captured during fieldwork in 2014).

After the registration and the merging of all scan positions, the resulting raw point
cloud was linked with global coordinates by using dGNSS measured reflectors of four
backside scans. After the processing procedure, the data were ASCII formatted (x, y, z, RGB
values) and exported as global coordinates. The LiDAR point clouds had to be rotated in
order to receive a z coordinate that is perpendicular to the rock face [49]. Ground control
points (GCPs) were extracted from the LiDAR point cloud for georeferencing and scaling
of the rock faces. These selected GCPs were also used for further SfM processing. All
further processing steps (e.g., thinning, filtering, DEM generation) were performed using
LIS Desktop/SAGA GIS (c.f. 3.5).
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Table 1. Specifications of the TLS Riegl VZ-4000 [48]. The values given are based on measurements
taken at a rate of 30 kHz (* = milliradian).

Parameter Riegl VZ-4000

Max. measurement range 4000 m
Min. measurement range 5 m
Field of view 60◦ (vertical) × 360◦ (horizontal)
Measurement rate Max. 230,000 pts./s
Accuracy 15 mm
Precision 10 mm
Laser wavelength Near-infrared
Laser beam divergence 0.15 mrad *

Table 2. Survey parameters of TLS.

Survey Parameter

No. of scan positions 8
No. of backside scans 8
Humidity 30%
Temperature 28 ◦C
Year 2014

3.2. Acquisition of Terrestrial Photographs

During missions in 2014 (at the same time as the TLS mission), 2015, and 2016 (addi-
tional missions without TLS acquisition) terrestrial photographs were captured around the
crater rim, including all scan positions but also locations between them. Three different
uncalibrated cameras were used for these images (Table 3). For this work, only pictures of
the east-facing slope (2014 and 2016) as well as of the north-facing slope (same section as
the webcams, 2010–2016, c.f. 3.3) were used for the following processing steps, which all
pictures had to pass in order to produce SfM-based point clouds (c.f. 3.4).

Table 3. Three different camera systems used to capture the terrestrial photographs.

Parameters Webcam Webcam Camera
System 3

Camera
System 4

Camera
System 5

Type Pentax Canon Pentax Canon Nikon
Name K200D EOS350D Kx EOS 1DS Mark III D610
Resolution 10.2 MP 8 MP 12.2 MP 21.1 MP 24.3 MP
Focal length 18 mm 20 mm 28 mm 35 mm 32 mm
Exposure 1/200 1/40 1/200 1/100 1/400
Responsivity 100 100 200 100 100
Aperture F/8 F/16 F/11 F/8 F/4.5
Amount of pictures 390 485 496 92 133
Amount of pictures used
for data processing 2 pairs 4 pairs 4 pieces 4 pieces 4 pieces

Year 10/2009–07/2010 12/2010–12/2011 2014 2015 2016

3.3. Acquisition of Webcam Photographs

Between 2009 and 2012, a large number of photographs (875) were captured by two
webcams located at the northern rim of the Cratère Dolomieu, focusing on the northern
exposed slopes (Figure 1). During this period, different types of non-calibrated SLR cameras
were used (Table 3). Parameters of the webcam-based camera systems are given in Table 3.
Both camera setups were configured as time-lapse cameras with a fixed interval but without
synchronization. Since the cameras were not originally intended for photogrammetric
imaging, but rather to observe different zones of the southwestern crater, they did not
operate in parallel for the entire period. This was compounded by data outages. On
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most days of both years, two pictures were available from each camera. However, due
to the rapidly changing weather conditions on PLF, shadowing effects, and the lack of
synchronization (resulting in different lightning conditions), only a few photographs were
suitable for processing with SfM (4D analysis) (Table 3). Even though only a few photos
could be used for the 4D analysis, individual photos still proved to be very helpful. They
allowed for better visual classification of events over time, even if only partially.

3.4. SfM and Global Registration of the Point Clouds

To produce 3D point clouds from both the terrestrial and the webcam photographs, the
following processing steps were performed using Agisoft Metashape Professional (AMP;
Agisoft/Vers. 1.2.3-64bit). The overall data processing workflow for this study is shown in
Figure 3.
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• Pictures from each time step were aligned, and tie points were automatically derived
by AMP, resulting in a first sparse point cloud, but still without a global referencing.

• GCPs were set on every single picture. Since it is not allowed to enter the crater,
there are no markers available inside it. Thus, GCPs were first selected using concise
objects in the 2014 TLS point cloud. The GCPs derived from the TLS point cloud were
employed for scene triangulation and reconstruction [50], as well as for defining and
adjusting the external orientation parameters (scale, rotation, translation) of the image
sets [51]. The coordinates of the GCPs were obtained for structures that were clearly
visible in both the TLS point cloud and the terrestrial photographs and had remained
unchanged throughout the observation period. The criterion for the selection was the
visibility of the concise objects/formations (e.g., big boulders, structures in the rock
face, which are more stable than others) in both the 2014 TLS and the 2014 terrestrial
photographs. A total of 39 GCPs were selected to ensure sufficient reference points
in all terrestrial and webcam photographs, considering the geomorphologic changes
between 2009 and 2016, and thus the appearance or disappearance of concise objects,
especially in the earlier picture pairs (2009–2013). The 2014 terrestrial photographs
serve, then, for localization of GCPs in the photographs from other time steps.

• Based on the sparse point cloud and using the available GCPs, the dense cloud of the
2014 terrestrial photographs was derived.

• After referencing the 2014 terrestrial photographs, the dense point cloud was exported
as an LAS file and imported into RiSCAN Pro for an ICP adjustment. This was carried
out between the 2014 LiDAR point cloud and the 2014 SfM point cloud, with the 2014
LiDAR point cloud serving as the “Master”.

• The final referenced 2014 SfM point cloud and the corresponding orthophotographs
were used to identify and extract GCPs for referencing the webcam photographs. After
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the final adjustment of the sparse cloud in AMP, a dense point cloud for each image
pair of the webcam photographs was derived and exported as an LAS file.

• These LAS files were imported into RiSCAN Pro and an ICP adjustment was performed
on the base of stable areas (Figure 4). This adjustment was necessary because uplift
and subsidence had occurred in the area of the crater over the years due to active
volcanism, making coordinates alone unreliable for fitting the individual point clouds.
By using stable areas within the Areas of Interest (AoIs), these inconsistencies were
avoided, assuming that these uplifts and subsidence did not occur at specific points
but had approximately constant values in these areas.
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At the end of this workflow, adjusted point clouds and orthophotographs are available
for the different time steps. The point clouds were created as LAS files. The additional or-
thoimages were exported as referenced tiff files. All further processing steps (e.g., thinning,
filtering, DEM generation) were performed similarly to the TLS and LiDAR data by using
SAGA LIS.

3.5. Two-Step SfM and LiDAR Point Cloud Referencing

Given the significant differences in resolution, accuracy, and coverage among the
various photogrammetric point clouds due to varying data quality [52,53], the goal was to
reduce these discrepancies using the ICP algorithm (see Section 3.1). It was ensured that
the co-registration was performed on data with similar point densities. To achieve this,
the TLS point density was adjusted (“point cloud thinning”) to match the density of the
corresponding SfM point clouds. Even after the first co-registration, the DTMs may still
have some minor systematic errors. These were reduced by focusing on the stable surfaces
in the vicinity of the respective process areas in a second co-registration step. Finally, all
point clouds were exported as individual LAS files for further analysis.

3.6. Quantification of Surface Changes

The LAS files for all time steps, including TLS and SfM data, were imported to SAGA
LIS Desktop (Vers. 3.0.7-64bit)/SAGA GIS (Vers. 3.1.0-64bit) by producing a SAGA point
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cloud. To eliminate flying points or artefacts, the “isolated point filter” and the “flying point
filter” were applied (c.f. [45]). Deriving surface changes or the corresponding volumes
by using a normal GIS system is challenging due to the poor representation of vertical
areas. However, GIS systems provide many additional tools for spatial data analysis. LIS
Desktop provides both 3D as well as 2.5D data formats and tools. Consequently, all surface
changes and the corresponding volumes were derived in LIS by using the 3D point cloud
data format. This was achieved by using the tool “distance between point clouds”, which
derives the 3D differences between corresponding points. These are defined using the
point normal information. This normal information is in turn provided by a robust plane
fitting approach, which is described in detail by [54]. Based on the 3D distances between
corresponding points, areas with changes were mapped and DEMs of these areas for the
single time steps were derived. Using these DEMs, the volume of each area was calculated
by using the SAGA tool Cut & Fill [55] and by considering a Level of Detection (LoD).

3.7. Error Propagation

Since all point clouds contain inaccuracies due to measurement errors and registration
inaccuracies, a LoD must be defined to differentiate measurement errors from actual
topographic changes [54,56–58]. For calculating an LoD for the surface change calculation
(point to point distances) of every single time step, a statistical approach of [57] using stable
areas [59,60] was applied. The workflow, which is described in detail by [45] and [21] for the
Cratère Dolomieu, uses the derived combined normal distribution error from the formula,

δpoint distance =
√

σ2
point distance + σ2

point distance

where σ is the standard deviation of the derived point to point distances of assumed stable
areas between two-time steps.

Following [60], the absolute value of each point to point distance (DP1−DP2) was
divided by δpoint distance in order to calculate a t score:

t =
|DP1 − DP2|
δpoint distance

Using a simple t-test (tcrit at the 95% confidence interval with t > 1.96), the point
to point distances can then be classified as probably real surface changes or probably
measurement errors, and thus, an LoD can be derived for every single time step (Table 4).
Point to point distances below the certain LoD were not used for the volume calculation.

Table 4. LoD derived from stable areas with corresponding used data sets.

Period Data Set LoD on Stable Areas

2010–2011 Webcam–webcam 0.59 m
2011–2012 Webcam–webcam 0.60 m
2012–2014 Webcam–TLS 0.69 m
2014–2015 TLS–terrestrial photographs 0.26 m
2015–2016 TLS–terrestrial photographs 0.45 m
2010–2016 Webcam–TLS 0.80 m

4. Results and Discussion
4.1. Useable Photographs for 4D Analysis

A total of 875 photos from the webcams were available between fall 2009 and 2012 to
record changes in the southern crater area. In total, 485 of the photos are from the eastern
camera and 390 from the western camera (Table 3). The data were carefully sifted and,
unfortunately, most of the photos had to be discarded for the 4D analysis. For certain
time periods, image pairs were not available due to memory issues, power supply failure,
or incorrect time synchronization. Numerous photos were taken under bad weather
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conditions, like it is shown in Figure 5. As a result, no tie points can be found on the crater
slopes during data processing.
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Figure 5. Different examples of photographs that were not usable for further SfM processing due to
insufficiencies regarding differences in the quality. (A) Investigated slope was either completely or
partially in clouds. (B) Camera lens was fogged. (C) Contamination on the camera lens. (D) Light
reflections lead to a poor contrast. (E) Existing ground fog does not allow data processing. (F) Strong
shadows especially during summer in the southern hemisphere led to contrast differences. (G) Exist-
ing fog in the crater. (H) Volcanic eruption occurred on 4 January 2010, moving lava prevented use of
this image pair.

At the end of this review, 35 image pairs remained available for further 4D processing.
For all these image pairs, a first alignment was calculated in AMP. After this first attempt,
another 20 image pairs had to be discarded. In these image pairs, contrast and illumination
differences, which at first glance were considered unproblematic, caused problems with the
alignment. As a result, the software was unable to correctly reconstruct the respective lens
distortion parameters and compute the appropriate camera model, which resulted in only
a few tie points. This aligns with the findings of [61,62], who emphasize the critical role
of image texture (entropy) in bundle adjustment and feature extraction (tie points) during
SfM processing.

At the end of the process, it was decided to include photographs from January 2010,
January 2011, and January 2012 for this study. With the TLS photos taken in November
2014, the photos taken in fall 2015, and the photos taken in fall 2016, this allowed similar
periods to be processed in the analysis.

4.2. Achieved Accuracies

Based on the stable areas, an LoD could be calculated for the individual periods. The
values of this LoD depend on the data used and it turns out that the point clouds calculated
from webcam images in particular show higher values (Table 4). This applies, for example,
to the periods 2010 to 2011 and 2011 to 2012, which were determined solely based on point
clouds calculated from webcam images. The combination of webcam images and TLS data
also shows a high LoD. In contrast, the combination of TLS data and the manually taken
photographs provides the lowest values, with the period 2014 to 2015 showing the lowest
LoD at 0.29 m, and 2015 to 2016 the second lowest with 0.45 m. Due to data gaps and the
use of varying methods, different LoD values are to be expected. This indicates that the
magnitudes observed differ across individual years. Small events cannot be detected in
these data, which is, for example, not possible with the used webcam data sets. Due to the
annual data, it is not clear whether the events were single or overlapping. However, the
photographs provide some information that suggests that some of the events were single.
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Nevertheless, it cannot be excluded that additional events occurred later. In this case, a
higher temporal resolution of the data sets would be needed.

4.3. Mapping of Surface Changes Based on Webcam Photographs

To detect surface changes, the first step involved reviewing the photos of 2010 and
2016 to identify areas where major surface changes had occurred within the investigated
period. These areas were then compared with the overlapping areas of the photographs to
ensure that these active areas were within the derivable DTMs. At the end, four zones with
visible major surface changes were identified. Although a large zone in the northern area
with deposits is clearly visible in Figure 6, no surface changes could be quantified there. The
areas were then mapped as polygons based on the SfM-derived orthophotos of the single
time steps. These polygons were subsequently used as AoIs for the quantitative evaluations
based on a DEM of differences (DoDs). Figure 6 shows these zones for 2010 and 2016.
The perspectives of these photographs differ slightly because the photograph of 2010 was
captured by the webcams, while the 2016 photograph was taken manually during a field
survey. Consequently, the camera systems have different exposure angles. Nevertheless,
surface changes between 2010 and 2016 are clearly visible. The most pronounced changes
can be found at rockfall zone I.
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2010 and 2016 are analyzed in Figure 11.

4.4. Calculation of Surface Changes on the Mapped AoIs
4.4.1. Rockfall Zones

In the two rockfall zones (zones I and II), bigger deposits were observed below the
bedrock areas (Figure 7). Due to the marginal position of the rock faces in the photographs
and the limitations caused by the single overlap, surface changes in the rock faces could
only be determined for the lower areas. For the adjacent scree slopes, however, we were
able to quantify the deposits.

Throughout the study period, it is clearly visible that rockfall activity in rockfall zone
I increased from 2010 to 2014 and decreased between 2014 and 2016. The accumulated
material between 2010 and 2012 amounted to 1748 m3 with a mean thickness of 20 cm
between 2010 and 2011 and 11 cm between 2011 and 2012. From 2012 to 2014, the activity
was an order of magnitude higher than during the previous period, totaling 16,799 m3 with
a mean thickness of nearly 3 m. This represents an annual deposition of almost 8400 m3

and a mean annual thickness of almost 1.5 m.
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Figure 7. Derived surface changes (digital terrain model of differences: DoDs) for the two rockfall
hotspots 1 and 2 between 2010 and 2016 (shaded relief in the background is derived on the base of
the 2016 DTM). Also shown are the positive surface changes [cm] and the accumulated volume [m3]
of the two areas for the corresponding periods.

In addition to the quantification of the surface changes, the difference models reveal
that accumulation on this scree slope is spatially very limited between 2010 and 2011, and
between 2011 and 2012, likely due to smaller single events. This is also the conclusion
reached by [21]. In their studies, they describe a decrease in activity in the years 2010 to
2011, which can be considered as a stable phase [21]. Between 2012 and 2014, a large-scale
accumulation on the slope occurred, which can possibly be the consequence of a larger
individual event. Even though no seismic activity could be detected for this period, one
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possible explanation for the destabilization is the combination of rainfall and strong winds
caused by two tropical cyclones in early 2013 [22]. From 2014 onwards, only small surface
changes are visible directly at the foot of the rock face, so that this area of the crater has
apparently come to a temporal rest. While the activity of rockfalls is decreasing in this
area of the crater, an increase can be observed in the northwestern area, also due to higher
volcanic activity [21,22].

In rockfall zone II, no surface changes are visible between 2010 and 2011. Starting from
2011, an active phase begins, marked by a first large-scale accumulation with a volume
of 2018 m3 between 2011 and 2012, followed by a slightly lower accumulation of 507 m3

between 2012 and 2014. After one year (2014 to 2015) with almost no activity, accumulation
volumes of 354 m3 were recorded between 2015 and 2016. The average surface changes
between 2012 and 2014 and 2015 and 2016 were 32 cm and 23 cm, respectively. From 2011
until 2012, a mean accumulation height of 129 cm was detectable. The difference models of
rockfall zone II clearly show that the accumulation is spatially very limited to areas close
to the rock face between 2012 and 2014, and between 2015 and 2016, likely due to smaller
single events with accumulation zones close to the rock face. The large-scale accumulation
between 2011 and 2012 is probably the consequence of a larger individual event, which led
to almost the entire rockfall zone II becoming an accumulation area.

For an area northwest of the Cratère Dolomieu, the authors of [21] were able to
detect rockfalls with a volume of 80,000 m3 during the study period from November 2014
to January 2016 in their survey based on TLS and terrestrial photogrammetry, among
other methods. Increasing eruptive activity was detected in this period [22]. However,
this area is not covered by the webcams, although if more permanent camera systems
were to be installed on the crater rim, using photogrammetric principles, the entire slope
and its processes could be captured. In a study on Volcán de Colima (Mexico) by [63],
rockfall volumes were derived from high-resolution photographs. However, a conventional
change detection study was not conducted. Instead, they categorized the rockfalls into
several classes and calculated mean volumes for each. Their results showed mean volumes
of 56.6 m3, 43 m3, and 146.7 m3 [63], which are significantly lower than the values we
calculated. In contrast, [1] measured significantly larger surface changes than ours over
a comparable period (2011–2017) in their study of the Telica volcano in Nicaragua using
an unmanned aerial vehicle (UAV). They recorded surface changes of 8400–140,000 m3.
It should be mentioned here that no process areas were detected, as we did. However,
they do not provide a contextual classification of what triggered the observed surface
changes, either.

4.4.2. Debris Zones

Within the investigated debris zones, surface changes are observable from 2010 to 2016
(Figure 8), with some exceeding one meter in height. Both zones are again located in the
marginal area of the photos and at the transition between the debris cone and the crater
floor. The photographs clearly indicate that the debris cones have expanded considerably
to the crater floor, suggesting substantial accumulation in these areas.

In debris zone I, the activity was notably high between 2010 and 2014. During this
period, 1821 m3 of material accumulated between 2010 and 2011, followed by a slight
accumulation of 107 m3 between 2011 and 2012, and a higher accumulation of 1039 m3

between 2012 and 2014. In total, 2967 m3 of material was deposited during this period. The
results up to 2012 are in good agreement with the investigations of [22], as the large surface
changes in this phase of high seismic activity can be explained either by this or by rain.
Even though a period of eruptive activity can be observed again from 2014 onwards [22],
there was almost no accumulation in this area between 2014 and 2016. The average surface
changes range between 10 cm and 110 cm between 2010 and 2014. After 2014, surface
changes were minimal, and the deposition patterns do not clearly indicate whether the
accumulation was due to landslide processes or fluvial deposits from sediment sources in
their upper slope areas.



Geosciences 2024, 14, 259 13 of 22

Geosciences 2024, 14, x FOR PEER REVIEW 14 of 23 
 

 

 
Figure 8. Derived surface changes (DoDs) on two selected debris cones between 2010 and 2016 
(shaded relief in the background is derived on the base of the 2016 DTM). Also shown are the posi-
tive surface changes [cm] and the accumulated volume [m3] of the two areas for the corresponding 
periods. 

In debris zone I, the activity was notably high between 2010 and 2014. During this 
period, 1821 m3 of material accumulated between 2010 and 2011, followed by a slight ac-
cumulation of 107 m3 between 2011 and 2012, and a higher accumulation of 1039 m3 be-
tween 2012 and 2014. In total, 2967 m3 of material was deposited during this period. The 
results up to 2012 are in good agreement with the investigations of [22], as the large sur-
face changes in this phase of high seismic activity can be explained either by this or by 
rain. Even though a period of eruptive activity can be observed again from 2014 onwards 

Figure 8. Derived surface changes (DoDs) on two selected debris cones between 2010 and 2016 (shaded
relief in the background is derived on the base of the 2016 DTM). Also shown are the positive surface
changes [cm] and the accumulated volume [m3] of the two areas for the corresponding periods.

Debris zone II exhibits distinct linear depositional patterns, which indicate that the
depositional area was formed by debris flows or fluvial processes. The high accumulation
for the period 2012 to 2014 is presumably due to precipitation, since, as already mentioned,
two cyclones occurred in 2013 [22]. However, larger individual boulders at the foot of the
slope appear to have been deposited due to gravitational processes (falling stones) [64]. It
is likely that different single processes formed the deposits. During fieldwork, gravitational
processes (such as individual rockfall events or smaller rockfalls) were observed, and
individual webcam images reveal linear structures that may indicate smaller debris flows
(Figure 9).
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Overall, debris zone II is significantly larger than debris zone I and includes additional
areas of loose material in the upper area, which transitions into rock areas in the uppermost
area. According to the visual inspection, the upper areas have also changed over the
observation period, but these zones lie outside the overlapping areas, so no DTMs could be
calculated for them using SfM.

Due to increased eruptive activity, zone II like zone I shows increased accumulation in
the first phase of the observation period [22]. The highest deposit volumes were recorded
between 2010 and 2011 (7357 m3), between 2011 and 2012 (2674 m3), and between 2012
and 2014 (7968 m3). In the period from 2012 to 2014, precipitation must be assumed to be
the trigger [22]. After 2015, the activity decreases significantly to 179 m3. The maximum
value of the average surface change is 50 cm. Reference [15] calculated surface changes
of 47.8 ± 3.6 × 103 m3 in another area of the Cratère Dolomieu using airborne SfM in
their studies conducted from December 2014 to May 2015. It should be noted, however,
that even if eruptive activity resumed during this period [22], this deposition occurred
in the highly active northwestern area of the crater. Their analyses indicate that this
large landslide occurred in mid-May 2015. For the whole period of their investigations
from April 2008 to May 2015, they calculated a cumulative volume of 1.8 ± 0.1 × 10 m3

surface changes [15]. However, only processes larger than 1000 m3 were quantified and the
resolution of the data did not allow any conclusions to be drawn about possible triggering.
Additionally, their investigations did not distinguish between different types of processes.
The only event identified as a landslide was the one that occurred in April 2015. The
investigations conducted by [65], who used TLS to collect data from various areas of a slope
of the Vesuvius crater in 2005, 2006, and 2009, quantified surface changes amounting to a
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total volume of 20,300 m3 across three areas. Their findings align closely with our results
for debris zone II, which totaled 20,430 m3. Another study, conducted with UAV-based
photogrammetry on the slopes of Stromboli volcano, calculated surface changes of 21.5 m3

for the period from December 2018 to June 2019 [17]. There is no differentiation by process
type in their study either. Reference [66] shows volume changes of 210.08 m3 in their
studies at the active Lascar volcano in Chile with the use of a UAV for a period from 2017
to 2020. Appending the data, they were able to determine that a collapse occurred first,
followed by rockfalls, and then the material was deposited as a landslide.

4.5. Temporal Specification of the Single Events

Since large events with strong surface changes should be visually recognizable in
individual photographs, webcam photographs unsuitable for SfM processing were not
used. With this approach of visual inspection of the photographs, a better temporal
resolution of the process dynamics can be obtained. Existing studies have also successfully
used single automatic cameras to detect single rockfall events (cf. [67]). All available
webcam images were used and transformed into short films, zooming to the different zones
to visualize surface changes (Figure 10). Only those photos with fog or wet lenses were
excluded. Even if photographs are not suitable for SfM processing, the aim of this method
was the identification of events and their confinement to a period between two photographs.
For rockfall zone I, the major surface changes occurred after 2013, a period for which no
webcam images were available. Consequently, the smaller surface changes between 2010
and 2012 could not be identified as single events.
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In rockfall zone II, the highest surface changes occurred between 2011 and 2012. After
reviewing the photographs, these changes were attributed to the period between 13 June
2011 and 19 June 2011 (Figure 10). Since no changes were visible before and after this
period, it seems likely that the surface changes resulted from one major single event. Even
though the photos provide evidence that individual processes occurred, it cannot be ruled
out that other events took place at a later time. A higher temporal resolution of the data
sets would be necessary in this case.

In the debris zones, most of the surface changes are within the period for which
webcam images were available. For debris zone I, it could be determined that the lower
scree slope was apparently built up successively by smaller single events, partly by indi-
vidual rocks that were presumably transported gravitationally and deposited at the foot of
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the slope. Besides this successive deposition, however, a larger event occurred between
3 March 2010 and 16 March 2010, where material was transported linearly (fluvially or as a
smaller debris flow) and then deposited as small cones at the base of the slope. Following
this event, additional material was deposited, but no larger events were identified in the
subsequent webcam photographs.

Continuous monitoring using webcam images is more difficult for the smaller debris
zone II. However, the quantification results indicate a major surface change occurred
between January 2010 and January 2011, as observed by [22] in their studies. Visual
inspection of the webcam images indicated this change happened between 13 July 2010
and 2 December 2010. Unfortunately, no webcam images exist for the period between July
and December 2010, preventing a more precise determination of the exact timing.

4.6. Geomorphic Perspective

The surface changes determined for the investigated slope show the high level of
activity generally present within the crater, a finding consistent with other studies [15,21,22].
This high activity is largely attributable to the combination of high tectonic/seismic stress
and the very high rainfall amounts on La Réunion. Reference [22] showed that rockfall
activity, occurring about 2.5 years after the crater collapse, can be triggered by volcano
tectonic seismicity and, to a lesser extent, rainfall. The sensitivity to seismic activity
depends on the stability state of the crater walls. The observations of [21] show that even
low seismicity (M < 3) at PLF can lead to increased rockfall activity. During the first
2.5 years post-collapse, the walls are so unstable that they fall without the need for external
forcing. In the period without eruptive activity (2012–2014) and consequently with low
seismic activity, it can be assumed that the main trigger is rain [22]. However, the high
activity recorded in some areas between 2010 and 2016 is likely also due to the recent
formation of the crater, indicating that the system remains in an unstable state. Following
the crater collapse in 2007, steep slopes with unconsolidated material formed and were
subsequently shaped by gravitational processes. While PLF is characterized by different
eruptive phases during the observation period, the situation is different for the Telica
volcano. It is constantly active and it can be assumed that the processes taking place are
due to eruptive activity [1]. Unlike other mountainous areas, the debris cones are extremely
young and the first webcam images from early 2010 capture the state of development
after three years of geomorphological formation. Using the webcam images, the period of
geomorphological development of the scree slopes can be extended from two years (2014
to 2016) to six years (2010 to 2016).

Figure 11A illustrates the slope development as a profile line (swath profile with
a width of 25 m) from 2010 to 2016 (with only two profile lines shown here for better
visibility). This indicates a slight flattening of the slope gradient over these six years.
Figure 11B demonstrates that this flattening occurred successively and averaged around 1◦

slope inclination over these years. The statistical scattering range of the slope inclination
has also decreased, an indicator that the slope is gradually stabilizing to a certain slope
inclination and thus possibly to the slope angle of the prevailing substrate. The 35◦ slope
inclination is in the upper range of the slope angles to be expected for scree slopes and is
within the expected range as studies by [68–70] show. Reference [3] determined an average
slope inclination of 33◦. It is assumed that other process dynamics are responsible for this.
In fact, lab experiments on granular layers submitted to high-frequency low-amplitude
acoustic waves show that such waves may reduce by a few degree the avalanche angle (the
maximum stability angle) of the granular layer by weakening intergranular friction [71].
Small-amplitude, high-frequency volcano tectonic seismicity may have a similar effect
on the granular deposits on the slopes (see discussion in [22]). This could also be an
indication that the investigated scree slope could be further flattened in the future and that
the geomorphological development in this area was not yet complete in 2016.
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5. Conclusions
5.1. Methodological Aspect

From a methodological perspective, it can be asserted that using webcams for 4D
analyses is only suitable in exceptional cases, when they are specifically installed for
photogrammetric purposes at the time of installation. Despite the proximity of the webcams
used in this study, the data processing was extremely complex. It required integrating
LiDAR data in conjunction with photogrammetrically generated point clouds created
from photos taken in parallel to the LiDAR mission. This integration allowed for the
extraction of GCPs and fine referencing via ICP before converting the webcam images
into 3D models and refining for quantitative investigations. Since the webcams were not
initially intended for photogrammetric analysis, this meant that the camera positions were
not ideal. Additionally, studies, particularly from the use of drone images for the creation
of photogrammetric point clouds, show that overlap is crucial for minimizing errors in
point cloud creation (c.f. [13]). In addition to the overlap values, the criteria specified for
this include recommendations regarding the overlap directions (front- and sidelap). Due to
using only two cameras, this study was limited to the sidelap, which limited the evaluable
area of the slope to the central overlapping areas, and therefore, only slope sections (debris
areas) that did not have complex 3D structures could be analyzed. Consequently, rock faces
within the crater have a complex 3D surface and are additionally located at the marginal
areas of the photographs, so those zones could not be analyzed. It therefore makes sense
for future studies to extend the spatial resolution of the investigations for a process area by
installing several webcams.

Nevertheless, the results indicate that webcam images can provide valuable informa-
tion on geomorphological process dynamics by extending observation periods into the past
and compressing them over time. Although not all photo pairs could be used for the 3D
analysis in this case study, it was still possible to quantitatively assess individual periods.
In addition, visual identification of process dynamics based on individual images allowed
for some evaluation of the temporal development of the surface changes.

In the future, incorporating monoplotting tools alongside 3D evaluation could enhance
the ability to make quantitative statements about process sequences, complementing visual
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inspection. In particular, since webcam recordings are rarely available as image pairs,
focusing on monoplotting tools for retrospective analysis is advisable. Future studies
should also consider integrating webcams/automatic cameras into monitoring studies to
enable quantitative investigations. However, it is crucial that photogrammetric principles,
such as overlap rates or overlap directions, be considered [13,18,72]. If photogrammetric
principles are followed, webcam-based photographs provide significant potential for data
recording, particularly in highly active geomorphological areas. This approach enables the
differentiation and quantification of individual processes. Drawing from drone studies,
using additional cameras with effective distribution (front- and sidelap) should significantly
reduce processing effort and improve evaluation results.

5.2. Geomorphological Aspects

The slope section considered in this study represents a very young geomorphological
form that has developed over a few years through a combination of gravitational mass
movements (such as landslide processes and debris flows) and fluvial processes. This
allows tracing the development of these slopes, which in the Alps typically takes centuries
or even millennia after the glaciers melted, over an exceptionally short period. Although the
first available data are only available from 2010, just three years after the original formation
of the crater collapse, historical webcam images combined with LiDAR and terrestrial
manual images enable the reconstruction of slope development over nearly six years.

The results indicate that the slope development begins with an initial formation
phase that occurs rapidly within the first few years. Following this, the slope undergoes
a more gradual progression from 2010 to 2016. This development leads to the slope
eventually reaching an angle determined by the substrate. Even though it is not possible
to distinguish between individual geomorphological processes, there is a demonstration
of clear progression from the initial rapid formation to a more stable slope configuration
over time. This adjustment of the slope inclination from 36.3◦ on average in 2010 to 35◦

on average in 2016 is still very rapid and clearly visible, possibly due to the decrease in
the maximum stability angle of the granular material due to the cumulative effect of low-
amplitude and high-frequency local seismicity [22,71]. As [3] describes the average slope
angles as being 33◦, it can be assumed that this adjustment process was not yet complete in
2016. Thus, a new survey of this slope area should be carried out in the future to check the
extent to which the slope inclinations have developed since 2016.

The rate of adaption in this area is certainly influenced by the unique conditions at
PLF. This region is volcanically very active, which causes surface movements, e.g., due to
magma in the subsurface and seismic influences. Additionally, the volcanic material in the
area of the rock faces has a very clear stratification, which was built up from basaltic lava
and pyroclastics. These layers have varying degrees of stability, and combined with tec-
tonic/seismic stress, this certainly enhances rock fall activity [73]. In some cases, the crater
rim also features extensive deep crack formations, which further increases the instability of
the rock faces. For example, Ref. [15] shows a rockfall with large magnitudes in the area of
the eastern exposure of the crater, starting from such a crack. From a geomorphological
perspective, the crater is ideally well-suited for current geomorphological process research,
as these processes here occur at both very high frequency and, in some cases, with very
high magnitudes. The spatially contained area (with a crater diameter of about 1 km) and
the ideal observation perspective from the crater rim make it well-suited for observing
with LiDAR or terrestrial photogrammetry. Therefore, it would also be beneficial to install
similar fixed camera systems in other accessible craters. The only obstacle is the inability to
enter the crater, which hampers the installation of stable survey points. Despite this, the
area presents a promising opportunity for future research into geomorphological process
dynamics using ground-based remote sensing techniques.
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