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Abstract: Many issues arise from the recession of sea cliffs, including threats to coastal communities
and infrastructure. The best proxy to study cliff instability processes is the cliff face evolution. Unfor-
tunately, due to its verticality, this proxy is difficult to observe and measure. This study proposed and
compared three remote sensing methods based on structure-from-motion (SfM) photogrammetry
or stereorestitution: boat-based SfM photogrammetry with smartphones, unmanned aerial system
(UAS) or unmanned aerial vehicle (UAV) photogrammetry with centimetric positioning and Pléiades
tri-stereo imagery. An inter-comparison showed that the mean distance between the point clouds
produced by the different methods was about 2 m. The satellite approach had the advantage of
covering greater distances. The SfM photogrammetry approach from a boat allowed for a better
reconstruction of the cliff foot (especially in the case of overhangs). However, over long distances,
significant geometric distortions affected the method. The UAS with centimetric positioning offered a
good compromise, but flight autonomy limited the extent of the monitored area. SfM photogramme-
try from a boat can be used as an initial estimate for risk management services following a localized
emergency. For long-term monitoring of the coastline and its evolution, satellite photogrammetry
is recommended.

Keywords: boat-based SfM photogrammetry;

smartphone; Pléiades satellite imagery;

stereorestitution; 3D point clouds comparison; cliff face reconstruction; UAV; UAS

1. Introduction
1.1. Context

Multiple internal and external factors drive the erosion of coastal cliffs: marine, con-
tinental, anthropogenic and geological. Their contribution remains challenging to mea-
sure [1]. With sea-level rise, the cliff recession rate is expected to increase [2]. According to
the WorldPop dataset [3], in 2020, 2.15 billion people lived on land within 100 km of the
coast at an elevation of up to 100 m (near-coastal zones), and 898 million people lived on
land at an elevation of up to 10 m with a hydrological connection to the sea (low-elevation
coastal zones (LECZs)) [4]. With more than one-third of the global population in near-
coastal zones (about 11% in LECZ) and 52% of the global coastline covered by cliffs [5], a
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significant proportion of the population and infrastructure along cliffs are threatened by
cliff erosion. There is a real stake in (i) better understanding the changes in coastal cliffs
and (ii) better managing these changes to (iii) protect what thrives nearby. Although cliff
erosion monitoring is commonly performed from the top [6-8], an alternative approach is
to focus on monitoring the cliff face as a better indicator of cliff erosion [9].

1.2. Monitoring Methods

The study of cliff erosion is usually achieved using LiDAR surveys or photogrammetric
surveys. LIDAR surveys were often obtained with terrestrial laser scanning (TLS) [10,11],
aerial laser scanning (ALS) [12] or a combination of both [13-15]. As for photogrammetric
surveys to study cliff erosion, most are performed with UAS [16-22]. If the spatial and
geometric configuration of the site allows (the presence of a sufficiently large reef flat
of sand or rocks at the cliff foot), a terrestrial approach with a digital single-lens reflex
(DSLR) camera can be used [23]. More recently, smartphone structure-from-motion (SfM)
photogrammetry has been used in the monitoring of cliffs [23-25]. This approach is applied
on other geomorphological objects like riverbanks or alluvial fans [26,27], but never from
a boat for sea cliffs. Some studies also used this approach to monitor anthropogenic
structures: irrigation canals [27] or trenches [28]. In [29], a multi-smartphone measurement
(MSM) system was tested on a physical model of a slope to help in the understanding
of landslides.

Nowadays, some smartphones can acquire point clouds using LiDAR technology. A
comparison between this technology and smartphone SfM photogrammetry was conducted
in [30]. In this case, the results showed that for 92% of the points, the distance between
the SfM point cloud and the smartphone LiDAR point cloud was below 30 cm. Although
only a few smartphones have LiDAR technology, all of them have a camera. Therefore,
smartphone photogrammetric surveys appear to be easier to generalize and reproduce.

For both LiDAR and photogrammetric surveys, the definition of the best geometry
of acquisition to capture the cliff face geometry is strategic. From the foot of the cliff,
there is a good view of the cliff face [31,32], but the reef flat is not always accessible for
land-based methods. One option is to use an unmanned aerial system (UAS), but this
requires finding the right incidence angle [33], sufficient luminosity on the cliff face and
suitable meteorological conditions (no rain, a light wind). Moreover, flying according to a
pre-programmed flight plan requires legal authorizations in some countries and numerous
round trips, while some data (photos aimed at the open sea) cannot be used. For example,
for a DJI Phantom UAYV following a flight plan with a 60% image overlap, given the
autonomy of the batteries, the areas covered are restricted to approximately 1.4 km of the
coastline for one set of batteries.

If no beach platform is found at the cliff foot or if access is difficult, another option
for an appropriate viewing angle of the cliff face is from the sea. Whereas boat-based
methods are mainly dedicated to submarine surveys, very few boat-based studies proposed
mapping emerged areas. Among these rare studies, some used a radar system for 2D
mapping [34] or a mobile laser scanner (MLS) for 3D mapping [35-37]. With the latter
method, the quality of the reconstruction mainly depends on the accuracy of the naviga-
tion measurements (positioning, inertial unit, sensor synchronization). Such systems are,
therefore, very expensive.

Structure-from-motion (SfM) photogrammetry is a very flexible method to reconstruct
the three-dimensional geometry of objects. This method requires a high overlap between
images to ensure redundancy in the bundle adjustment process. In contrast to conventional
stereophotogrammetry, SfM photogrammetry is particularly based on self-calibration,
which allows for the use of a short focal length and consumer sensors. To achieve this
self-calibration, we generally use ground control points (GCPs), which are remarkable
points whose both cartographic-space and image-space coordinates are known [38,39].
Another approach to self-calibration is to know the precise position of the camera (mainly
using GNSS RTK [23,40]). Currently, SEM photogrammetry has been rarely used for 3D
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cliff mapping from a boat [41,42]. The main limitation is the identification of natural GCPs
on the cliff face. Some landslide studies used photogrammetric surveys from a boat to
produce a 3D model [43] or for landslide detection using artificial intelligence [44].

In 2018, a major mass movement broke away from the cliff face at Navagio Beach
(zone E), injuring seven people [45]. Each summer, Zakynthos Island welcomes thousands
of tourists, who are potentially exposed to this risk. To reduce this exposure by preventing
and better understanding the retreat of these cliffs, regular monitoring is required using
the most effective method.

In this study, we assessed the potential for collecting geotagged smartphone pho-
tographs from a boat to reconstruct a coastal cliff face in Zakynthos in 3D using StM
photogrammetry. The results were compared with a Pléiades satellite stereorestitution
and, locally, to a UAS photogrammetric survey, which were almost synchronous. Note
that without a second photogrammetric survey to compare with the results of this study;,
it would be difficult to make any predictions about the geomorphological evolution and
retreat rates for this area of interest. Therefore, this research aimed to (i) evaluate the
advantages and disadvantages of the three approaches and (ii) give recommendations on
using these three methods for monitoring the erosion of coastal vertical cliffs. Each survey
method is described in Section 2. The results of the inter-comparison between the three
approaches are introduced in Section 3 and discussed in Section 4.

2. Material and Methods
2.1. Study Area

Zakynthos, also called Zante, is located in western Greece and is the third largest of
the Ionian Islands, with an area of about 406 km? (Figure 1a,b). Zakynthos Island is at the
front of the present-day Hellenic arc and trench system that formed along the convergent
zone between the subducted African plate and the thrusting Eurasian plate (e.g., [46—48]).
Lying close to the western edge of a tectonic plate, Zakynthos Island is exposed to seismic
activity (e.g., [49-51]) that is reflected in the landscape via a pronounced relief. Like all the
Ionian Islands, it is dominated by limestone (210-36 million years old) that is cut by many
faults during the compression of the region. Zakynthos is mainly divided by the Ionian
thrust fault into the Pre-Apulian Zone (western part). It consists of an eastward dipping
succession of Upper Cretaceous to Miocene carbonates overlain by Pliocene-Quaternary
alluvia [52] and the Ionian Zone (eastern part) consisting mainly of Eocene carbonates and
Pliocene sediments [52,53].

More specifically, the island consists of the following geological formations units. The
entire western and north-eastern part of Zakynthos is covered by limestones and dolomites
of Late Cretaceous age. In the south-eastern edge of the island, Triassic evaporites are
occasionally found. These two formations are the only ones among those expressed
superficially that fall into the category of alpine formations. The rest of the island is covered
by Neogene and Quaternary sedimentary formations.

More precisely, the central-eastern and south-eastern part of Zakynthos is covered
by marine sedimentary formations of Pliocene to Pleistocene age. The central part of the
island is covered by Holocene alluvial sediments. The remaining part consists of calcareous
marls, limestones and other sedimentary formations of Miocene age [53-57].

Zakynthos has various topographical features. Three geomorphological units
(Figure 1b) are distinguished to describe Zakynthos Island (e.g., [58-60]):

(i) The Vrachionas mountains are on the western part of the island (see zone I in
Figure 1b). This is a mountainous area with generally steep slopes. The steepest slopes
(>10%) are found at the eastern boundary of this unit (up to the coastal zone) and decrease
westwards [61]. This unit is characterized mainly by limestone formations of the pre-
Apulian zone, which is composed of a central karstic plateau and bordered by faulted
areas to the east and west. Alluvial cones can be found to the east and deep dissected
ravines to the west. Despite this morphological regime, the drainage network is not
very well developed. The region is mainly drained by small, ephemeral streams of low
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to this geological and geomorphological configuration, rock falls from coastal cliffs are a
major problem [61].
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Figure 1. (a) Location of Zakynthos (Zante) Island in Greece. (b) Spatial coverage of Pléiades satellite
images and in situ study area location. (c) Focus on the in situ study area (red square in (b)) with the
boat trajectory and the subdivision of the zone used for structure-from-motion processing.

(ii) The fertile central plain (see zone II in Figure 1b) is a faulted basin structure
composed of alluvial deposits and sand formations in the coastal region and of Miocene
and Pliocene sediments resulting from differential erosion. The morphological slopes are
generally less than 2%, but close to the coast, it increases to 2-10% [61].

(iii) The Skopos mountainous peninsula is in the south-eastern part of the island
(see zone III in Figure 1b), which is certainly an uplift faulted block, consisting of Ionian
limestone, evaporitic rocks, and Pliocene and quaternary deposits [59]. This region also has
poor drainage network development but with relatively deep V-shaped valleys flowing
westwards and eastwards. The morphological slopes vary from less than to more than 30%.
The coastal part also follows the following trend: the western part of this unit (i.e., NW and
S coasts) displays high inclinations (10-30%, occasionally up to 42%). The north-central
and north-eastern coasts display intermediate inclinations (2-10%) and the eastern coasts
display small inclinations (up to 2%) [61].

The in situ study took place in the western coastal part of the Vrachionas mountain.
The study area extended from Porto Vromi to Navagio Beach, which represents about
11.2 km of coastline, mainly composed of steep (quasi-vertical) limestone cliffs that can
reach 400 m high. From the land, there is no access to the cliff foot, as the cliff face plunges
directly into the sea over almost the whole area.

According to [61], the slopes in the coastal area vary from 0 to 30%. More specifically,
most of the prominent capes from the central part southwards display an inclination of
less than 2%, whereas the intermediate parts display a 20-30% slope. From the center
northwards, the capes generally have a 10-20% inclination and the intermediate parts have
a slope of 10-30%.
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According to the available geological maps [53-57], all of the area of the in situ study
is covered by limestones. More specifically, there exist both limestone and dolomitic
mudstones and wackstones, with packstone and grainstone interbeddings and, in some
locations, radiolitid rudstones and floatstones. The age of these carbonate formations is
Turonian to Lower Campanian.

The focus was on the southern areas (zones A, B and C), whereas zone D, with a
gentler slope, and the steep Navagio Bay (zone E), were optional. Zone D had the highest
elevation in the study area, with a maximum height of approximately 251 m. A description
of each zone is available in Figure 2.

Zone A: steep slopes and very little vegetation, several Zone B: mainly vertical cliffs, vegetation only in the north
marine caves in the south part part on gentle slopes, few marine caves

pHe y
Zone D: gentle slopes, highly vegetated, lots of marine caves

Coastline Maximal Minimal Mean slope

length (km) height (m) height (m) ©)
(A) 23 174 76 60 (+16)
(5] 24 239 125 65 (+ 18)
() 20 236 165 67 (£17)
(D) 23 251! 182 40 (+ 13)
(€ ) 22 220 74 67 (+18)

%' On the area of the point cloud

Zone E: vertical cliffs, no vegetation, beach Main characteristics of each zone covered by the boat-based

survey
Figure 2. Description and overview of the 5 studied zones (© 2023 Geotag Aeroview).

Zone B was precisely chosen for the UAS survey after considering several parameters.
A field trip along the south-western coast of Zakynthos Island enabled the identification of
zone B as a site that combined the following characteristics:

Visible mass movements;
An exposure compatible with the satellite acquisition (not too many parts exposed to
the north);
A straight-lined shape;
A cliff top that was easily accessible so that the UAS could have a departure point
from the cliff top;

e  Variations in the cliff profile, with various slopes and rock covers.

2.2. Boat-Based Smartphone SfM Photogrammetry

The boat-based SfM photogrammetric survey was performed on the 16 June 2022
using three smartphones (see Table 1), keeping the same orientation during the whole
acquisition (Figure A1l). Due to the movement of the boat, some photos were blurred or
poorly framed and were removed from this count. As far as possible, the operators tried to
maintain an image overlap of about 80%. It can be noticed that more photos were required
to ensure the same image overlap when the smartphone was kept in portrait mode.
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Table 1. Settings of the smartphone used for the boat-based survey and number of collected pho-

tographs.
Smartphone Model Resolution Focal Length (mm) Nb. of Photos Orientation
Wiko V680 4160 x 3120 3.6 561 Landscape
Samsung G930F 4032 x 2268 42 1240 Portrait
Xiaomi A2 4000 x 3000 4.07 465 Landscape

The trajectory of the boat (see Figure 1c) included two distances for the acquisition: one
close to the cliff (from about 50 m to 200 m) on the outward journey and the other farther
away on the return journey (about 400-500 m). By varying the distance, the geometry of the
camera network could be optimized and rigid body rotation avoided [62]. The survey of
17 km of coastline was performed in about 1 h from a boat (5 m long) with wave conditions
between 0.5 m and 1 m.

To improve the consistency of the positions measured by the internal global navigation
satellite system (GNSS) receivers, only the geotags of the images captured with the Wiko
Smartphone (and the GPS Map Camera app in optimized positioning mode) were used. The
boat trajectory was also recorded using the internal GNSS receiver of the Wiko Smartphone.
All the images were processed using one chunk in Agisoft Metashape®.

Capes and points are often associated with lower cliffs and less steep slopes. In
addition, these areas are more complicated to reconstruct using photogrammetry because
of the high overlap required to capture the abrupt variations in orientation. In this study,
we therefore focused on 11.2 km of coastline, more precisely on the coves and bays (hence
the division into zones, as shown in Figure 1c). For reasons of computing capacity, we
processed these different zones separately. The SfM processing was carried out with the
Agisoft Metashape® software (version 2.0.1 build 15986—64 bit) using only the geotag of
the photos acquired using the Wiko smartphone. For each zone, a 3D RGB point cloud was
exported. Locally, when the point cloud appeared noisy, it was filtered manually.

A similar survey could have been carried out using a DSLR camera equipped with
GPS geolocation, taking care to maintain a large overlap between the images. This would
have also avoided blurred images.

2.3. Pléiades Satellite Imagery

The Pléiades satellites (1A and 1B) were launched by the French Spatial Agency
(CNES) and are operated by Airbus DS. Launched in 2011 and 2012, they provide very
high-resolution (VHR) optical imagery (a native ground sampling distance of 0.70 m in
panchromatic mode), with a daily revisit capability and the ability to acquire off-axis images
(up to 40° from the nadir).

For this study, we ordered tri-stereo Pléiades imagery thanks to the HIRACLES (High-
Resolution Imagery for Cliff Erosion Studies) project, which is supported by the French
Space Agency (CNES). The ordered images had a high angle of incidence (see Table 2)
to have a better view of the cliff face and to be able to reconstruct it with a high enough
point density [63]. The images, captured on the 17 June 2022, covered approximately
185 km?, corresponding to about 74 km of coastline (Figure 1b), with a cloud coverage of
less than 0.7%.

Table 2. Settings of the tri-stereo Pléiades acquisition used for the satellite 3D reconstruction comparison.

Pléiades Imagery Mean Resolution (m) Mean Incidence Angle (°)
Date ID
17 June 2022 0946179 0.798 24.297
17 June 2022 0946291 0.796 24.092
17 June 2022 0946403 0.809 25.438

The tri-stereo panchromatic images were processed using Agisoft Metashape®, as
proposed in [64]. Given the verticality of the object of study, the digital surface model
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(DSM) and the orthophotograph were of poor interest; therefore, a 3D grey-level point
cloud was exported.

2.4. UAS SfM Photogrammetry

UAS SfM photogrammetry is now a widely used method for 3D reconstructions [38],
including for cliff face monitoring [16,33,65,66].

The flight plan to monitor a cliff face was difficult to design. To optimize the flight
and to take pictures of the cliff rather than the sea, the UAS had to fly backwards while
maintaining a good trade-off between the viewing angle, limiting occlusion effects, spatial
resolution on the cliff face and flight safety (flying too close to the cliff face exposes the
UAS to local wind effects and loss of GPS signal).

For this study, the UAS survey was performed using a DJI Phantom 4 Pro RTK
equipped with a CMOS 1” sensor (20 MP) to cover zone B. A double-gridded flight plan
method (Figure 3a) was used with a constant height. This flight plan was designed with
crossed s-shaped paths to create a 3D model. The pitch angle could be set between —90°
(downwards) and 30° (0° being forwards) to adjust the acquisition with vertical cliffs. The
flight was set up at 35 m above the flight departure point (located on the cliff top) with a
mean incidence angle (pitch) of 72.5° (from nadir) and an overlap of 60% (see Table 3).

a)

37°50'6"N

37°49'48"N

= Drone trajectory

Zone division

20°37'30"E 20°37'48"E

Figure 3. (a) UAS flight plan used for the zone B survey. (b) UAS photograph of the northern
part of zone B with vegetation in the background and a visible rockfall in the foreground. (c) UAS
photograph of the southern part of zone B with steep slopes and vegetation.

Table 3. Mean settings of the UAS survey flight plan.

Mean Altitude (m) Mean Yaw (°) Mean Pitch (°) Mean Roll (°)
187.8 224.3 725 —-0.3

2.5. Inter-Comparison Method

The inter-comparison was performed with CloudCompare, which is a free 3D point
cloud (and triangular mesh) processing software (2.12.4 version). Figure A2 shows some
image samples from all the sensors used for this study, prior to processing.

Absolute georeferencing of Pléiades imagery and Smartphone geotagging is accurate
to the order of one to a few metres. Therefore, we decided to make relative comparisons
by aligning the clouds with each other in each zone. For this inter-comparison, as a lower
point density was expected for the stereo-satellite point cloud, these data were meshed
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(with a maximum edge length of 5 m). The boat-based Smartphone SfM point cloud
was registered with the Pléiades mesh using the “Iterative Closest Point” method (ICP)
proposed in CloudCompare®. Both datasets were cropped to the same area. Finally, the
boat-based smartphone SfM point cloud was compared with the mesh by calculating the
absolute distances for all points in the cloud with a cloud-to-mesh approach (C2M).

Some areas were masked (due to obstruction) in the satellite acquisition, which could
cause a lack of data in the satellite point cloud and in the subsequent mesh. For the areas
corresponding to such an absence of data, a bias in the distance calculation appeared for
the points of the smartphone SfM cloud (the distance to the satellite data being necessar-
ily maximized). To limit the biases in the distance calculation, we defined “evaluation
zones”, which are extracted from the Pléiades point cloud with a point density higher than
1 point/m? in a neighbourhood of 10 m?. Absolute distances were also calculated for these
“evaluation zones”.

3. Results
3.1. Smartphone SfM Photogrammetry from the Boat

The point clouds generated by Smartphone SfM photogrammetry from the boat
covered 7,316,490 m? of coastal cliff face and showed high point densities ranging from
6.50 points/m? to 44.13 points/m? (Table 4). Examples of these point clouds can be viewed
in natural colours via the internet link https:/ /youtu.be/HsafwL6yt20 (accessed on 29 June
2022) and in Figure 4a. Locally, some clouds were noisy. This noise, which was removed
during processing, generally corresponded to shaded areas of the cliff face (Figure 4b).

Figure 4. (a) Point cloud in natural colours generated using SfM photogrammetry from the boat-based
smartphone dataset for zone C. (b) Focus on a noisy area in the point cloud.

Table 4. Comparison of the resulting point clouds.

Distance to Pléiades Distance to

2 No. of Mean Point Cloud Dlstan;’eC t? I’)lelades PC in Evaluation o Botatl-lBasecSlfM
Surface (m*) Points (PC) Density m Zone (m) martphone
(pts/m?) PC (m)
Mean Std Mean Std Mean Std
Pléiades PC

Zone A 1,211,680 243,008 0.201
Zone B 1,284,910 367,531 0.286
Zone C 1,911,940 326,342 0.171
Zone D 1,642,760 987,334 0.601
Zone E 1,265,200 252,676 0.200
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Table 4. Cont.

Distance to Pléiades Distance to

Mean Point Cl Distance to Pléiades . . Boat-Based
Surface (m?) II:I;'H‘:: e(e;)c) %ert‘;t;u‘i PC (m) PC 1;011‘/:%:?;1011 Smartphone SfM
(pts/m?) PC (m)
Mean Std Mean Std Mean Std
Boat-Based SfM Photogrammetry PC
Zone A 1,211,680 53,466,393 44.13 2.72 3.26 1.98 2.51
Zone B 1,284,910 23,787,698 18.51 6.76 5.95 491 4.50
Zone C 1,911,940 45,119,810 23.60 2.84 5.13 1.57 1.66
Zone D 1,642,760 10,671,697 6.50 2.99 3.52 211 1.89
Zone E 1,265,200 19,139,527 15.13 3.53 4.80 1.86 1.63
UAS SfM Photogrammetry PC

Zone B 1,284,910 17,344,819 13.50 221 3.28 2.47 6.36 6.02 8.50

3.2. Pléiades Satellite Stereorestitution

A grey-level point cloud was derived from Pléiades panchromatic images (Figure 5a)
(to keep the finest resolution) using stereo-restitution. A total of 74 km of coastline was
reconstructed, as well as the inland areas. For this study, we only focused on the cliff face of
zones A to E defined for SfM photogrammetry from a boat. The mean point cloud density
on the cliff face varied locally and from one zone to another, ranging from 0.171 points/m?
(zone C) to 0.601 points/m? (zone D) (see Table 4).

Figure 5. Stereorestitution of the north-western coast of Zakynthos Island from Pléiades tri-stereo
imagery (17 June 2022): (a) before filtering and (b) after filtering on the sea.

The areas corresponding to the sea (with effects related to waves and sun-glint reflec-
tion over the water [67,68]) were reconstructed in a very noisy way and interfered with
the visualization of the cliff face (Figure 5b). Therefore, these noisy areas needed to be
manually filtered from the point cloud first. When filtering, parts of the cliff foot could
have been removed along with the noise. The cliff foot was also impacted by tidal effects
(of the order of about 20 cm in this area). The boundary of the cliff foot with the Pléiades
reconstruction was, therefore, questionable.
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a)

b)

Furthermore, the Pléiades point cloud also has missing data, which was caused by
occlusions related to a non-optimal configuration between the satellite position, orienta-
tion and slope of the cliff face (Figure 6a). Areas that were in steep-sided bays (such as
zone E), under an overhang or facing south were particularly affected by these occlusions
(Figure 6b).

Zakynthos

0 50 100 150 km

sw
w
N-W

N
N-E
E
S-E
s
i
-

o

450 m

Figure 6. (a) Position and orientation of the Pléiades satellites with respect to the western coast of
Zakynthos during the acquisition of the image triplet on 17 June 2022. (b) Example of the variations
of cliff face orientations in zone B.

3.3. UAS SfM Photogrammetry

The UAS flight provided an RGB reconstruction of the cliff on 1.4 km of coastline with
a point cloud density of 12.5 points/m? and a mean camera location error of 0.22 m. The
occlusions that were visible in Figure 7 were related to areas not covered by the flight plan
(see Figure 3). The cliff face appeared dark on the reconstruction because the flights were
made in the morning and the cliff was in shadow.

500 m

Figure 7. Three-dimensional reconstruction of the Porto Vromi coast in Zakynthos Island from the
UAS survey (zone B).
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3.4. Inter-Comparison

We carried out qualitative and quantitative inter-comparisons on the zones common
to the different survey methods. Only zone B was covered by all three methods (Pléiades
tri-stereo, UAS SfM photogrammetry and SfM photogrammetry from the boat).

Table 4 summarizes the mean distances and standard deviations obtained for these
different comparisons and Figures 8 and 9 show the spatial distribution of these differences.
For a given zone, the area covered by the different methods was broadly similar (Table 4).
In terms of the point density, the SfM photogrammetry from the UAS and from the boat
were of the same order of magnitude and had a density about 200 times higher than the
Pléiades reconstruction (Table 4). As expected, the configuration with gentle slopes was the
most favourable for Pléiades stereorestitution and the least favourable for SfM from the
boat. Indeed, the more normal the viewing axis was to the imaged surface, the better the
point density (and the fewer obstructions).

Regarding the geometric quality of the reconstructions, it was difficult to define a
reference model. Indeed, each method was potentially affected by errors from different
origins. By aligning the point clouds with respect to each other, the geolocation error was
eliminated and only the error purely related to the 3D reconstruction was considered.

Figure 8 shows recurring gaps in all areas where sea caves were present at the cliff
foot. Indeed, given the acquisition geometry, these caves were very easily visible using
photogrammetry from the boat, whereas they were difficult to image with Pléiades imagery.
Ignoring obstructions (such as sea caves) and focusing on the assessment area, the average
difference between the Pléiades point cloud and boat-based photogrammetry was about
2 m for zones A, C, D and E.

In zone B, the difference between the Pléiades and boat-based photogrammetry was
higher (4.91 m average difference and 4.50 m standard deviation). Zone B was particularly
complex because it had a variety of slopes, textures (bare rock, vegetation cover on gentle
slopes, etc.) and orientations (Figure 6b), and therefore, a variety of illuminations. Zone
B was also the zone with the longest survey line, which caused a greater distortion at the
survey boundaries compared with the other zones.

Zone B had an additional UAS survey, allowing for a more complete inter-comparison
(Figures 8b and 9). The UAS/Pléiades comparison gave a mean deviation of 2.47 m (stan-
dard deviation of 6.36 m), which was of the same order of magnitude as the boat/Pléiades
comparisons over zones A, C, D and E. The mean difference between the UAS/boat point
clouds was 6.02 m (standard deviation 8.50 m).

The inter-comparison of zone B showed that the point cloud from the smartphone StM
photogrammetry by boat and the point cloud acquired using the UAS had a larger absolute
distance at the edges of the surveys (Figure 9d). The point cloud acquired using the UAS
was consistent with the stereorestitution from the Pléiades images, with a homogeneous
and constant absolute distance (Figure 9e).

Four cross sections of zone B were extracted from the three point clouds (boat-based,
Pléiades and UAS) (Figure 10). The boat-based and the UAS SfM point clouds were both
close to the Pléiades 3D reconstruction. The main differences were at the cliff foot. The
Pléiades point cloud had few points as it approached closer to the cliff foot. The boat-based
and UAS SfM point clouds showed homogeneous point densities, even at the cliff foot.
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a) Zone A

SfM photogrammetry from the boat Smartphone SfM point cloud compared to Pléiades mesh

Cloud to mesh absolute distances (m)

0 10 20 25

350m

Pléiades tri-stereo imagery

.
7 = N T vie

350 m 350 m

Cloud to mesh absolute distances (m)

10 20 25

400 m

Cloud to mesh absolute distances (m)
0

10 20 25

Cloud to mesh absolute distances (m)
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350m

Cloud to mesh absolute distances (m)

- 150 m

Figure 8. Three-dimensional reconstructions with the smartphone SfM photogrammetric survey from
a boat and with Pléiades tri-stereo imagery (left). Absolute distance comparison between smartphone
SfM point cloud and Pléiades mesh (right) for (a) zone A, (b) zone B, (c) zone C, (d) zone D and
(e) zone E.
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d) uAs point cloud to SIM mesh
Cloud to mesh absolute distances (m)

a) UAS photogrammetry

0 10 20 25

b) SfM photogrammetry from boat

ot j- e) UAS ' point cloud to Piéiades mesh
s Cloud to mesh absolute distances (m)

w

s

-

400 m

400 m

Figure 9. Three-dimensional reconstructions with the (a) UAS SfM photogrammetric survey, (b) smart-
phone SfM photogrammetric survey from a boat and (c) Pléiades tri-stereo imagery (left). Absolute
distance comparison of the UAS SfM photogrammetric point cloud with a (d) smartphone SfM point
cloud and (e) Pléiades mesh (right) for zone B.

a) Profile locations (top view on boat-based
point cloud)

1. rockfall at the cliff foot 2. variation of slope and vegetation 3. vertical cliff face with 4. vertical cliff face
shadow without shadow

'/'f'

3D reconstructions

I boat-based photogrammetric [

B Pléiades tri-stereoscopic {

W UAS reconstruction |
/ vegetation

Figure 10. Comparison of the 3D reconstruction from the smartphone SfM photogrammetric survey,
Pléiades tri-stereo imagery and UAS survey, with various ground covers and slopes: (a) top view of
the profile locations and (b) front view of the profile locations. Four profiles are presented: (1) case
of a rockfall at the cliff foot (image from © Jaud), (2) case of a slope variation and vegetation cover
(image from © Jaud), (3) case of a vertical cliff with shadows (image from © Jaud) and (4) case of a
vertical cliff without shadow (image from © Jaud).
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An inter-comparison was also conducted for zone B to identify the possible impact
of ground cover and/or slope on the quality of the reconstruction. X- and Z-shifts were
observed between the smartphone SfM point cloud and the UAS SfM and Pléiades tri-
stereo point clouds. The X-shift at the edges of the point cloud was the result of geometric
distortions. The UAS SfM and Pléiades tri-stereo point clouds had the same behaviour
over vegetation and shadow areas. A Z-shift was visible in Figure 10(1) over the rockfall
area between the UAS SfM and Pléiades point clouds. An overall consistency between
the Pleiades and UAS point clouds was observed above 36 m from the cliff foot. While
showing the impact of the acquisition geometry from the boat, with a distortion of the
cliff face vertically, Figure 10 shows no obvious impact of ground cover like vegetation or
the slope (Figure 10(2)) on the 3D reconstruction for the three acquisition methods. The
3D reconstruction of a boulder at the cliff foot, which resulted from a rockfall, appears in
Figure 10(3) in the point cloud from the boat-based survey. A zoomed image of this boulder
is shown in Figure 10. Only slight noise was observed in the near shadow areas and for
vertical cliffs (and thus steep slopes) on the Pléiades point cloud (Figure 10(3,4)).

4. Discussion
4.1. Advantages and Drawbacks of Each Method

The three survey methods varied mainly in their acquisition geometry. While Pléiades
imagery offered the visibility of several kilometres of coastline with few distortions, it could
not provide a great view of overhanging parts of the cliff. Objects exposed to the north were
also challenging for satellite acquisition, which could be a constraint for some study areas.
In addition, acquisitions must be programmed with complex off-nadir angles and a clear sky,
with no clouds hiding the cliff face. This approach allowed for identification of rockfalls and
cliff variations down to 2 m (Table 5). In this study area, sea caves called “blue caves” could
be found at the cliff foot. These parts (which corresponded to 10% of the studied coastline)
could not be reconstructed using Pléiades images, thus erosion and rockfall deposits could
be missed. This was a strength of boat-based photogrammetric survey. Given its camera
positions along the cliff foot, the boat approach enabled enough qualitative VHR images of
the cliff foot, including the blue caves, to reconstruct these parts of the cliff. The downside
of the boat-based method was the difficulty in imaging the parts above overhangs. Wave
conditions must be low to avoid the blurring of the photographs, though using high-quality
cameras with a fast shutter speed lens could avoid this issue. Furthermore, lacking RTK
positioning, photogrammetric processing was not sufficiently constrained and generated
geometric distortions in the model. These distortions corresponded to a “bowl effect”
(or “doming effect” for the aerial survey) [33,69-71], which is a classic phenomenon for
pseudo-linear photogrammetry surveys for which there are insufficient constraints on the
image network (lack of ground control points and/or precise camera positioning) [72]. A
bias of about 2 m at the edges of the survey was observed in our study (Table 5). With
these limitations, the quantification of eroded volume was hampered proportionally to the
length of the surveyed coastline. Both boat-based and UAS SfM surveys offered a diversity
of viewing angles that were suitable for the non-linear coastline. The RTK positioning of
the UAS made it possible to constrain the photogrammetric reconstruction, limiting the
distortion effects potentially related to the method, and therefore, enabled geometrically
reliable point clouds to be generated. Thus, sub-metre rockfalls and cliff variations could
be detected. However, the wind must be weak to reduce effects near the cliff face and
the UAS’s battery autonomy limited the linear extent that could be surveyed, unlike the
boat-based survey or the Pléiades tri-stereo imagery. Consistency between the UAS SfM
and Pléiades point clouds was achieved above 36 m from the cliff foot. As this value was
correlated with the height of marine caves and rockfall accumulations at the cliff foot,
the satellite approach remained effective for studying large coastlines. Note that optical
satellite imagery for emergency response and disaster risk management requires a request
(e.g., through Copernicus Emergency Management Service [73]) and remains subject to
weather conditions (i.e., no clouds).
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Table 5. Advantages and drawbacks of each survey method.

Pléiades Tri-Stereo

UAS Survey

Boat-Based Survey

Scope of the study
Weather sensitivity
Survey duration
Acquisition geometry
flexibility
Acquisition temporal
flexibility

Cost !

Human resources

Post-processing time
Distortion
Occlusions

Precision of rockfall detection
Mean resolution

Wide (~100 km)
Clouds
Few seconds

Limited
Limited (orbit-dependent)

Free for institutional users
below 5500 km?

0 in the field
1 for post-processing

~2 h for the 5 zones
Limited
Many on the cliff foot
~2m
0.3 pt/m2 (~1m)

Small to medium (~1 km)
Strong wind and rain
39 min (28 min for 1 km)

High
Moderate (battery-dependent)

~EUR 8500 (cost of the RTK
UAS system)

2 in the field
1 for post-processing

~1-2 h for each zone 2

Limited with RTK
Some on the cliff foot
<lm
14 pts/m? (~10 cm)

Wide (~10 km)
Wave conditions and rain
90 min (8 min for 1 km)

Moderate

High
~EUR 50 (for a 1 h boat trip)
and cost of 1 smartphone
(~EUR 100)
1 per smartphone in the field
and 1 boat pilot,
1 for post-processing
~1-2 h for each zone 2
~2 m for 100 m of coastline
None on the cliff foot
<lm
22 pts/m2 (~10 cm)

! The cost of an Agisoft Metashape Professional License (educational license ~USD 550) is not included. 2 With a
4 GB NVIDIA Quadro RTX 5000, 384 GB RAM and 2 Xeon GOLD 6230 CPU (2.1 GHz).

The vegetated areas were reconstructed in quite a similar way for the boat-based and
UAS surveys, whereas the Pléiades 3D reconstruction seemed to smooth out these areas,
probably due to the lower spatial resolution.

Results can be generalized to other coastal areas with vertical sea cliffs, especially
where there is no large reef flat at the cliff foot to conduct a terrestrial (out of the water)
survey, and independently of the tide. However, homogeneous luminosity is required
during each survey; otherwise, the SfM reconstruction may not match the images correctly.

4.2. Prospects

We have little or no means of improving the quality of the Pléiades reconstruction.

UAS and boat-based SfM surveys seem to complement each other in terms of viewing
angles, and are consistent in terms of resolution and acquisition constraints (high overlap
between images taken from different viewpoints). Therefore, images collected from both
platforms could be combined in a single process. The boat-based images would benefit from
the RTK georeferencing of the UAS images, which are complementary. The combination of
both methods should enhance the results.

Regarding the boat-based survey with smartphone SfM photogrammetry, at this time
no quality indicator is available with geotagged images. Assessing the position of the
cameras is thus impossible. Although there is distortion in the boat-based survey;, it is only
impactful on a large scale. By working on portions equivalent to the size of a rockfall (a few
metres of coastline), we can derive a fair estimate of the eroded volumes. A first suggestion
would be to detect rockfalls with the distance comparison (C2M) between two boat-based
surveys. The georeferencing of the two surveys can then be refined by studying only the
part involved in the rockfall (more limited area to reduce bowl effect). Thus, both detection
and quantification of rockfalls can be improved. By offering a rapid and inexpensive
survey with limited equipment, the boat-based approach increases the repeatability of the
measurements. Thus, mass movements can be identified and correlated with triggering
factors, processes or seasons. In addition, it allows for a first estimate of the volumes eroded
before the debris are evacuated by the tide. We can also obtain, as for the UAS survey,
precisely geotagged photographs by pairing the smartphone with an RTK positioning
method. The measurement system described in [23] using an RTK GNSS antenna placed on
a wooden frame above the camera would improve the geotag positioning. In this way, the
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smartphone clock is synchronized with the GNSS clock and the RTK precision can be added
to the smartphone. Furthermore, for decision-makers, these results can provide initial
quantified data to assess the impact of changes in meteorological and marine variables
(induced by climate change) on the recession rate of fast-retreating cliffs.

Having an RTK positioning for the boat-based survey and combining UAS survey
with the boat-based survey will be investigated in further work.

5. Conclusions

This study showed that very high-resolution remote sensing methods make it possible
to observe the cliff face, even when the cliff foot is not accessible. The inter-comparison
showed that the mean distances between the point clouds produced by the different
methods were about 2 m. With such precision, mainly major cliff mass movements can
be observed.

The reconstruction from the Pléiades tri-stereo appeared to be coherent on a large scale,
even if it locally suffered from occlusions or a lack of spatial resolution and had a brief ac-
quisition and processing time. Boat-based photogrammetry seemed to be the most suitable
method to represent the cliff foot and to model overhanging areas or sea cave entrances.
However, the geotag of smartphone photographs was not accurate enough to generate
reliable 3D models over long distances. Although the post-processing time increased with
the extent of the measured area, this rapid and inexpensive survey provided an order of
magnitude of the cliff face evolutions. This information is relevant for the monitoring of
scree, which is often a precursor of larger mass movements. The boat-based survey can also
be used as a first estimate for risk management services in emergencies. The UAS survey
approach has a flexible acquisition geometry that allows for an in between result, with the
limitation of flight autonomy. Furthermore, for surveys of a few hundred metres, UAS SfM
photogrammetry appears to be the most reliable method since RTK positioning makes it
possible to constrain the photogrammetric reconstruction and, therefore, limits the effects
of distortions potentially related to the method. Based on the consistency between the UAS
SfM and Pléiades point clouds (above the cave and rockfall height), the satellite approach
remains the most effective for studying the evolution of coastal cliffs over several hundreds
of kilometres.
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Figure Al. Diagram of the image acquisition configuration for the smartphone survey (image from
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Figure A2. Image samples from the various sensors compared in the study.
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