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Abstract: Coastal areas have been the target of interdisciplinary research aiming to support
studies related to their socio-economic and ecological value and their role in protecting
backshore ecosystems and assets from coastal erosion and flooding. Some of these studies
focus on either onshore or inshore areas using sensors and collecting valuable information
that remains unknown and untapped by other researchers. This research demonstrates
how satellite, aerial, terrestrial and marine remote sensing techniques can be integrated and
inter-validated to produce accurate information, bridging methodologies with different
scope. High-resolution data from Unmanned Aerial Vehicle (UAV) data and multispectral
satellite imagery, capturing the onshore environment, were utilized to extract underwa-
ter information in Coral Bay (Cyprus). These data were systematically integrated with
hydroacoustic including bathymetric and side scan sonar measurements as well as ground-
truthing methods such as drop camera surveys and sample collection. Onshore, digital
elevation models derived from UAV observations revealed significant elevation and shore-
line changes over a one-year period, demonstrating clear evidence of beach modifications
and highlighting coastal zone dynamics. Temporal comparisons and cross-section analyses
displayed elevation variations reaching up to 0.60 m. Terrestrial laser scanning along a
restricted sea cliff at the edge of the beach captured fine-scale geomorphological changes
that arise considerations for the stability of residential properties at the top of the cliff.
Bathymetric estimations derived from PlanetScope and Sentinel 2 imagery returned ac-
curacies ranging from 0.92 to 1.52 m, whilst UAV reached 1.02 m. Habitat classification
revealed diverse substrates, providing detailed geoinformation on the existing sediment
type distribution. UAV data achieved 89% accuracy in habitat mapping, outperforming the
83% accuracy of satellite imagery and underscoring the value of high-resolution remote
sensing for fine-scale assessments. This study emphasizes the necessity of extracting and
integrating information from all available sensors for a complete geomorphological and
marine habitat mapping that would support sustainable coastal management strategies.

Keywords: satellite imagery; aerial mapping; terrestrial laser scanning; hydroacoustics;
topography; coastal bathymetry; habitat mapping; beach erosion; Cyprus
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1. Introduction

Coastal zones are multifunctional environments that concentrate socio-economic con-
flicting interests, pressures and impacts [1]. They constitute diverse and dynamic ecosys-
tems hosting habitats and bio-communities, often of very high ecological value [2], which
are threatened by both human activities and natural processes [3—6]. These considerations
are more emphatic for the low-lying sedimentary coastlines (sandy coastlines—beaches),
especially those consisting of touristic beaches. These are valuable habitats [2], often having
high hedonic value [7] as they are the focus of the currently dominant sand, sun and sea
(3S) tourism [8]. Beaches form secure and protective backshore ecosystems, and growing
human infrastructures/assets can potentially cause coastal erosion and flooding [9-11].
The projected increases in mean and extreme sea levels under climate change are of particu-
lar importance, as the impact can alter the geomorphology of beaches and their various
ecosystem services [3,10-12].

Beaches form coastal sediment ‘stores’ that are controlled by sea level changes, local
morphology and hydrodynamics and the available sediment supply [13]. Beach sediments,
mobilized by nearshore hydrodynamics, move between the landward natural (e.g., cliffs,
vegetated dunes) and/or artificial (backshore infrastructure/assets) boundary of the active
dry beach and the closure depth, the point of the subtidal beach profile, where surface
wave action no longer impacts the seabed sediments [14]. Thus, beach sediments trans-
ported beyond the closure depth by extreme storm events cannot return to the beach store,
being ‘lost” to deeper waters. It appears that for the beach to remain stable, these losses
must be balanced by new sediments, such as locally produced biogenic sediments, fluvial
inputs, and sedimentary material from neighboring beaches and/or the erosion of coastal
cliffs [15-18]. The implication is that beaches characterized by small dimensions, low bio-
genic productivity, diminishing fluvial inputs and isolation from lateral coastal sediment
supply are vulnerable to erosion. This becomes even more urgent in low-lying touristic
coastal areas, and especially those of islands, where the majority of the beaches are small
and laterally constrained by coastal cliff promontories (pocket beaches), since sea-level rise
projections have been found to be alarming (i.e., [18-20]).

For these reasons, sandy shorelines have been the target of numerous interdisciplinary
studies, which usually deal separately with their inshore or onshore/nearshore parts.
Inshore studies aim to map bathymetry, morphology and marine habitats that are crucial
for biodiversity and ecological processes [21], whilst onshore/nearshore studies mostly
focus on coastal morphodynamics and the design/assessment of artificial and/or natural-
based solutions that must be adopted to prevent erosion and flooding [22-24].

However, these measures, for both natural disaster mitigation and adaptation to cli-
mate change, require advanced models/tools to assess the risk with the appropriate spatial
resolution and accuracy. Numerical models of varying complexity are the main tools for the
assessment of erosion/flood risk and the design of coastal protection and other structures.
These models cover various aspects of wave propagation, hydro-morphodynamics (coastal
morphological evolution) and sediment dynamics at different scales and at different levels
of detail (i.e., [24-27]). Yet, there is growing discussion on the sensitivity of these models
and their outputs to the geomorphological, sedimentological, ecological and hydrodynamic
data used to set up and to drive them. The flexibility and validity of these models are
considered essential requirements, since they should be adaptable to a wide range of project
designs and perform satisfactorily in a wide range of environmental conditions. Uneven
seabed relief (i.e., hardgrounds, reefs), diverse sediment texture and the presence of par-
ticular habitats (i.e., seagrass) are important, as they modify the seabed friction during
wave propagation, resulting in significant wave energy attenuation, changes in nearshore
currents and potentially improved of coastal protection (i.e., [28-30]).
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As beach dynamics depend on the evolution of the entire sediment store, informa-
tion on the topo-bathymetry, morphology, habitats and sediments of both inshore and
the onshore parts of a beach is required for an appropriate assessment. These studies,
though sometimes different in purpose, often employ common techniques, based on satel-
lite imagery, unmanned aerial vehicles (UAVs) and topographic mapping/support [31].
Terrestrial measurements are obtained using Global Navigation Satellite System (GNSS)
and terrestrial laser scanners (TLS), especially along high and irregular reliefs, whilst
bathymetry and seabed morphology and habitats are mapped utilizing satellite and aerial
(UAV) remote sensing techniques and marine hydroacoustics. Satellite imagery is used,
among others, to study shoreline shifts and measure beach dimensions (usually through
repeated satellite captures) [32,33] but also to identify /map seabed habitats [21,34] and
estimate the nearshore bathymetry [35-37], usually at large spatial scales. UAVs provide
high-resolution information, albeit on smaller spatial scales when considered in relation to
satellites. This information is useful for the extraction of beach elevation, shoreline position
and volumetric estimations [38] but can also be used (depending on the camera used) for
habitat mapping in greater detail than that derived from satellites [39] and support bathy-
metric estimations [40]. Since UAV-based surveys achieve higher spatial resolution, they
can calibrate/validate satellite-based assessments, although mostly over smaller spatial
scales [39,41].

Real-time kinematic positioning (RTK) GNSS systems are employed for precise posi-
tioning during inshore [42] and onshore surveys and they also provide accurate elevation
measurements during monitoring projects [43]. TLSs are nowadays routinely used for
surveying sea cliffs [44], since they can provide accurate information at a relatively low
cost, along steep and irregular coastal terrains where other remote sensing techniques
underperform. The value of high-resolution TLS measurements has been demonstrated in
numerous applications involving beach morphodynamics, surf zone wave transformation
and wave runup studies, as well as in very shallow-water bathymetric surveying [45-50].

Even if remote sensing is considered effective in mapping habitats in water depths
going down to ~50 m [51-53], its accuracy has been debated [54,55], especially in deeper
waters. In comparison, hydroacoustic techniques provide high-quality geospatial data for
bathymetry, habitats and sediment types. Traditionally, seabed habitat mapping has been
based on side scan sonar and multibeam echo-sounder imagery, which are vessel-based
marine remote sensing techniques [21,56]. Validation of this remotely sensed acoustic
information is commonly provided by ground-truthing, which employs drop and towed
cameras, remote operated vehicles (ROV) and grab sampling [57]. These techniques provide
full coverage of the coastal area by high-resolution data and can calibrate/validate other
remote sensing observations (from satellites and UAVs). Although the value of Multibeam
echosounder (MBES) mapping is indisputable, technical and logistic limitations prevent
data collection in water depths less than 5-10 m, where single-beam echo-sounders in
a dense survey line network can provide high resolution bathymetric information [42]
and/or habitat type characteristics [57].

Previous coastal surveys have been individually devoted to the study of beach mor-
phodynamics or bathymetric and habitat mapping, often using similar remote sensing and
ground-truthing techniques [21,39,45,53,58]. These studies have addressed some of the
challenges in coastal mapping using either single-sensor approaches or combined remote
sensing techniques to test and improve accuracy. The objective of this study was to use
and integrate a multi-sensor approach in order to inter-validate the accuracy of their re-
sults, bridge methodologies with different scope and provide more detailed and accurate
coastal information than those assessments based on single-sensor techniques. It aims to
provide a holistic high-resolution approach for the observation of coastal geomorphology,
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bathymetry and marine habitat distribution using modular inter-validations of different
remote sensing techniques (satellites, UAVs and hydroacoustics) and ground-truthing
information (underwater camera images and sediment sampling). Such observations
form fundamental inputs for all tools/approaches used for the diagnosis, prognosis and
management of beach dynamics and changing climate induced coastal hazards. This ap-
proach was tested /implemented in a microtidal, “pocket’ island beach in Cyprus (Eastern
Mediterranean).

2. Study Area

The study site was selected in the framework of an “INTERREG V-A Greece-Cyprus
2014-2020" project (BEACHTECH), aiming to provide a structured approach for the assess-
ment of the beach erosion risk in the North Aegean Islands and Cyprus under different
sea-level rise scenarios and to design effective and cost-efficient technical responses for
selected beaches. In Cyprus, a major tourist destination in the Eastern Mediterranean due
to its almost year-round sunny weather and diverse landscapes, the pilot study area was
Coral Bay, in the Municipality of Akamas (Figure 1).
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Figure 1. Coral Bay in the municipality of Akamas, Paphos, Cyprus.

Coral Bay, one of the most touristic beaches in western Cyprus [19], is a typical micro-
tidal pocket beach with a length of about 650 m and a width of a 20-35 m, bounded
by two promontories that form steep sea cliffs. A much smaller, cliff-fronting beach
(~80 m in length, max width of ~10 m) is located to the south of the main beach, at the
northern side of the southern promontory (Figure 1). The microtidal Coral Bay has a
southwestern orientation and is open to waves from the southwestern sector. The local
authorities have reported beach erosion occurring during energetic weather events, with
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the erosion being more profound at the northwestern beach stretch, whereas the central
and southeastern sectors of the main beach have shown significant periodic fluctuations
in width. The sea cliff of the southern promontory has also experienced erosion through
wave undercutting. Since this cliff hosts overhanging residential properties, protection
works have been constructed at its toe. Despite these works, small slope instabilities have
been occasionally observed. Thus, the sea cliff has been the object of a TLS survey [59].
Hydrodynamic measurements during the most energetic winter period, in the context of an
earlier local survey [38], showed significant wave heights (Hs) and maximum wave heights
of 2.8 and 4.7 m, respectively, from a wave recorder deployed in 12.5 m water depth, whilst
nearshore currents reached 0.3 m/s.

The wider coastal area comprises Pleistocene terrestrial deposits consisting of sand-
stones, sand, gravels and Holocene loose alluvial deposits (gravels, sands, silt, and clay).
Although these materials are prone to erosion and transport to the coast, they cannot
reach/enter Coral Bay due to its long bounding promontories; thus, Coral Bay forms a
single sedimentary cell with no sediment exchanges with its neighbors. Also, the hydro-
graphic network is very poor, with negligible intermittent flows that only sporadically
delivers fluvial material.

A previous study [19] has found evidence of an erosional trend in the period 2010-2022,
as well as significant exposure to erosion due to the mean and extreme sea levels projected
under climate change; for example, the median projections of the morphodynamic model
ensemble used in the study showed that by 2050 (Representative Concentration Pathway
4 5—RCP4.5), the maximum width of the beach will decrease between 9 and 32% and 88 and
93% under the mean sea level rise and the 1-in-50-years extreme storm event, respectively.

All the above imply that this highly touristic beach is susceptible to sediment losses
that cannot be balanced by new sediments for the beach to remain stable. This is particularly
worrying in the light of its high erosion risk projected under climate change. For those
reasons, it was evident that a detailed geomorphological survey and monitoring of Coral
Bay was a pre-requisite to help assess the future of the beach.

3. Methodology

The methodological framework of this study employs a multidisciplinary remote
sensing approach to evaluate coastal geomorphology and marine habitats that combines
terrestrial, aerial, satellite, and hydroacoustic data acquisition techniques, which also
facilitate comparisons between areas of simultaneous coverage (Figure 2).

Onshore data acquisition involved GNSS and TLS surveys to gather detailed topo-
graphic information, as well as UAV surveys using RGB and multispectral sensors along
with radiometric measurements for surface analysis and mapping. In the inshore part
hydroacoustic surveys were carried out to obtain bathymetry, morphology and habitats,
while PlanetScope and Sentinel 2 satellite data were also utilized for Satellite Derived
Bathymetry (SDB) and habitat mapping. Drop camera and surficial sediment sampling
were employed for ground-truthing of the remote sensing data.

The data collected underwent several processing steps (Figure 2). Pre-processing,
including recording, masking, alignment, and noise removal, was conducted to prepare
the data for analysis. The image-processing phase involved the generation of dense point
clouds from the UAV data, the production of Digital Elevation Models (DEMs) and the
calculation of the normalized difference water index (NDWI) from multi-spectral data
to demarcate the land /sea boundary, i.e., the shoreline. In addition, sun-glint correction
and ratio transformation algorithms were applied to the satellite images to estimate SDB.
Hydro-acoustic data were processed to produce bathymetric and morphological maps
focusing on the classification of underwater habitats.
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Figure 2. Workflow processing steps for mapping coastal geomorphology and marine habitats.

The evaluation phase involved a comparative analysis of changes in onshore and
submarine morphology. The former was assessed by comparing dense point clouds and
DEMs obtained from TLS and UAV imagery, allowing for the quantification of elevation
changes over time. The latter involved evaluation of bathymetric models derived from
SDB maps and hydroacoustic surveys to ensure spatial accuracy, while also validating
bathymetric estimates with in situ measurements. A more comprehensive commentary
and description of the aforementioned steps is provided in the subsequent paragraphs.

3.1. Data Collection
3.1.1. In Situ Survey Measurements

In the upper (landward) boundary of the beach, the shoreline and several vertical sec-
tions were mapped using a Leica Viva G515 GNSS geodetic receiver (Leica Geosystems AG,
Heerbrugg, Switzerland). The measurements transformed in the Cyprus Geodetic Refer-
ence System (CGRS93) to accurately define the beach’s extent. These in situ measurements
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were conducted at three (3) different temporal periods: on 2 June 2022, on 6 December 2022,
and on 26 April 2023. In addition, twenty (20) Ground Control Points (GCPs) were fixed to
assist in the post-processing of UAV data, along with seven (7) ground-based laser scanner
waypoints for georeferencing the TLS point clouds.

Two topographic surveys using Leica’s ground-based TLS ScanStation C10 (Leica
Geosystems AG, Heerbrugg, Switzerland) took place on 2 June 2022, and on 26 April 2023.
The TLS utilizes a pulsed laser, namely time-of-flight technology, which employs a green
class 3R laser. The precision of the measurement is 6 mm and 4 mm in position over a range
of 1 to 50 m, with an angular resolution of 60 mrad. The diameter of the laser dot is 4.5 mm
at 50 m, with a scan rate of 50,000 points per second, a minimum focus of no more than
1 m, and a range of up to 300 m. Also, the TLS has a digital camera that can record and
colorize the point clouds.

TLS mapping was carried out in a small segment of the sea cliff at the inner side of the
southern promontory of Coral Bay (Figure 3). Here, the cliff has complex relief and steep
slopes showing active erosion despite the rip-rap protection structure at its toe (Figure 3c).
The cliff has a height of up to 17 m with some unevenly distributed vegetation, found in its
upper slope. Comparing different dated DEMs produced by the UAVs was not feasible due
to the complex and almost vertical sea cliff. Thirteen scans were carried out on 2 June 2022,
followed by fifteen more scans on 26 April 2023; these resulted in the collection of a total
of 600 million points. During the field measurements, a twin-targeted pole was used at
waypoints with known coordinates for the georeferencing of the scans. It is noted that no
TLS measurements were possible at the highest area of the cliff due to accessibility issues;
in this region, there are gaps in the final point clouds.

Figure 3. (a) The study area with TLS (red box), (b) TLS—Leica Scanstation C10, (c) frontal view of
the sea cliff at Coral Beach, (d) detachment surfaces and debris cones at the cliff toe.
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3.1.2. Bathymetry and Submarine Morphology

Bathymetric data acquisition was conducted utilizing a high frequency hydrographic
SonarMite v5 (Ohmex Ltd., Hampshire, UK) Single-Beam Echo Sounder (SBES), with a
0.025 m depth accuracy, which was paired with the TopCon Hiper HR RTK GNSS (~0.5 m
accuracy) assembled on a 6 m inflatable boat. A Humminbird Helix 10 (Humminbird,
Johnson Outdoors Inc., Eufaula, AL, USA) multi-parametric sonar was employed to map
seabed morphology and habitats. The sonar utilizes CHIRP 2D technology and can capture
simultaneously both the seafloor morphology (operating in a side scan sonar (SSS) mode—
455 kHz) and the bathymetry (180-240 kHz). The system is versatile for a wide range
of depths but is particularly effective in shallow waters. A dense grid of parallel and
perpendicular lines was surveyed ensuring full SSS coverage of the seabed. For the very
shallow water bathymetry (from the shoreline to 1.5 m water depth) the TopCon RTK GNSS
was used. Ground-truthing of the SSS information was provided by using a drop Go-Pro
4K camera (GoPro Inc., San Mateo, CA, USA) at 28 locations, whereas a van Veen grab was
utilized for the collection of 16 surficial sediment samples at locations selected following a
preliminary sonograph interpretation.

3.1.3. Unmanned Aerial Vehicles (UAV)

UAVs are now widely used for the detailed topographic studies [60,61]. Two UAVs
were employed for this study: (a) the DJI Phantom 4 RTK (DJI P4RTK), equipped with an
RGB sensor and a camera resolution of 20 megapixels, enabling the generation of a highly
detailed digital terrain model and (b) the DJI Phantom 4 Multispectral (DJIP4M), equipped
with six integrated sensors (one RGB and five multispectral monochromatic sensors). Each
sensor utilizes 2.08 megapixels. The spectral sensitivity of the sensors allows for the capture
of light within the following wavelength ranges: blue (450 &= 16 nm), green (560 &= 16 nm),
red (650 £ 16 nm), red edge (730 £ 16 nm) and near-infrared (840 & 26 nm). The field
of view (FOV) of the lenses employed is 62.7°. Additionally, the UAV utilizes a built-in
spectral sunlight sensor to capture solar radiation.

A total of six drone flights were undertaken at an altitude of 100 m. The flights
included three DJIP4RTK sensor flights and three DJIP4M flights on the same date (2 June
2022, 6 December 2022, 26 April 2023). The DJIP4M flight was carried out concurrently
with the bathymetric survey. In order to obtain the requisite data, a different flight pattern
was employed in each survey. This was due to the fact that flights conducted with the
RGB sensor were focused primarily on the coastline, whereas flights conducted with the
multispectral receivers were focused on the entire study area.

For the UAV survey, it was crucial to conduct measurements with a GNSS receiver to
ensure accurate georeferencing of the final product, as noted. Furthermore, the processing
of the multispectral sensor images necessitated additional field measurements using the
SVC-1040 spectroradiometer (Spectra Vista Corporation, Poughkeepsie, NY, USA) for
calibration purposes. The SVC-1040 spectroradiometer had a spectral range of 350-2500 nm.
The front optical lenses used had a field of view of 4° and all data were collected from a
height of 1.1 m, corresponding to a circular ground plane with a diameter of 0.08 m. The
instrument uses three detectors covering the visible, near-infrared, and shortwave infrared
with bandwidths: <3.5 nm for 350-1000 nm, <3.8 nm for 1000-1885 nm, and <2.5 nm for
1885-2500 nm. Measurements were made between 10:00 and 14:00 local time.

During the UAV flights, measurements of Lambertian targets and Ethylene Vinyl
Acetate (EVA) foam panels were collected simultaneously to ensure accurate calibration
and validation of the multispectral data. The Lambertian surface offers the highest diffuse
reflectance among all known coatings in the ultraviolet, visible, and near-infrared regions of
the electromagnetic spectrum. Specifically, its reflectance surpasses 99% in the 400-1500 nm
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range and exceeds 95% in the 250-2500 nm range [62]. EVA foam panels were utilized
due to their high Lambertian behavior [63,64], but also a high horizontal homogeneity [65].
The dimensions of each EVA foam panel used in the study were 0.30 m (length) x 0.30 m
(width) x 0.01 m (thickness). The colors of the EVA foam used were black, grey, and white.
These panels are very convenient as they are light, easy to carry, and easy to clean with
compressed air. They are useful materials for reflection reporting in calibrating UAV images
and radiometric measurements [66]. More specifically, three EVA foam targets and one
Lambertian surface were positioned on the eastern side of the beach, while one Lambertian
surface and three additional EVA foam targets were placed near the central part of the
beach. Measurements were taken as the UAV flew directly above these targets, ensuring
consistent observation angles and minimizing potential discrepancies due to variations
in lighting conditions. A total of twelve measurements were recorded for each target to
enhance statistical robustness and reduce uncertainties. Additionally, a radiometric cali-
bration was conducted using the Lambertian reference surface to standardize reflectance
values, ensuring the accuracy of subsequent multispectral analyses [62]. Since the spectro-
radiometer operates as a hyperspectral device while the UAV functions as a multispectral
one, it is essential to perform band adjustments to correlate the datasets generated by these
two distinct techniques and devices. The DJIP4M generates Digital Number (DN) values,
which are then converted into reflectivity values during image processing using DJI TERRA
software v.3.5. This conversion leverages the values from the Spectral Sunlight Sensor and a
reference reflectance value for each band validated by radiometer measurements. To derive
the mean spectral reflectance from the spectroradiometric measurements for each UAV
sensor (i.e., for each band), it is crucial to reference the Relative Spectral Response (RSR)
filter graph corresponding to the UAV multispectral sensor (Figure 4). In addition to the
spectroradiometer measurements, mainly for calibrating UAV data, a calibrated Spectralon
panel—Lamberdian surface and EVA foam were used [67,68].
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Figure 4. Relative Spectral Response of DJIP4M.

Equation (1) was used to calculate the representative reflection value of the UAV’s

camera bands. a5
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where 1, ; = average spectral value of the calibration matrix x and the k band; A = wave-
length (nm); x = surface area variation for the range from 425 to 875 nm of the calibra-
tion/validation matrix x; and Cy = relative spectral sensitivity of the k band for the DJIP4M
sensor in the range from 425 to 875 nm.

3.1.4. Satellite Data

In order to monitor the shoreline position, estimate the bathymetry and delineate
marine habitats, three PlanetScope and one Sentinel-2 satellite images of different reso-
lutions were also used. The PlanetScope and Sentinel-2 satellite images were acquired,
georectified, and radiometric and atmospheric corrected to enhance data accuracy. Fur-
thermore, the Sentinel-2 image was resampled using a reference band with a 10 m spatial
resolution within the Sentinel Application Platform (SNAP) software v7.0. The dates of the
images were selected to be the same with the other (in situ) measurements to allow data
comparisons (Table 1).

Table 1. Details of optical satellite imagery.

A/A Satellite Product Name Res:)rlnu)tion Ach?stietion S%\Is;:g Co‘(/j:::g‘i %
1 PlanetScope 02062022_Coral_psscene_analytic_8b_sr_udm?2 3 2 June 2022 07:38 0.00
2 PlanetScope 06122022_Coral_psscene_analytic_8b_sr_udm?2 3 6 December 2022 07:38 14
3 PlanetScope 20230425_074318_43_24ab_3B_AnalyticMS_SR_8b_clip 3 25 April 2023 07:43 3.47
4 Sentinel 2 SZA—MSILZAJOESgggzgg,ﬁgégyf509—R064—T36SVD 10 26 April 2023 08:36 40.49

PlanetScope’s multispectral images have eight bands with 3 m resolution (Coastal Blue,
Blue, Green i, Green, Yellow, Red, Red Edge, NIR). The Sentinel 2 medium-resolution mul-
tispectral images have 12 spectral bands with three different resolutions (bands/resolution:
Coastal blue/60 m, Blue/10 m, Green_i/10 m, Green/10 m, Red/10 m, Vegetation Red
Edge/20 m, Vegetation Red Edge/20 m, Vegetation Red Edge/20 m, NIR/10 m, Vegetation
Red Edge/20 m, Water vapor/60 m, SWIR/60 m, SWIR/60 m, SWIR/60 m).

3.2. Processing
3.2.1. Onshore Geomorphology

The GCPs collected using the RTK GNSS receiver were used in the processing of the
aerial photography images, as well as for mapping the shoreline and the beach dimensions.
The data collected were stored in appropriate file formats to enable efficient processing and
imported into a Geographic Information System (GIS) environment. This facilitated the
generation of characteristic profiles and shoreline change comparisons to define areas of
beach erosion or accretion.

UAV surveys helped to gain further information of the beach morphology. The
Structure-from-Motion (SfM) photogrammetric technique has been implemented in this
study, generating two-dimensional and three-dimensional representations from sequences
of two-dimensional images. The SfM approach operates on the same fundamental prin-
ciples as stereoscopic photogrammetry and can be determined from a collection of over-
lapping shifted images. This technique is regarded as one of the most efficient methods in
computer vision, consisting of a set of algorithms that identify shared features in images
and transform them into three-dimensional data [69]. It has demonstrated both efficiency
and reliability, providing a high level of accuracy. Moreover, this technique provides a
cost-effective alternative to traditional surveying methods, including TLS, GNSS surveys,
and LiDAR [70,71].
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The data obtained from DJIP4RTK were then analyzed for all three acquisition dates
using the Agisoft Metashape software v 1.8.5 [72]. UAV flights utilizing the RGB sensor were
employed to produce high resolution DEMs and orthophotos. The subsequent processing
steps involved importing the images and creating masks to isolate specific areas, which
were excluded from processing. All GPS field measurements were then integrated into the
software by correlating them with the identifiable points in the images. Prior to generating
the DEM, the point cloud underwent a classification process to eliminate any noise that
could disrupt comparisons between data from two different dates. This process involved
the removal of elements such as vegetation, umbrellas, sunbeds, people, etc., ensuring
that the resulting point cloud accurately reflected the ground points. The final stage of
the process was to extract a DEM using the dense cloud and DEM data to generate an
orthophoto of the study area. Subsequently, the results were imported into ArcGIS Pro [73],
where a comparative analysis of the elevation discrepancies among the three DEMs was
conducted, alongside with the shoreline digitization. In addition, elevation profiles were
produced and visualized using the results from the UAYV, in order to study topographic
features. This was achieved by developing cross sections in AutoCAD Civil 3D. Such
methods are widely used in coastal and environmental studies to monitor soil changes,
assess erosion or evaluate anthropogenic impacts [74-76]. The analysis of temporal changes
through comparisons of data collected at multiple intervals enables the assessment of
terrain stability and the identification of significant geomorphological transformations.

Finally, the TLS data were used to investigate potential sediment micro-movements
indicating erosion or areas of deposition at the sea cliff of the inner side of the southern Coral
Bay promontory (Figure 1); two high-accuracy point clouds spanning almost 15 months
were created and compared. Although TLS mapping was restricted in a small segment
of the cliff, this effort constituted a challenging task due to cliff relief complexities and
accessibility issues. The data obtained amounted to approximately 8 gigabytes due to
the high spatial resolution (accuracy in the order of millimeters). The first step of data
processing was performed using Leica’s Cyclone software v 2021.1.2 [77] and involved
aligning and merging the point clouds to create a unified point cloud, utilizing the measured
targets to assist the georeferencing and alignment processes. Noise filtering revealed that
the most significant problems in both scans were produced along the small beach fronting
the cliff and particularly in regions with wave activity. The Root Mean Square Error (RMSE)
of the final point cloud on the first scan was calculated as 0.010 m, whilst that of the
second scan as 0.009 m. The second step of the processing procedure involved point cloud
comparisons of the two different scans using the CloudCompare software v2.12.4 [78] and
the Multiscale Model to Model Cloud Comparison (M3C2) algorithm [79]. This algorithm
calculates the measurement of the orthogonal distance between two-point clouds, and
the standard deviation of the change from the point clouds can be used to estimate a true
change confidence interval. Thus, the final point cloud shows the surface changes relative
to the first point cloud. In the end, the analysis of two-dimensional sections derived from
the two point clouds was conducted using AutoCAD Civil 3D software 2018 [80]. Three
areas were selected for the creation of sections to demonstrate the morphological changes
observed in the study area through the utilization of the TLS.

3.2.2. Bathymetry and Submarine Morphology

Bathymetric data processing involved the removal of measurements that introduced
significant errors in relation to the neighboring points and consequently to the bathymetric
map. All measurements were georeferenced in the WGS84 Universal Geodetic Reference
System, utilizing the UTM Transverse Mercator Projection. The processed files were
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imported into a GIS environment, where point data were transformed into continuous
surface information through linear interpolation methods.

The SSS data were first converted into .xtf files, which were then imported into Sonar-
wiz software v.8.0, allowing for post-processing, analysis and mosaicking of the sonographs.
Processing initially involved automatic bottom tracking (occasionally manually), which
allows for water column removal and production of isometric records and then gain adjust-
ments and de-stripe and nadir filtering to better capture various features. The synthesis of
overlapping records led to the creation of a high resolution georeferenced (GeoTIFF) mosaic
of high resolution (0.25 m), which was subsequently imported into a GIS environment.
Further examination of both the individual SSS records and the mosaic revealed different
reflectivity tones that aided in the construction of the morphological map of the study
area. The collected sediment samples were analyzed in the laboratory by dry sieving (set
of —2 to 4 J screens, at 1 J interval) due to the coarse sediment texture, following the
procedure of Folk [81] and Blott and Pye [82] for the extraction of grain size statistical
parameters. The combined analysis of the mosaic with the ground-truthing information
from the drop camera and sediment sampling, led to the identification of four reflectivity
(R) types corresponding to specific substrate or habitat types.

UAVs and satellite data of varying resolutions were also utilized to estimate
bathymetry, with many of the processing steps being similar for both methods. To generate
an orthomosaic, however, additional processing steps were required for the UAV data.
These were performed in Agisoft’s Metashape software v 1.8.5 with a multi-spectral sensor
closely resembling those used for aerial photography with an RGB sensor. More specifically,
once the images were imported into the DJI Terra software v1.0, the user selected the images,
created a mask on the black calibration EVA target, and input radiometer measurements
at 1 nm intervals. The subsequent processing stages corresponded to those applied to
RGB sensor images. These included importing GPS field measurements and correlating
them with the image set, creating masks within the image set to remove noise, aligning
the images, generating a DEM, and compiling a mosaic of the study area. It is important
to highlight that before extracting the orthomosaic, an additional step was necessary; this
is because the output bands of the generated orthomosaic contain 16-bit integer values.
In this context, 100% reflectance in each band corresponds to the average value of that
band, referred to as 32,768. To obtain the values of each channel, the Raster Calculator
was employed to divide each band by the value of 32,768, representing the normalized
reflectance within the range of 0 to 1.

To validate the orthomosaic reflectivity values and proceed with the bathymetry es-
timation, first it was necessary to correlate the radiometer measurements with all EVA
targets. To this end, the orthomosaic was imported into a GIS environment, where poly-
gons were created in the areas where the calibration targets were located. The average
reflectivity values of these polygons were then extracted. Subsequently, the EVA reflectance
measurements of the targets were calculated and converted to average spectral reflectance
values using Equation (1) and the RSR of the sensor, as can be seen in Figure 4.

The next phase of the process entails estimating bathymetry by utilizing the generated
orthomosaic, PlanetScope, and Sentinel 2 satellite images. The initial step in estimating
bathymetry concerns the delineation of the shoreline using the NDWI (Equation (2). This
approach facilitates the detection of water features in digital images captured by passive
sensors [83]. After applying the NDWI index, it was necessary to identify the water/land
boundary value. Using the Raster Calculator tool, land and sea masks were created. The
segmentation of land and sea in each NDWI-derived raster image was performed by
applying a threshold determined using the Otsu algorithm, implemented through the Iso
Cluster Unsupervised Classification tool. This approach enabled the determination of an
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optimal threshold, effectively minimizing intra-class variance and enhancing the accuracy
of coastal boundary delineation.

Bgreen — BNir

NDWI = )

Bgreen + BNIR
where Bgreen is the green band, and Byjr correspond to the near-infrared radiation
band values.

The next step involved applying a 3 x 3 median filter to reduce high-frequency noise,
such as sun glint, followed by the ratio transformation method as outlined by Stumpf
in 2003 [84]. The ratio transformation method offers several key advantages when using
passive multispectral imagery for mapping shallow water bathymetry, compared to other
available methods. The ratio transformation algorithm (Equation (3)) can be applied to
bands with different absorption in water and to wavelengths of any sensor. Since the blue
and green bands have lower absorption, the ratio of the two bands remains constant despite
different bottom shading at a constant depth.

In(n x rys(1i))

“ 7 Ik

—my 3)
where Z is the depth, m( and m are constants for tuning the model to the actual depth, 7 is
a constant to ensure that the ratio remains positive under all values, and r,(I7) and r,s(Ij)
are the bands in blue visible (/i) and green (Ij) light.

At this stage of the analysis, 80% of the field bathymetric data, consisting of
46,913 points, were used in Equation (3) to create a linear regression model. This model
illustrates the relationship between the bathymetric points and the corresponding values
generated by the equation, assisting in the estimation of bathymetry. To evaluate the
accuracy of bathymetric results, two statistical parameters were considered: the correlation
coefficient R? and the RMSE (Equation (4)), calculated using 20% of the remaining in situ
bathymetric data (11,728 points).

(Zg —Zip)*

RMSE = \/ Y " (4)

where 1 is the number of the field points, Zp is the estimated bathymetry and Zp is the in
situ depth data.

Finally, comparison of the results obtained from the SSS with those from the UAV
and satellite sensors was carried out in order to extract and evaluate habitat distribution.
To ensure that the data aligns with the date when the field data was collected, additional
orthomosaic processing was performed. The k-nearest neighbors (k-NN) algorithm was
employed for supervised classification using the orthomosaic generated by the DJIP4M
UAV and the PlanetScope satellite imagery captured on the same date. The k-NN algorithm
is a well-established and widely utilized tool in machine learning [85,86] first described by
Fix and Hodges [87]. This algorithm classifies an image into specific feature regions based
on sample data associated with predefined categories. The classifier’s effectiveness depends
on the Euclidean distance used to determine the nearest neighbors. When implementing
k-NN, classes are created, and nearest neighbors are identified based on the classifier chosen
by the user [86]. The orthomosaic was classified using ArcGIS Pro software 2.9, employing
the NDWI index to effectively separate land and sea. A new shapefile was created with
100 points, which was correlated with the results from the SSS. This step used these points
as calibration data for the k-NN classifier. The k-NN classifier was then implemented
within ArcGIS Pro, with the classifier parameter set to 5. Upon executing the algorithm on
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the images, classification results were obtained. To assess the classification results, 1000
random spatial accuracy evaluation points were generated to ensure a statistically valid
sample for validation. The results from the SSS were used as ground truth. A confusion
matrix was then created to evaluate the classification accuracy across the three specified
substrate types. The confusion matrix provided metrics including producer accuracy, user
accuracy, and the Kappa Agreement Index (KIA) as referred by Nababan et al., in 2021 [88].
The formulas to calculate the level of accuracy for Overall Accuracy (OA—Equation (5),
Producer (PA—Equation (6), and User Accuracy (UA—Equation (7) are as follows:

Ko
04 = Li=t"ii 5)
n
.
PA; =1 6)
1= g
i
U=t )

where n = number of observations, n;; = number of observations in column i and row i, and
nj; = number of observations in column j and row j. n;; = the number of samples classified
into the category of j, n.; = the number of samples classified into category i.

4. Results
4.1. Onshore Morphology

Coral Bay beach showed a varying morphology and width during the monitoring
period. Its dynamics can be differentiated into two sections: the northwestern and the
southwestern sections. The width of the beach varied alongshore, with the greater widths
(almost 30 m) found in its southeastern part. The northwestern section appeared to be
under erosion, with the beach showing in some areas a width of only 2 m. The photogram-
metric analysis produced several products for further evaluation, including a DEM and an
orthophoto of the study area. Comprehensive data processing and analysis resolved the
distance errors observed in the alignment procedure (Table 2).

Table 2. RMSE of photogrammetric products.

X Error Y Error Z Error XY Error  Total Error

AIA Dates (cm) (cm) (cm) (cm) (cm)
1 2 June 2022 1.63 1.60 0.65 2.28 2.37
2 6 December 2022 2.23 2.98 0.95 3.72 3.84
3 26 April 2023 1.58 1.52 0.80 2.19 2.33

The results of the comparative analysis of the DEMs created for the three dates are
presented in Figure 5, together with the digitized shorelines. The elevation differences
for each of the two compared periods were found to decrease by as much as —0.6 m in
the northwestern beach section, whereas in the southeastern section, increases of up to
+0.6 m were recorded (Figure 5). Overall, beach elevation ranged from —1.1 to +1.2 m,
appearing consistently lower to the northwest. During the first period (summer-autumn),
the beach appeared relatively stable along its northwestern section and accretionary along
its southeastern section (beach progradation locally up to 8 m). Interestingly, during the
most energetic winter—spring period, the northwestern and most vulnerable section of
the beach showed accretion (by up to 4.5 m), but also elevation decreases of up to 1.1 m
(Figure 5). The southeastern beach section also showed accretion in this period (0.5-8.5 m).
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Figure 5. Elevation differences between DEMs: (a) 2 June 2022-6 December 2022, (b) 6 December
2022-26 April 2023.

Segmentation of the beach and creation of sections along the beach for the three
available DEMs verified elevation changes over time, suggesting sediment losses or gains
(Figure 6). Significant elevation variability was found along the northwestern segment of
the beach (section A-B, Figure 6b). Elevation lowering was observed during the winter,
whilst during spring, the beach recovered, and elevations locally exceeded the initial profile.
Maximum elevation differences of 0.4-0.5 m were observed between 6 December 2022 and
26 April 2023 profiles. In the central beach segment (B-C, Figure 6c), the elevation showed
small variability, with the highest recorded variation being 0.3 m. During the first period
(2 June 2022-6 December 2022), the beach showed both sediment gains and losses, whereas
in spring 2023, elevations appeared mostly restored. The southeastern beach segment (C-D,
Figure 6d) showed notable elevation differences (up to 0.6 m) compared with the other
two segments, especially along its northwestern section. More specifically, during winter
2022, elevations increased, whilst in spring 2023, the beach profile diminished, restoring
equilibrium. For the easternmost part of section C-D, changes were minimal.

Moreover, a comparative analysis of shorelines derived from the DJIP4RTK data versus
those obtained from PlanetScope satellite imagery was performed. The extraction of the
UAV coastlines was achieved through visual interpretation due to the lack of multispectral
data. Shoreline positions were also estimated from satellite imagery using the NDWI
index [89,90] and were compared with those from the DJIP4RTK data in order to identify
and evaluate potential discrepancies. Significant differences were found between the
two datasets: shoreline deviations varied alongshore between 3.5 and 9.0 m in summer
(Figure 7a), from 1.4 to 8.1 m in winter (Figure 7b), and between 1.3 and 14.0 m in spring
(Figure 7c). Interestingly, the satellite derived shorelines were constantly located seaward
of those estimated from UAV data and the highest deviations appeared at beach edges. The
observed discrepancies might be attributed to various factors, such as differences in the
data spatial resolution and accuracy, as well as time differences in the satellite and UAV
image captures [91].
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Figure 6. Comparisons of beach elevations along the Coral Bay beach from the DEMs produced by
UAV scanning in 2 June 2022, 6 December 2022, 25 April 2023. (a) Stations—distance of the sections,
(b) sections A-B, (c) sections B-C, (d) sections C-D.

The TLS was used to map the sea cliff found to the southeast of the Coral Bay beach
and capture potential fine-scale morphological changes through the comparison of TLS
point clouds from different times (Figure 8); topographic changes with blue and red colors
represent positive and negative variations in distances, respectively, matching materials
deposited or eroded. The most significant erosion (detachment surface) was identified on
the eastern part of the slope, showing a change of up to 0.65 m, whereas on the western slope,
smaller differences were recorded (up to 0.30 m). At the sea cliff’s top, the results showed
material deposition that was probably due to its vegetation growth, which potentially
affected the reliability of the measurements.
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Figure 7. Coastline vectors extracted from DJIPARTK and PlanetScope: (a) 2 June 2022, (b) 6 December
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Figure 8. Temporal comparison of TLS point clouds using the M3C2 algorithm, focusing on the sea
cliff of Coral Beach.

Comparisons along three cross sections of the sea cliff, generated from the collected
point clouds, showed significant morphological changes in the 15-month span between the
two surveys (Figure 9). In section A-A’, the elevation increase from 8 to 11.5 m is primarily
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attributed to vegetation overgrowth and cannot be safely evaluated. Cross section B-B’
revealed significant cliff erosion between elevations of 3 and 10 m, without corresponding
changes at the small beach fronting the cliff. In comparison, section C—-C” showed a mostly
stable profile; erosion was only discernible between elevations of 4 m and 7 m.
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Figure 9. (a) Positions of cross sections across the sea cliff and (b—d) profile comparisons between the

two survey periods.

4.2. Bathymetry and Submarine Morphology

The bathymetry and the seabed morphology and habitats in Coral Bay were mapped
down to about 20 m water depth using hydroacoustic methods, ground-truthed by surficial
sediment samples and drop camera images. However, processing and analysis of the
satellite images and the UAV orthomosaics revealed that they could not produce reliable
results deeper than 10-11 m water depth; thus, the appraisal of their skills to map accurately
the seafloor was restricted to these depths.

The high-quality SBES data allowed for the creation of a detailed bathymetric map,
which showed that the Coral Bay embayment can be differentiated into three zones with
different characteristics. The most inshore zone, extending down to ~6-7 m in the central
part of the surveyed area, is characterized by smooth morphology; seabed perturbations
appear close to the promontories at both sides (Figure 10a). The middle zone extends down
to about 16-17 m water depth, occupying the greater part of the surveyed area and exhibits
uneven relief. Finally, the deeper zone is characterized by a very smooth relief.
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Figure 10. Coastal-derived bathymetry using (a) in situ SBES data collected on 3 December 2022;
(b) PlanetScope image captured on 2 June 2022; (c) PlanetScope image captured on 6 December 2022;
(d) PlanetScope image dated 25 April 2023; (e) Sentinel 2 images dated 26 April 2023; (f) DJIP4M
images dated 26 April 2023.

Bathymetric estimations were attempted for all data sets of the DJIPARTK and the
DJIP4M. However, only one of the three DJIP4M analyses was successfully completed.
A major issue was associated with the significant level of human activity in the study
area during the 2 June 2022 survey that did not allow for the alignment of images to
produce a comprehensive orthoimage. Also, the high cloud coverage observed during the
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6 December 2022 survey resulted in a low correlation coefficient between the radiometer
measurements and the values of the generated multispectral image. In contrast, the data
analysis of the 26 April 2023 DJIP4M survey was successfully completed, resulting in a
0.05 m orthomosaic with an estimated range of the GCPs errors of x = 4.41 cm, y = 5.88 cm
and z = 1.03 cm. The reflectivity of the orthomosaics across all bands was thoroughly
validated, revealing a strong correlation with the fourteen field measurements taken with
a spectroradiometer on the EVA targets. The correlation coefficients were 0.98 for the
blue channel, 0.96 for the green channel, 0.99 for the red channel, 0.99 for the red-edge
channel, and 0.99 for the NIR channel, indicating a very strong relationship between the
measurements of spectroradiometer and the multispectral image.

The methodology employed involved the production of one bathymetric map based
on field measurements and five multispectral images of varying dates and spatial reso-
lutions. Figure 10 shows the coastal bathymetry of Coral Bay that was derived through
the processing of the following data sets: (a) in situ SBES data collected on 3 December
2022; (b) PlanetScope image captured on 2 June 2022; (c) PlanetScope image captured on
6 December 2022; (d) PlanetScope image on 25 April 2023; (e) Sentinel 2 26 April 2023; and
(f) DJIP4M images on 26 April 2023. Additionally, for each bathymetric map produced, a
chart comparing the estimated and the in situ bathymetric data was created (Figure 11).

In order to assess the accuracy of the results, twenty percent of in situ data were used
for the validation of the bathymetric information extracted from the satellite images and the
DJIP4M data; the estimated RMSEs together with the correlation coefficient R? are shown
in Table 3.

Table 3. R? and RMSE of the satellite and UAV derived bathymetry in relation to in situ measurements.

Satellite Date Acquisition R? RMSE (m)
(a) PlanetScope 2 June 2022 0.97 1.20
(b) PlanetScope 6 December 2022 0.95 1.52
(o) PlanetScope 25 April 2023 0.98 1.10
(d) DJIP4M 26 April 2023 0.98 1.02
(e) Sentinel 2 26 April 2023 0.98 0.92

The validation exercise resulted in RMSEs ranging from 0.92 to 1.52 m. The results for
the PlanetScope bathymetry demonstrated a rather similar accuracy across the three sets. It
is noted that only the December 2022 PlanetScope image was obtained on a date close to the
collection of hydroacoustic information (03/12/22). The first PlanetScope image had been
captured six months earlier, whereas the third PlanetScope image, the Sentinel 2 image
and the DJIP4M data were acquired almost five months after the hydroacoustic survey.
Nevertheless, the December 2022 PlanetScope bathymetry showed the lowest accuracy
(RMSE 1.52 m), whilst the April bathymetry had the highest (RMSE 1.10 m). Interestingly,
April Sentinel 2 and DJIP4M bathymetries, which were extracted from information ob-
tained almost 5 months after the hydroacoustic survey, also showed low RMSEs and high
correlation coefficients when compared with the bathymetry that was based on the in situ
measurements. These discrepancies in accuracy were primarily attributed to the changing
weather conditions.
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Figure 11. Comparison charts between the 20% of the in situ bathymetric data and estimated
bathymetry with (i) PlanetScope on 2 June 2022, (ii) PlanetScope on 6 December 2022, (iii) PlanetScope
on 25 April 2023, (iv) estimated bathymetry with Sentinel 2 on 2 June 2022 and (v) DJIP4M on
26 April 2023.

Additional processing was conducted to assess and mitigate geospatial errors in the
bathymetric estimations. Given the variations in spatial resolution among the datasets, the
derived bathymetry from the SBES measurements were individually resampled to match
the resolution of each image. This approach ensured consistency in the comparison of
bathymetric estimates across different sensors. Subsequently, error distribution maps were
generated to illustrate the spatial variation in bathymetric accuracy as a function of the
sensor type and acquisition date (Figure 12). These maps represent the error estimates
corresponding to each bathymetric assessment outlined in Table 3 and provide a compre-
hensive evaluation of the accuracy of bathymetric estimations across different sensors and
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acquisition dates. The maps show the error (in meters) between field measurements and
estimated depths, with warmer colors (red) indicating higher errors and cooler colors (blue)
representing lower errors. These maps reflect the error estimates for each bathymetric

assessment.

Scale: 1:1500
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Figure 12. Error distribution maps of the in situ data and estimated bathymetry for (a) PlanetScope
2 June 2022; (b) PlanetScope 6 December 2022; (c) PlanetScope 25 April 2023; (d) Sentinel 2 26 April
2023; (e) DJIP4M 26 April 2023.
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Analysis of the PlanetScope images (Figure 12a—c) revealed a generally heterogeneous
distribution of errors across the study area. While some regions exhibited relatively low
errors, signifying a strong correlation with field measurements, other areas, particularly
near the boundaries of the mapping region and towards shallower waters, showed higher
errors. Bathymetric estimates derived from DJIP4M imagery acquired on 26 April 2023
(Figure 12e) displayed lower errors than PlanetScope, with the map primarily featuring
cooler colors. However, areas along the boundaries of the mapping region exhibited higher
error levels. By contrast, the Sentinel-2 images, acquired on the same date (Figure 12d),
demonstrated a more uniform spatial distribution of errors compared to those obtained
from other sensors. The errors displayed in these images were generally lower across the
study area, indicating a higher overall accuracy in bathymetric estimation when using
this sensor.

Regarding morphology and habitat distribution, the high-resolution SSS images were
interpreted and compared with the DJIP4M orthomosaic and the PlanetScope satellite
image. Although the SSS analysis concerned the entire area covered by the marine survey
(down to ~20 m depth, Figure 13), the correlation with the UAV and the satellite sensors
was restricted to the limits of the embayment bounded by the two small capes (10-11 m
depth, Figure 14), since it was obvious that they were not able to capture the deeper seafloor.
The thorough SSS records and mosaic analysis allowed for seafloor classification in four
reflectivity types (R) that represent specific substrate and habitat types. R4 was recorded
only on sonographs deeper than 16 m; thus, it is only briefly described. The following
reflectivity type spatial distribution estimations concern solely the common area imaged by
all sensors.

R1 is associated with closely and irregularly spaced high- and low-reflectivity patches
on a terrain of generally high to medium backscatter intensity, suggesting an uneven
micro-relief corresponding to hard substrate (Figure 13). Camera footage also revealed an
irregular and hard relief consisting of calcified bioaccumulations, but also the presence of
small seagrass (P. Oceanica) patches developing within the hard substrate. Also, sediment
pockets consisting of coarse sand and gravels and locally of small cobbles were occasionally
distinguished in the camera images. Unfortunately, grab sampling attempts failed to
retrieve sediment samples due to the hard nature of the seabed. The high reflectivity
pattern of the hard substrate with its irregular micro-relief and the seagrass patches did not
allow a reliable automatic classification and discrimination using the SonarWiz software v
8.0, but also a consistent manual (expert) interpretation and digitization. Thus, since R1
corresponds mainly to seabed with “hardgrounds” and coarse sediment and, to a minor
extent, seagrass, all giving similar backscatter intensity, it was classified as “hard” substrate.
R1 develops from about 11 to 67 m water depth, shows few randomly distributed targets
in shallower waters and covers an area of 0.22 km?, accounting for 66.4% of the c area
commonly imaged by all sensors.

R2 displays a generally high backscatter intensity pattern and is characterized by
rhythmic alterations of almost parallel high- and low-reflectivity stripes, implying the
presence of a rippled seabed. R2 is distributed in the form of pockets of a varying extent
and of irregular shape within R1, between ~11 and 6 m depth. The ripples are well formed,
having a wavelength of 10-30 cm and a height of 4-10 cm. Their shape appears to be faintly
asymmetrical, and their orientation is varying, as was also attested by the drop camera,
probably suggesting a combined wave and current activity for their formation, abetted by
the irregular micro-relief of the surrounding environment. Targeted sediment sampling
from those pockets revealed coarse to very coarse sand both of biogenic and terrestrial
origin with a mean grain size of —0.06 to 0.49 @. R2 occupies an area of 0.019 km? (5.6% of
the commonly surveyed area).
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Figure 13. (a) Field data collection in the wider region, (b) SSS mosaic overlain by SBES bathymetry,
grab samples and drop camera stations and (c) SSS reflectivity types (R1 to R4) with representative
SSS images and underwater photos observed all over the study area.

R3 shows a medium backscatter intensity pattern developing over a smooth seabed.
It was found to be shallower than 67 m and commonly includes areas or small pockets
of ripples irregularly distributed. The ripples appear to be symmetrical, their orientation
parallels the shoreline, and they have a wavelength and height of about 4-10 cm and
1-4 cm, respectively, being obviously smaller than those of R?. They consist of medium to
fine sand with a mean size of 1.89-2.99 @. R3 covers 0.09 km? (28% of the area surveyed by
all three sensors).

Finally, the R4, which was recorded deeper than 16 m, is associated with low reflectivity
and a featureless seabed, as was verified by drop camera images. Sediments over this area
consist of very fine sand with a mean grain size of 3.00-3.14 &.

Orthomosaics generated using the DJIP4M data and PlanetScope imagery (resolution
of 0.05 m and 3 m, respectively), acquired close to the date of the hydroacoustic data acquisi-
tion, were utilized to identify /demarcate seabed types/habitats and carry out comparisons
with the in situ information. The analysis involved the classification of the orthomosaics
utilizing the k-Nearest Neighbor (k-NN) algorithm for supervised classification. This
process entails verification of data within sampled areas, thereby facilitating predictions of
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the clustering of substrate types from the orthomosaic. Due to the small number of the SSS
validation points by ground-truthing, additional control points were added to refine the
orthomosaic’s classification, based on the results of the SSS (Figure 14).
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Figure 14. (a) Vector dataset containing 25 validation points (star shape) derived from camera dives
and 100 calibration points created from the SSS mosaic (colored dots). Habitat maps from (b) SSS
interpretation, (c) k-NN classification from the DJIP4M orthomosaic and (d) k-NN classification from

the PlanetScope orthomosaic.

The comparison of the results of the SSS and the k-NN supervised classifications
(Figure 14) showed some notable characteristics. According to the SSS interpretation,
66.4% of the seabed appraised by all three approaches is classified as “hard substrate”
(R1), whereas according to the DJIP4M orthomosaic and the PlanetScope satellite image
classifications, the hard substrate occupies 59% and 70% of the appraised area, respectively.
It is obvious that there are discrepancies in the results of both orthomosaics in shallow
waters since they indicate the presence of hard substrates (Figure 14) in areas where sands
with scattered ripples (R3) were observed; this is particularly apparent in the satellite
image classification.

In addition, the SSS classification indicates that 5.6% of the appraised area is associated
with rippled sands (R2), whereas the classifications from the DJIP4M and the PlanetScope
data indicate 15% and 7%, respectively. The larger discrepancy in the DJIP4M classification
might be due to its high spatial resolution; while higher-resolution images may capture
intricate details, they can also introduce higher variability and noise (e.g., sunglint, turbidity,
waves) in the classification. Conversely, the lower-resolution satellite imagery yields more
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consistent results compared to the SSS classification as it averages the spectra into larger
pixels, effectively smoothing out local variations.

Finally, regarding the “Sand with scattered ripples” (R3) category, the SSS showed a
spatial occurrence of 28%, the DJIP4M orthomosaic 26%, and the PlanetScope orthomosaic
23%. The discrepancies observed between the satellite imagery and the SSS results are
mostly associated with the shallower areas of the bay.

A validation dataset comprising 1000 evaluation points was generated through a
random spatial distribution to evaluate the accuracy of the orthomosaic classifications. This
dataset was created by aligning the results obtained from the SSS with the corresponding
reference values. Following this procedure, the values of the classified mosaics obtained
from the DJIP4M and PlanetScope data were extracted into evaluation points, thereby
facilitating the formulation of accuracy tables (Tables 4 and 5). These tables present compre-
hensive information on user accuracy, producer accuracy, overall accuracy and the Kappa
index coefficient for all orthomosaic classifications.

Table 4. Accuracy matrix for the DJIP4M orthomosaic, using k-NN as the classifier (KIA: Kappa
index of agreement).

Ground Truth
Hard Substrate Rippled Sand Scatst::le(j:lv;’{iiglples Sum
Hard substrate 596 3 22 621
Training Data Rippled sand 61 51 12 124
Sand with scattered ripples 9 1 245 255
Sum 666 55 279 1000
Producers” accuracy 0.89 0.93 0.88
Users’ accuracy 0.96 0.41 0.96
KIA per class 0.88 0.44 0.91
Total accuracy 0.89
Overall, Kappa 0.79

Table 5. Accuracy matrix for the PlanetScope satellite imagery, using k-NN as the classifier (KIA:
Kappa index of agreement).

Ground Truth
Hard Substrate Rippled Sand Scatst:i(zivl;iiglples Sum
Hard substrate 596 37 56 689
Training Data Rippled sand 49 17 9 75
Sand with scattered ripples 21 1 214 236
Sum 666 55 279 1000
Producers” accuracy 0.89 0.31 0.77
Users’ accuracy 0.87 0.23 091
KIA per class 0.94 0.73 0.84
Total accuracy 0.83
Overall, Kappa 0.63

The classification results obtained from the DJIP4M orthomosaic (Table 4) estimate a
high overall accuracy of 0.89 and a Kappa coefficient of 0.79, indicating a good agreement
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between the predicted classifications and the reference ground truthing. A significant issue
that arose was the misclassification of the categories “sand with scattered ripples” and
“hard substrate”. The findings revealed that in 22 instances, “sand with scattered ripples”
was mistakenly classified as “hard substrate”, while in nine cases, “hard substrate” was
inaccurately identified as “sand with scattered ripples”.

The “rippled sand” category also displayed some confusion with both “hard substrate”
and “sand with scattered ripples”. Out of 124 reference samples for “rippled sand”, 61 were
incorrectly labeled as “hard substrate”. This shows that the small differences between
these two categories are difficult to be identified with k-NN. Moreover, the “rippled sand”
category had a low user accuracy of 0.41, indicating a high number of false positives in its
classification. The Kappa index of 0.44 for this class further emphasizes the challenge in
accurately identifying “rippled sand” from other substrates.

By contrast, “sand with scattered ripples” was classified accurately. Out of 279 cases,
245 were correctly identified, giving a producer accuracy of 0.88 and a user accuracy of
0.96. While the classifier performed well with this category, a small number of “sand with
scattered ripples” samples were still misclassified, especially as “hard substrate”. The
Kappa index of 0.91 for this category confirms its strong classification performance.

Overall, the “hard substrate” category achieved the highest producer’s accuracy at 0.89,
signifying the model’s strong performance for this class. In comparison, the “rippled sand”
category exhibited the lowest producer’s accuracy, highlighting the model’s difficulties
in effectively classifying this seabed type. User accuracy was found to be highest for the
“sand with scattered ripples” category at 0.96, indicating a high skill in predicting this class.
Conversely, the “rippled sand” category displayed the lowest user accuracy, registering
only 0.41, indicating large classification challenges for this seabed type, possibly due to
potential spectral similarities or other environmental complexities.

The results derived from the PlanetScope classification (Table 5) also identified the
“hard substrate” as the category with the highest producer’s accuracy (0.89), corroborating
the UAV orthomosaic findings. A key observation was the confusion in classifying “rippled
sand”, which has a low producer’s accuracy of 0.31. This indicates that many actual
“rippled sand” samples were misclassified. The user’s accuracy of 0.23 shows that many
pixels labeled as “rippled sand” belong to other types, mainly hard substrate (49 cases) and
“sand with scattered ripples” (9 cases). The Kappa Index of Agreement (KIA) is also low at
0.73, suggesting that the k-NN classifier struggles to differentiate “rippled sand” using the
PlanetScope imagery.

On the other hand, “hard substrate” has a high classification accuracy, correctly
identifying 596 out of 666 instances, resulting in a producer’s accuracy of 0.89 and a user’s
accuracy of 0.87. However, 37 samples of “rippled sand” were misclassified as “hard
substrate”, indicating some overlap in spectral reflectance. Additionally, 56 pixels of “sand
with scattered ripples” were wrongly classified as “hard substrate”.

Despite having the highest number of correct classifications (214 out of 279), “sand
with scattered ripples” also faced misclassifications, mainly with the “hard substrate”
(21 cases). Although it managed to achieve a high user’s accuracy of 0.91, the lower value
of the producer’s accuracy (0.77) indicates that some actual samples were misclassified into
other categories, particularly “hard substrate”.

Overall, the “rippled sand” category showed a significantly lower producer’s accuracy
(0.31), further emphasizing the persistent difficulty across datasets to distinguish this
sediment type. The highest user accuracy in the PlanetScope orthomosaic classification
was found for “sand with scattered ripples” at 0.91, while “rippled sand” had the lowest
user accuracy at 0.23. The Kappa coefficient for this classification was 0.63, indicating a
moderate agreement between the classification outputs and the reference data, which is
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notably lower compared with the coefficient achieved with the DJIP4M dataset. These
discrepancies suggest that differences in spatial resolution and spectral characteristics
between UAV and satellite imagery can influence the accuracy and reliability of seabed
classification.

5. Discussion

Coastal mapping efforts have increased rapidly in recent decades aiming to collect
geo-spatial data of high resolution and precision in order to credibly inform models/tools to
support sustainable coastal development, to manage different anthropogenic and climatic
threats to the coastal human and natural environments and assist conservation goals. The
majority of such information is now provided by Earth Observation (EO) technologies,
which have been influenced by scientific innovations in all fields of remote sensing (satellite,
aerial, marine) and progress in geospatial data analysis [21,31,34,39,92]. Yet, although the
coastal environment attracts interdisciplinary research, which commonly utilizes similar
survey techniques, there have been few efforts to integrate/inter-validate them for use in
both the onshore and inshore coastal areas.

The approaches and tools used in such studies depend on the spatial scale/scope
of the application [93]. For large-scale applications, satellite imagery appears to be an
indispensable tool, as it can provide consistent, although intermittent, observations of the
shoreline variability and seabed bathymetry and habitats [94], especially when the data
availability from a wide range of EO platforms and sensors is considered. However, the spa-
tial resolution and the fact that satellite observations are dependent on the environmental
conditions present at the time of their acquisition create several challenges, particularly in
small-scale studies that require information of high resolution and accuracy. Thus, a major
issue emerges when considering the dynamic nature of the wider coastal environment and
its short-term variability, which is very difficult to monitor, since remote sensing techniques
offer only instant time snapshots without being able to offer a continuous picture of the
coastal terrain over time [38]. Therefore, beach modifications in the intervening periods are
not captured, and frequent changes occurring along the coastal areas cannot easily /safely
be interpreted, leading to misleading interpretations of the prevailing processes. Beach
optical monitoring systems may serve the needs of continuous detection in high preci-
sion topography and shoreline changes, but only along spatially restricted stretches of
beaches [94,95]. On the other hand, only repeated aerial and marine sensing surveys, either
seasonal or before and after storm events (when considering morphodynamic monitoring),
can produce comparable but timely intermittent and costly mapping products.

In the present study, a “holistic” approach was employed. Information from a
wide range of remote sensing approaches/tools were utilized to produce high resolu-
tion/accuracy maps of both the onshore and inshore parts of Coral Bay. A comparison
of DEMs generated using a series of observations from satellite and UAV-mounted sen-
sors, over an almost one-year period, provided clear evidence of beach modifications (i.e.,
shoreline and elevation changes), highlighting the dynamic nature of coastal processes.
Significant beach elevation changes were observed during the more energetic winter—early
spring period; nevertheless, there has been also evidence of a tendency for beach recovery
during the time of observations. The repeated topographic observations also suggested
alongshore variability in the patterns of beach accretion and erosion, which corroborated
previous studies in the area [38], with beach accretion occurring mostly along the south-
eastern stretch of the beach and erosion along the northwestern part. These varying beach
dynamics emphasize the need for detailed hydrodynamic and morphodynamic modeling,
which should be set up (and forced) on the basis of geomorphological information of high
resolution and accuracy [38,59]. These results also align with previous research empha-
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sizing the utility of UAV-based monitoring for detecting and quantifying morphological
changes [75,96].

Repeated TLS surveys along a small part of the sea cliff of the southern promontory
bounding Coral Bay revealed a substantial degree of spatiotemporal variability due to
erosional processes. They captured fine-scale geomorphological changes, enabling a com-
prehensive understanding of the cliff dynamics over time. Instabilities were detected to
affect the middle to lower part of the central and easternmost part of the sea cliff posing a
threat to residential properties at the top of the cliff. Despite the technical measures that
have been implemented to mitigate wave-driven erosion, the sea cliff still appears to be
under erosion, which might be attributed to other environmental forcing factors, such as
pluvial erosion of the loosely consolidated sediments and regional seismic activity [44,97].
These findings are in line with prior studies demonstrating the potential for TLS-based
point cloud comparisons to effectively detect fine-scale cliff morphodynamics [44,98,99].

In addition to monitoring the onshore morphology using remote sensing techniques,
the study incorporated bathymetric and marine habitat mapping of the inshore area in
order to assess the beach dynamic processes in a ‘holistic’, integrated manner. Previous
research has demonstrated the efficacy of remote sensing techniques, albeit with several
constraints due to various environmental factors [35,100]. These constraints can result in
considerable inaccuracies in both bathymetric estimates and the classification of marine
habitats. The primary source of error is often related to weather conditions. The presence
of suspended fine sediments on the seabed and seasonal turbidity, which is influenced by
hydrodynamic conditions, further compromises the accuracy of depth estimations [37,101].
Moreover, atmospheric corrections applied to the satellite images, which serve as the main
data source, can introduce additional errors. Accurate atmospheric corrections are essential,
as any inaccuracies in this process can significantly affect the reliability of the bathymetric
results [102].

Specifically, sunlight reflection had the most pronounced effect, particularly in high-
resolution imagery. In shallow water areas, increased surface reflection introduced signifi-
cant noise, leading to considerable errors in both depth measurements retrieval and benthic
classification. Furthermore, turbidity, especially during the winter months, negatively
impacted the accuracy of remote sensing results. This effect is likely attributed to reduced
water clarity, which prevents the penetration of spectral signals and increases uncertainty
in depth estimation and substrate classification.

In this study, the bathymetric assessment was carried out using satellite and UAV
mounted sensors together with hydroacoustics. This exercise showed relatively good
results, with the estimated RMSEs in three different surveys ranging between 0.92 and
1.52 m. PlanetScope satellite data yielded the best results in April 2023 (RMSE of 1.10 m).
Despite the high precision and abundant SBES data collection in December 2022, the
accuracy of estimations in April and June surpassed Decembers’ results by 27% and 21%,
respectively, likely due to more favorable meteorological conditions during these periods,
as also noted in related studies [103,104]. Interestingly, the spatial resolution analysis
revealed that the lowest resolution dataset, derived from Sentinel 2 imagery, yielded the
most accurate results (RMSE of 0.92 m). This finding is noteworthy, as it contrasts with
the typical expectation that higher-resolution data collected the same day with the UAV
would produce more precise bathymetric estimations [37,105,106]. However, significant
deviations were noted in the shallow areas of the bay (0-1.8 m), where accuracy was
compromised due to the limited collection of field data. In these areas, GNSS-measured
points were used instead of SBES data, since very shallow depths limit safe surveying
operations and bathymetric measurements. Yet, considering the dynamic nature of the
inshore environment, high-resolution images may be affected by suspended particles
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and water column perturbations, leading to increased errors in depth estimation [37,107].
Therefore, while higher-resolution images provide enhanced spatial detail, they can also
introduce noise and variability. Consequently, lower-resolution images can be more reliable
for broad-scale bathymetric mapping in specific conditions. Comparative analysis of
multispectral UAV data and PlanetScope satellite information showed that the UAV data
achieved higher accuracy, outperforming the satellite data by at least 7% due to its higher
spatial resolution.

The classification and mapping of the seabed habitats/types were precisely performed
using high-resolution side scan sonar sonographs, ground-truthed by drop camera images
and sediment sampling. The results were used both for calibration and validation of the
high spatial resolution data obtained by the UAV and satellite sensors [108,109]. The analy-
sis revealed three habitat types (hard substrate, rippled sand, sand with scattered ripples)
and their distribution in the commonly studied area by all remote sensing techniques.
Comparison of the different sensor datasets revealed a strong correlation between the UAV
data and field (hydroacoustic) measurements, facilitating habitat mapping with remarkable
precision and achieving a total accuracy of 89%. In comparison, satellite imagery, although
of lower resolution, also yielded good results (total accuracy of 83%). Even though these
results are promising, it is crucial to consider alternative classification methods, as various
techniques may yield different levels of accuracy influenced by factors such as image
resolution and the complexity of marine substrates. Utilizing a range of classification
approaches, such as Maximum Likelihood Classification (MLC), Random Forest (RF), and
Artificial Neural Networks (ANN), the overall classification performance is expected to
have a better potential to enhance. The superior performance of the high-resolution UAV
data highlights its effectiveness in capturing habitat details, while the very satisfactory
performance of the satellite imagery demonstrated its potential for seabed classification
at smaller spatial scales, particularly in scenarios where high-resolution data may not be
readily available. However, the use of a single UAV multispectral image, due to the data
collection constraints, represents a limitation of this study. The absence of additional high-
resolution imagery restricts the ability to capture temporal variability in water conditions
and spectral responses, which may influence the accuracy of both bathymetric estimations
and habitat classification. Although the available imagery was acquired under optimal
environmental conditions to minimize external influences, the integration of multitemporal
UAV data in future research would enhance the temporal robustness of the analyses. This
approach would allow for more comprehensive assessments of environmental variability,
the consistency of spatial resolution outputs, and the overall performance of the models.

6. Conclusions

This study focused on developing a multi-integrative remote sensing approach involv-
ing satellite, aerial, terrestrial, and underwater methods to create a holistic model of coastal
geomorphology and habitats in one of the most valuable coastal environments of Cyprus,
Coral Bay. The integration of high-spatial-resolution information from marine (side scan
sonar), aerial (UAV) and satellite sensors proved to have built a strong data framework for
analyzing the coastal terrain. Overall, the workflow adopted in this study provides a robust
approach for multilevel monitoring of coastal geomorphology and marine habitat mapping,
leveraging the power of multiple remote sensing techniques and advanced data processing
methods. The results are considered highly promising, demonstrating the potential of
remote sensing for dealing with dynamic coastal environments. The findings of this study
also designate the utility of exploiting data from various types of sensors, sometimes of
lower resolution, that can combine effectively to yield the coastal landscape.
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Yet, future advancements, such as the integration of hyperspectral imaging, LIDAR-
equipped UAVs, and next-generation sonar systems, are expected to refine depth esti-
mations and habitat classification, effectively addressing existing limitations in spatial
resolution and data reliability. Moreover, the automation of data processing and the
adoption of artificial intelligence-driven algorithms can potentially increase classification
precision. Expanding temporal monitoring to include multi-temporal and real-time ob-
servations can significantly strengthen coastal and marine assessments, fostering more
adaptive and data-driven environmental management strategies.
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