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Abstract:

The knowledge of the bathymetry draws great attention of worldwide stakeholders
tasked with trade and leisure navigation, oceanography, ecology, or coastal planning
facing climate change. Solely 15% of the rivers, seas or oceans have been mapped using
accurate and precise methodology, based on conventional waterborne sonar and
airborne lidar. Satellite-derived bathymetry has therefore prospered for the last two
decades but still provides spatially-coarse by-products.

We propose to develop the UAV-derived bathymetry (UDB) to get centimeter-scale
(ultra-high resolution) digital depth maps to match subtle but valuable geo-ecological
processes. The coral reef lagoon of Grandes Cayes (Saint-Martin Island in French
Lesser Antilles) represented the study site.

Using a consumer-grade multispectral UAV, several inversion techniques were tested
and compared: photogrammetrical structure-from-motion, semi-analytical ratio
transform, and empirical regression. Ground-truth airborne bathymetric lidar were
randomly split into calibration, validation and test sub-datasets.

The ratio transform (R?=0,01), photogrammetry (R?>=0,41), linear regression (R?>=0,67),
and combination of both latter ones (R*=0,74) increasingly predicted bathymetry from 0
to -2,5 m depth. The UDB was further refined by merging the photogrammetry with a
nonlinear regression (one-layer three-neuron network), attaining a R*=0,84, and a
vertical accuracy of 0,2 m.
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1. Introduction

1.1 Bathymetry mapping
Living on our blue Planet (covered by 71% of water), the knowledge of the seabed
remains drastically poorer compared to this of the land realm. Only 15% of the rivers,

seas or oceans have been surveyed by reliable sonar or lidar technology (WOLFL et al.,
2019). This paucity strongly impedes the understanding and informed management of
the riverine and coastal risks, as well as the biodiversity preservation in the context of
sea-level rise (FIRTH et al., 2016).

Conventional mapping relies on acoustic waterborne campaign (LE QUILLEUC et al.,
2023), active optical airborne survey (COLLIN et al., 2023d), passive optical airborne
(COLLIN et al., 2023a) and spaceborne acquisition (COLLIN & PLANES, 2011). The
cost per surface area obviously highlights the satellite imagery to be selected for
shallow coastal areas bathed by clear-to-moderately clear waters. Even if the spaceborne
imagery has gained in radiometric (COLLIN et al., 2016), temporal (COLLIN et al.,
2023c¢), spectral (COLLIN et al., 2017; COLLIN et al., 2023b), and spatial (COLLIN &
HENCH, 2012; COLLIN et al., 2014) resolutions over the last two decades,
bathymetric by-products can maximally reach pixel size of 1,2 m in native or 0,3 m in
pansharpened mode, deemed as less reliable.

1.2 Ultra high-resolution bathymetry mapping
The spatially-explicit bathymetry at finer spatial resolution is compulsorily attained
with an unmanned airborne vehicle (UAV), capable of collecting centimetre-scale data

over very shallow-to-shallow waters, unsurvey able by any waterborne, even light, craft.

Various approaches can be considered to retrieve the bathymetry from UAV:

a) Photogrammetrical: by applying the structure-from-motion technique, a 0,008-km?
coral reef lagoon in French Polynesia was mapped with 0,45-m accuracy down to
1,8-m depth (CASELLA et al., 2017).

b) Empirical: from machine learning, a support vector regression helped to improve the
refraction-driven bathymetry underestimation affecting the photogrammetric product
over two sites in Greece with 0,4 m accuracy until 5-m depth, and 2,2-m accuracy
until 15-m depth (AGRAFIOTIS et al., 2019).

¢) Semi-analytical: based on an optimized band ratio analysis, stemmed from the ratio
transform (STUMPF et al., 2003), a 0,5-km? coastal area in Italy was mapped with
0,2-m vertical accuracy down to 5-m depth (ROSSI et al., 2020).

d) Analytical: using a physics-based framework (underwater spectroradiometer and
water colour simulation, WASI, software, GEGE, 2014), three study areas in Greece
were mapped with 0,4-m vertical accuracy also down to 5-m depth (ALEVIZOS et
al., 2022).
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1.3 Comparative analysis and synergy in ultra-high-resolution bathymetry mapping
Since the various approaches, applied to UAV-derived bathymetry (UDB), were carried
out over different sites with distinct materials, this research will innovatively compare

the conventional UDB methods (semi-analytical, photogrammetrical, and empirical)
over the same site and will propose an original strategy to synergistically combine the
best methods.

2. Methodology

2.1 Study site
The experiments took place over the 0,02-km? fringing reef of the Grandes Cayes along

the shore of Saint-Martin Island (18°6°55”” N; 63°1°14”” W) (Figure 1).

2.2 UAV data and processing

The UAV flight was undertaken with a consumer-grade (5 k €/$) DJI Phantom 4
MultiSpectral-RTK leveraging one blue-green-red (BGR) channel, one blue (B, 450 nm
+ 16 nm); one green (G, 560 nm £ 16 nm); one red (R, 650 nm + 16 nm); one red edge
(RE, 730 nm = 16 nm); and one near-infrared (NIR, 840 nm + 26 nm). Each channel
acquires 2,1 mega pixels. An array of 799 imageries (each composed of the 6 images)
was built using the flight planning software DJI Ground Station Pro: 80% and 70%
front and side overlapping, respectively. At a height of 50 m, this corresponds to a pixel

size 0of 0,03 m.

The orthorectification (WGS84, UTM 20N) of each imagery was ensured by the RTK
centimetre-scale geopositioning inherited from the D-RTK2 station and the D-RTK
UAV antennas. The radiometric correction, enabling to produce reflectance imagery,
resulted from the ratio between the radiance acquired by the six nadiral channels and the
irradiance simultaneously measured by the zenithal pyranometer. In addition, a
calibration panel was captured before and after the flight.

The photogrammetry procedure was applied to the dataset so as to obtain the digital
surface model (DSM) and the multispectral orthomosaics. The DJI Terra software was
parameterized to, first, integrate the scene and calibration imageries in the aero-
triangulation and cloud densification processes, then map the DSM and orthomosaics in
the WGS84 datum, locally projected in UTM 20N.

2.3 Lidar data and processing

The UDB by-products were calibrated, validated and tested using a topobathymetric
lidar dataset collected and processed by the Shom in 2018 and 2019, respectively
(SHOM-IGN, 2019, doi.org/10.17183/L3D_SAINT _MARTIN 2019). Provided with at
least 4 points.m™, the bathymetric point cloud was rasterized at 0,03-m pixel size into
the WGS84 datum projected in UTM20N (Figure 1).
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Figure 1. Left: Natural-coloured orthomosaic of the fringing reef of Grandes Cayes
(Saint-Martin Island) derived from 799 imageries collected by the Phantom 4
MultiSpectral-RTK. Right: Bathymetric lidar imagery of the fringing reef of Grandes
Cayes (Saint-Martin Island) rasterized from topobathymetric lidar point clouds
collected by the Phantom 4 MultiSpectral-RTK (4216x12373 pixels, 0,03 m pixel size).
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2.4 Algorithms for the bathymetry retrieval

In addition to the photogrammetrical approach, the ratio transform and the regression
techniques were tested. The ratio transform constitutes a semi-analytical procedure
based on the differential water absorption by waveband (STUMPF et al., 2003).
Basically, from blue to near-infrared, the shorter the wavelength is, the deeper the light
propagates. This principle is true for clear waters but has to be mitigated for waters
laden with inorganic/organic dissolved/particulate components. The regression portrays
the empirical procedure, in which numerical values of a response (or dependent
variable) are modelled by one (or many) predictor(s). The model, searching to minimize
the numerical differences between training values of response and predictor(s), can be
linear (used to compare the four UDB methods) or nonlinear (used to deepen the best
UDB method with a one-layer three-neuron perceptron, representing the neural network,
COLLIN & HENCH, 2012).

2.5 Comparison methodology

The bathymetric lidar dataset was randomly divided into three even sub-datasets:
28 496 calibration pixels, 28 496 validation pixels, and 28 497 test pixels. Each of the
four UDB methods were compared using the independent test sub-dataset, following
their training with both previous sub-datasets.

3. Results

3.1 Performances of the four approaches

The three conventional approaches yielded very contrasted performances: very low
accuracy for ratio transform (R?=0,01), poor accuracy for photogrammetry (R?>=0,41),
medium accuracy for linear regression (R*=0,67). Merging the photogrammetry-derived
DSM with BGR information in a linear regression provided high accuracy (R?=0,74)
(Figure 2).
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Figure 2. Bar plot of the performance of the three conventional UAV-derived
bathymetry and proposed fusion of photogrammetrical and empirical approaches.
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3.2 Increasing the performance of the combined approach
The prediction of the combined approach was further refined by adopting a nonlinear

model, based on a one-layer three-neuron network (R*=0,84), which is trivial but more
transferable (Figure 3). The RMSE of 0,2 m encompassed the 2,5-m depth range.
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Figure 3. Actual and modelled depths for the (A) training, (B) validation, and (C) test
sub-datasets, based on (D) the one-layer three-neuron network. (E) Spatial model.
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4. Conclusions

The shallow bathymetry of a coral reef lagoon (Grandes Cayes, Saint-Martin Island)
was successfully predicted (R>=0,84) by the combination of an RTK UAV-derived
photogrammetry and nonlinear regression (one-layer three-neuron perceptron)
methodology. That fusion enabled to map the 0-to-2,5-m depth range with a 0,2 m
vertical accuracy at 0,03-m spatial resolution. When isolated, the photogrammetry and
linear regression yielded R? of 0,41 and 0,67, but reached R? of 0,74, when merged.
Those results were constrained by clear waters above shallow seabeds populated by
hard substrata. We propose to deepen findings by using narrower bands, provided by a
superspectral or hyperspectral sensor, to add the mapped inherent optical properties of
seawater into the combination of the photogrammetric DSM and reflectance predictors.
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