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Abstract. High-resolution bathymetry is a critical resource for marine research, underpinning seafloor characterisation, benthic
habitat mapping, geomorphological analyses, and marine spatial planning. In the Red Sea, however, publicly accessible high-
resolution bathymetric data remain extremely limited along the eastern margin. Existing regional products such as the General
Bathymetric Chart of the Oceans (GEBCO) provide only coarse resolution coverage, and detailed surveys have historically
been concentrated along the central axis rather than the Saudi Arabian shelf and slope. Here, we present a high-resolution
bathymetric dataset acquired during the 2022 Red Sea Decade Expedition (RSDE) along the Saudi Arabian margin of the Red
Sea. Multibeam echosounder surveys span approximately 860 km of coastline and extend from shallow coastal waters to deep-
sea environments, covering depths from ~2 m to >2,460 m. Data were acquired using multiple platforms and processed through
a standardised workflow to produce a unified digital bathymetric model. Grid resolutions are 5 m for the shallow-water data
and 40 m for the deep-water data, covering a total of 49,418.7 km? of seafloor. This dataset provides unprecedented spatial
coverage of the eastern Red Sea seafloor and represents a key resource for marine sciences and marine spatial planning in a

region where available detailed bathymetry has historically been limited.

1. Introduction

The Red Sea is a young, narrow ocean basin extending between the Arabian Peninsula and northeastern Africa, characterised
by strong latitudinal gradients in bathymetry, geomorphology, and oceanographic conditions (Lazar et al., 2012). The origin
and evolution of the Red Sea has long been a subject of debate, with classical models defining it as a transitional rift at the
latest stages of continental rifting (Cochran and Martinez, 1988; Ehrhardt et al., 2005), and recent works showing that it is
acting as a mature ocean basin active for the last 13 Ma (Augustin et al., 2021). In contrast, the northernmost sector, the Gulf

of Aqaba, is dominated by narrow shelves and steep slopes associated with the tectonics of the Dead Sea Transform Fault
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System (Ben-Avraham, 1985; Ben-Avraham et al., 1979; Ribot et al., 2021a; Weinstein et al., 2021). The seafloor morphology
is further shaped by the movement of thick Miocene evaporite sequences (Feldens and Mitchell, 2015; Mitchell and Park,
2014), which overprint the basement structure and influence the distribution of modern carbonate buildups along the margins
(Rowlands et al., 2014).

High-resolution bathymetric data are a critical prerequisite for understanding seafloor structure, benthic habitat distribution,
and geohazard processes, and supporting offshore infrastructure development and marine management (Cogan et al., 2009).
In the Red Sea, however, the availability of publicly accessible, high-resolution bathymetry has remained extremely limited.
Existing regional products, such as the General Bathymetric Chart of the Oceans (GEBCO), provide only coarse resolution
coverage (15 arcsec, ~450 m) that is insufficient to resolve seafloor morphology at the scales required for ecological or
geomorphological studies. Available data from detailed multibeam surveys are concentrated along the central axis of the basin,
associated with mid-ocean ridge investigations (Augustin et al., 2016b; Fittipaldi et al., 2025a, b; Schmidt et al., 2013) or the
Gulf of Aqaba (Ribot et al., 2021a, b), whereas the Saudi Arabian shelf and slope remain largely unmapped at high resolution
with the exception of the data from the recent M193 cruise (Liidmann et al., 2023). This regional gap mirrors a global one.
Global mapping initiatives such as the Nippon Foundation—-GEBCO Seabed 2030 Project (Mayer et al., 2018) aim to produce
a complete map of the world ocean floor by 2030, and they depend on the integration of regional and local high-resolution
surveys to progressively replace coarse grids. In recent years, comparable regional-scale, high-resolution MBES datasets have
been released and made openly available for other basins, including the Tyrrhenian Sea (Foglini et al., 2025) and the Baltic
Sea (Janowski et al., 2024, 2025). The dataset presented here extends this effort to the Saudi Arabian continental margin and
slope, providing insights into these structurally complex and ecologically significant settings, which have until now lacked
detailed bathymetric characterisation and remained absent from openly accessible high-resolution products.

The Red Sea Decade Expedition (RSDE), conducted from February to June 2022, was a multidisciplinary oceanographic
campaign with primary scientific objectives focused on biological, ecological, and biogeochemical investigations, including
the collection of sediment cores, environmental DNA (eDNA), and direct observations using crewed submersibles and
remotely operated vehicles (ROVs) (Angulo-Preckler et al., 2023, 2024; Anker et al., 2023; Frappi et al., 2023; Friihe et al.,
2025; Klein et al., 2025; Lim et al., 2025a, b; Macrina et al., 2025; Martynova et al., 2024; Nolan et al., 2025; Vicario et al.,
2024; Vimercati et al., 2024a, b). In the expedition context, seafloor mapping was a foundational activity designed to support
and contextualise sampling efforts. Survey operations were organised into four along-coast Legs, each subdivided into
operational Phases targeting different depth ranges and environments. Bathymetric data acquisition was tightly coupled to the
spatial and temporal requirements of other mission objectives, and therefore multibeam coverage was prioritised around dive
sites, sampling transects, and areas of specific scientific interest rather than following a uniform grid strategy. This operational
design resulted in a spatially heterogeneous bathymetric dataset, with variable coverage density and resolution across Legs

and Phases. The bathymetric dataset described here represents the integrated outcome of these mission-driven surveys.
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2. Data acquisition
2.1. Survey design and acquisition strategy

Bathymetric data were acquired during the Red Sea Decade Expedition (RSDE) from February to June 2022 aboard the R/V
OceanXplorer (Fig. 1), with additional shallow-water coverage collected using the support vessel Metalshark38. The
Multibeam echosounder system (MBES) survey was conducted opportunistically, primarily during night operations and while
transiting between sites. As the expedition’s primary objectives focused on sediment sampling, biological surveys, and
environmental characterisation using ROV and crewed submersible dives, MBES surveys were designed to provide local- to
regional-scale seafloor context to inform dive planning and sampling locations. Accordingly, survey line placement,
orientation, and spacing were adjusted dynamically to accommodate operational priorities, dive schedules, and environmental
conditions. This mission-driven acquisition strategy produced spatially heterogeneous bathymetric coverage, with higher-
density mapping concentrated around high-activity dive and sampling areas and comparatively limited coverage in other

regions (Fig. 1).
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Figure 1: Cruise plan and spatial extent of bathymetric mapping during the 2022 Red Sea Decade Expedition (RSDE). Multibeam
echosounder (MBES) survey areas acquired from the R/V OceanXplorer are shown across the Red Sea and coloured by expedition
leg: Leg 1 (yellow), Leg 2 (red), Leg 3 (blue), and Leg 4 (light blue). Survey effort spanned the basin from the southern Red Sea to
the northern Red Sea and the Gulf of Aqaba. For each Leg, the planned time allocation is shown in days.

2.2. Survey instrumentation and sound-velocity correction

Deep-water bathymetry was acquired using a hull-mounted Kongsberg EM 304 multibeam echosounder (20—32 kHz) installed
on the R/V OceanXplorer. Shallow-water bathymetry (generally <~100 m) was collected using a Teledyne RESON SeaBat
T50-P multibeam echosounder (190-420 kHz) mounted on Metalshark38, a 38 ft support vessel deployed from the main ship
(Fig. 2a). For both platforms, vessel positioning and attitude were provided by integrated GNSS and motion reference systems.
Sound-velocity profiles used for multibeam correction were collected from 115 expendable bathythermograph (XBT)
deployments conducted throughout the expedition. Profiles were collected opportunistically along survey lines to capture
spatial and temporal variability in water-column structure, then stored and processed in Sound Speed Manager (Masetti et al.,

2020) before being imported into Qimera during bathymetric processing.
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3. Data processing
3.1. Processing workflow

MBES data were processed post-expedition at Habitat and Benthic Biodiversity Laboratory (HaBB), King Abdullah University
of Science and Technology (KAUST) using Qimera v2.4.1 (QPS, Netherlands). Raw MBES files from all survey platforms
were processed with a standardised workflow to ensure internal consistency across Legs, Phases, and acquisition systems, and
to generate bathymetric surfaces suitable for regional- to local-scale analyses (Fig. 2).

Given the overall volume of the dataset and the spatial extent of the survey, MBES processing was distributed across multiple
operators. Four dedicated processors independently handled the data from individual survey Legs for both the OceanXplorer
deep-water acquisition and the Metalshark38 shallow-water surveys. A fifth processor coordinated the overall workflow,
integrating and quality-checking the individual projects to ensure consistency across the full dataset.

This distributed processing strategy was implemented using the project-import functionality of Qimera, which allows projects
to be exchanged as QPD files. Individual processors worked on separate project instances while periodically exporting updated
QPD files that were imported into a central merged project. This configuration enabled near-real-time oversight of processing
progress, cross-checking of cleaning decisions, and harmonisation of processing parameters across all Legs.

Sound-velocity corrections were applied using profiles processed with Sound Speed Manager (SSM), and navigation and
altitude data were imported and verified. Tide corrections were applied using Red Sea tide stations available from the General
Authority for Survey and Geospatial Information of Saudi Arabia (GASGI) database. Survey lines were then systematically
inspected for timing offsets, navigation artefacts, and other acquisition issues prior to cleaning. Processing steps, including
sound-velocity correction, manual and automated filtering, and adaptive cleaning based on depth and slope, were applied to

minimise artefacts commonly associated with MBES data, such as outer-beam noise and slope-related distortions.
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Figure 2: Survey instrumentation and bathymetry processing workflow. Panel a, Data collection. Deep- and intermediate-water
bathymetry was acquired from the R/V OceanXplorer using a hull-mounted Kongsberg EM 304 multibeam echosounder (20-32
kHz). Shallow-water bathymetry was acquired from the support vessel Metalshark38 using a Teledyne RESON SeaBat T50-P
multibeam echosounder (190—420 kHz). Vessel positioning and attitude were provided by integrated GNSS and motion reference
systems. Sound-velocity information for multibeam correction was derived from 115 expendable bathythermograph (XBT)
deployments collected throughout the expedition. Panel b, Data processing. MBES data were processed in Qimera following a
standardized workflow comprising (1) sound-velocity, navigation, and altitude corrections, (2) systematic inspection and cleaning of
survey lines, and (3) automated and manual filtering to remove outliers, producing the final corrected bathymetric surfaces.

3.2. System calibration

Prior to data acquisition, patch tests were performed for MBES systems to determine the angular mounting offsets of the
transducer arrays relative to the vessel reference frame. The resulting roll, pitch, and heading offsets, as well as time latency
values, were applied to all raw data during processing and are stored in the respective vessel configuration files in QPS Qimera.

Table 1 summarises the calibration offsets for each system.

Table 1: Patch test calibration offsets applied during MBES data processing for the Kongsberg EM 304 (transmitter and receiver
arrays) and Teledyne RESON SeaBat T50-P systems.

MBES system Roll (°) Pitch (°) Heading (°) Latency (s)
EM 304 TX 0.12 0.48 0.04 0
EM 304 RX -0.11 0.87 0.04 0
RESON T50-P TX -1.40 2.52 0.1 0
RESON T50-P RX -1.40 2.52 0.1 0
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3.3. Gridding and spatial coverage

After filtering processes, the accepted soundings were gridded into seven Digital Bathymetric Models (DBMs). Two fixed grid
resolutions were applied: 5 m for shallow-water data acquired by the T50-P aboard Metalshark38, and 40 m for deep-water
data acquired by the EM 304 aboard the R/V OceanXplorer, reflecting differences in depth, survey design, and line spacing
among Legs and Phases (Table 2). Across the 2022 RSDE survey, a total of 2,863 MBES survey lines were processed,
producing bathymetric coverage of 49,418.7km? (Table 2). High-resolution shallow-water mapping collected from
Metalshark38 contributed 133.8 km? of gridded bathymetry, while deep-water mapping from the R/V OceanXplorer
contributed 49,284.9 km?. Figure 3 shows the full extent of the gridded bathymetry across the Red Sea (panel a), which
integrates all seven DBMs, alongside eight representative subsets (panels b—i), two per expedition Leg. These enlarged panels
highlight the diversity of geomorphological settings captured by the survey. Erosive and gravity-driven processes are
widespread along the margin, from gully fields incising the upper slope (panel b) to canyon flanks affected by slope instability
(panel d) and a mass-wasting deposit related to a submarine landslide (panel g). Salt-related morphologies record the mobility
of the widespread Miocene evaporites, expressed as a salt-flow lobate front (panel c) and as compressional ridges and flow
lineaments related to salt movement (panel f) (Feldens and Mitchell, 2015; Mitchell et al., 2010). Volcanic and tectonic features
characterise the deep central axis, including volcanic edifices and extensional lineaments (panel h) (Augustin et al., 2016a)
and hummocky deposits related to lava flows in the Mabahiss Deep (panel e) (Fittipaldi et al., 2025b). Finally, panel i shows
a pockmark field formed by fluids expelled through the underlying evaporite sequence (Feldens et al., 2016).
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Figure 3: Final digital bathymetric models (DBMs) generated from RSDE multibeam surveys. Panel a, overview map integrating all
seven DBMs, coloured by depth (metres). Panels b—i show representative examples of seafloor morphology, two per expedition Leg.
Panel b, gully field on the upper slope (Leg 4). Panel c, salt-flow lobate front (Leg 4). Panel d, canyon flanks affected by slope
instability (Leg 3). Panel e, hummocky deposits related to lava flows (Leg 3). Panel f, compressional ridges and flow lineaments
related to salt movement (Leg 1). Panel g, mass-wasting deposit related to a submarine landslide (Leg 1). Panel h, volcanic cones and
extensional lineaments along the central axis (Leg 2). Panel i, pockmark field (Leg 2). Scale bars in kilometres.
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Table 2: Summary of the Legs (L) and Phase (P): acquisition period, number of survey lines, resolution, area mapped. The survey
effort was organized into four sequential geographic Legs (L1 to L4) conducted between February and June 2022. Operational
Phases (P) represent subdivisions of each Leg targeting specific depth ranges and scientific objectives. Data acquisition was
performed using two distinct platforms and multibeam echosounder (MBES) systems: the R/V OceanXplorer (OCX), equipped with
a hull-mounted Kongsberg EM 304 for deep-water environments (40 m resolution), and the support vessel Metalshark38 (MS),
equipped with a Teledyne RESON SeaBat T50-P for shallow-water targets (5 m resolution). The listed area coverage (km?)
corresponds to the final gridded Digital Bathymetric Models (DBMs) available in the public repository. Note that the reported
overall total area for EM304 represents the net unique seafloor area mapped (*). This value is lower than the arithmetic sum of
individual leg and phase areas due to spatial overlaps occurring during transits and opportunistic re-surveys.

Leg and Phase Date MBES Survey lines DBM Resolution  Area coverage
(n) (m) (km?)
L1P1 02 - 2022 196 40 7,068.5
L1D 02 - 2022 40 40 1,089.6
L1P2 02/3 - 2022 196 20 3,834.2
L1P2-MS 02/03 - 2022 130 5 14.6
Total 562 12,006.9
L2P1 03 -2022 218 40 9,377.6
L2P2 03/04 - 2022 222 25 4,740.5
L2P2-MS 03/04 - 2022 213 5 42.2
Total 653 14,160.2
L3D 04 - 2022 183 40 6,854.3
L3P1 04/05 - 2022 127 40 5,050.7
L3P2 05 -2022 336 30 6,145.6
L3P2-MS 05 -2022 296 5 335
Total 942 18,084.1
L4P1 05/06 - 2022 143 30 6,297.7
L4P1-MS 05/06 - 2022 65 5 18.9
L4P2 06 - 2022 59 30 1,958.8
L4P2-MS 06 - 2022 107 5 24.5
L4D-MS 06 - 2022 207 5 45.7
L4D 06 - 2022 125 20 3,839.2
Total 706 12,184.8
T50P total 1,018 5 133.8
EM304 total * 1,845 40 49,284.9
Overall total * 2,863 5;40 49,418.7
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4. Technical validation

The quality of the bathymetric dataset was assessed through internal consistency analysis with cross-check comparisons of
overlapping soundings against reference grids, evaluated against the International Hydrographic Organization (IHO) Standards

for Hydrographic Surveys, S-44 (6th Edition, 2024) (International Hydrographic Organization, 2024).

4.1. Internal consistency: cross-check analysis

In the absence of pre-existing processed bathymetric datasets in the surveyed areas, all cross-check analyses are self-
consistency assessments in which the survey data are compared against reference grids derived from the same acquisition.
Bathymetric studies in unmapped or poorly constrained areas commonly assess data quality through internal self-consistency
metrics such as repeated surveys, overlapping swaths, and inter-pass disparity, rather than through comparison against

independent grids (Calder and Mayer, 2003; Mohammadloo et al., 2020; Sauter et al., 2025).

Internal consistency of the processed bathymetric data was assessed using the cross-check tool in QPS Qimera, which computes
the depth bias between individual soundings and a reference grid constructed from overlapping survey lines. Specifically, the
analysis quantifies inter-pass disparity, defined as the vertical variability between overlapping soundings acquired during
different survey passes or under different swath geometries (Sauter et al., 2025). By comparing these internal repetitions, the
dispersion of the data is used as a proxy for total measurement uncertainty, ensuring that the final DBMs maintain high spatial
coherence even in the absence of independent ground-truth datasets. Cross-check analyses were performed in one
representative sub-area per MBES for both the first and last legs of the campaign (Leg 1 and Leg 4), providing a systematic
assessment of data quality at the beginning and end of the four-month expedition. Validation was restricted to areas where
survey line geometry allowed robust statistical evaluation, specifically where parallel survey lines were intersected by
perpendicular or near-perpendicular line. The use of cross-lines maximises the detectability of inter-pass disparity. The selected
sub-areas encompass the range of depth intervals and acquisition conditions encountered during the campaign and provide a

consistent basis for evaluating internal data quality and system stability.

For the deep-water EM 304 dataset, cross-checks were conducted in areas L1P1 (Leg 1, February 2022) and L4P1 (Leg 4,
May—June 2022), covering depth ranges of 569—1,682 m and 617-1,280 m, respectively. Results were compared against the
depth-uncertainty limits (THU and TVU) of the IHO S-44 Exclusive Order, used here as a stringent numerical benchmark
rather than as an applicable survey order, since these limits are the tightest defined in the standard. For the shallow-water T50-
P dataset, cross-checks were conducted in areas L1P2 (Leg 1, February 2022) and L4P2 (Leg 4, June 2022), covering depth
ranges of 44—136 m and 32—-186 m, respectively, and evaluated against IHO S-44 Order 1, applicable to coastal and shelf
environments. For all datasets a consistent geometry of survey lines was selected for the cross-check, a set of parallel lines
crossed by a perpendicular one. The comparison grid has the same resolution of the final processed bathymetry, 40 m for

EM304 and 5 m for T50P.

10
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In all four areas, the cross-check tests were accepted under the respective IHO standards (Table 3). For the EM 304 system,
depth bias means were 0.055m (L1P1) and 0.077 m (L4P1), indicating negligible and mutually consistent systematic offset
across the full duration of the campaign. For the T50-P system, depth bias means were 0.000 m (L1P2) and -0.008 m (L4P2),
with standard deviations of 0.337 m and 0.246 m, the lowest values across all four validation areas, consistent with the higher
sounding density and finer grid resolution achievable in shallow water. The close agreement between Leg 1 and Leg 4 results
for both systems, separated by approximately four months of continuous operations, demonstrates the stability of the system

calibrations over time.

Table 3: Summary of IHO cross-check results for the three representative validation areas. All tests “accepted”. Error limits are
depth-dependent and computed by Qimera according to the respective IHO S-44 standard at the mean depth of each area.

Area System Depth IHO Mean diff Std dev Mean+2¢ Error limit
range (m) order (m) (m) (m) (m)
L1P1 (LEG 1) ‘ EM 304 569-1682 EO (6th) 0.055 1.649 3.353 6.180
L4P1 (LEG 4) ‘ EM 304  617-1280 EO (6th) 0.077 1.781 3.639 6.845
L1P2 (LEG 1) ‘ T50-P 44-136 Order 1 0.000 0.337 0.675 1.060
L4P2 (LEG 4) ‘ T50-P 32-186 Order 1 —0.008 0.246 0.501 1.101

5. Usage notes
5.1. Coordinate reference system and vertical datum

All bathymetric grids are projected in WGS 84 / UTM Zone 37N (EPSG:32637). The vertical datum is the Lowest
Astronomical Tide (LAT). Tidal corrections were applied using predicted tide heights from the Saudi Tide Tables 2022
(Volume I: Red Sea and Gulf of Aqaba), published by the General Authority for Survey and Geospatial Information of Saudi
Arabia (GASGI), in which all tidal heights are referenced to LAT.

5.2. Known limitations

Coverage is spatially heterogeneous across the dataset, reflecting the mission-driven acquisition strategy of the expedition:
survey lines were planned dynamically to support dive operations and sampling activities rather than to achieve uniform areal
coverage. Higher sounding density is therefore concentrated around dive and sampling sites, while other regions have
comparatively sparse or absent coverage. In addition, typical sources of uncertainty inherent to multibeam echosounder data
should be considered when using this dataset. These include depth-dependent uncertainty scaling, associated with increasing
beam footprint size and decreasing signal-to-noise ratio with depth, as well as reduced accuracy at outer swath angles.
Furthermore, steep seafloor slopes may introduce local artefacts due to beam geometry and interpolation effects during
gridding. The increase in standard deviation with depth observed in the cross-check analysis is consistent with these well-

established characteristics of MBES systems.

11
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6. Data availability

The bathymetric dataset acquired during the 2022 Red Sea Decade Expedition is available on Zenodo at
https://doi.org/10.5281/zenodo.19065211 (Marchese et al., 2026). The repository contains the following GeoTIFF raster files:
one grid file covering the full deep-water survey area (40 m resolution), acquired by the Kongsberg EM 304 aboard the R/V
OceanXplorer (OCX_ RSDE2022), and six grid files of shallow-water bathymetry (5 m resolution) acquired by the Teledyne
RESON SeaBat T50-P aboard Metalshark38 (MS _RSDE2022), named by Leg and Phase (Table 2). Each file contains a
bathymetric model representing gridded water depth in metres, referenced to the Lowest Astronomical Tide (LAT), projected
in WGS 84 / UTM Zone 37N (EPSG:32637). Files conform to the GeoTIFF 1.1 standard and are readable by any GDAL-
compatible software, including QGIS, ArcGIS, and Python (rasterio, GDAL). No proprietary software is required to access
the data. In accordance with international standards for geospatial metadata, each GeoTIFF file is accompanied by a metadata

record in XML format, compliant with the ISO 19115 standard.

7. Code availability

No custom code was developed or used in the acquisition, processing, or validation of the dataset described in this paper.

8. Conclusion

This study presents a comprehensive regional-scale, high-resolution multibeam echosounder bathymetric dataset covering the
Saudi Arabian margin of the Red Sea, acquired during the 2022 Red Sea Decade Expedition. The dataset comprises 2,863
survey lines collected from two platforms and processed into Digital Bathymetric Models at 5 m and 40 m resolution, covering
49,418.7 km? from shallow coastal waters to depths exceeding 2,400 m. Data quality was assessed through standard calibration
procedures and internal cross-check analyses evaluated against IHO S-44 standards, indicating consistent performance across
both shallow- and deep-water datasets throughout the expedition. Compared to existing regional products, which are limited
by coarse resolution and incomplete coverage, the dataset provides improved spatial resolution and coverage along the Saudi
Arabian Red Sea.

This work helps bridge a major gap in the region and provides a foundation for applications such as seafloor mapping, benthic
habitat studies, and geomorphological analyses, while supporting the interpretation and planning of future observations in the
region. Beyond its regional relevance, this dataset contributes to global seafloor mapping efforts such as the Nippon
Foundation—-GEBCO Seabed 2030 Project (Mayer et al., 2018), adding openly accessible high-resolution bathymetry for a

previously under-mapped sector of the world ocean.

12
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