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ARTICLE INFO ABSTRACT
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teristics. Despite this, high-resolution topo-bathymetric data are not openly available for most of
the world’s coastal areas, preventing accurate estimation of the exposure to storms and associated
risks. Global models of topography and bathymetry, derived from remote sensing techniques, are
available worldwide as an open-source solution to characterise coastal morphology. However,
their coarse resolution, limited vertical and horizontal accuracy, alongside inconsistencies in the
transition from land to the shallow nearshore zone, make their use in coastal areas challenging,
requiring careful evaluation. This study investigates the potential and limitations of four recent
open-access satellite-derived topographic models (Copernicus GLO-30 DEM, AW3D30, TanDEM-
X, Euro-Maps 3D) and three bathymetric models (GEBCO_2023, SRTM15+, ETOPO 2022) in five
coastal barriers. It proposes a new approach to integrate global models to provide a consistent
representation of the topo-bathymetric continuum profile in coastal areas characterised by a
barrier morphology. Coastal barrier profiles, representative of natural sectors and characterized
by morphological homogeneity, were derived by merging global topographic and bathymetric
digital elevation models and implementing an equilibrium profile in the transition zone. The
profiles obtained from the global models were compared with higher resolution local or regional
topo-bathymetry. The global topographies tend to underestimate the dune top, with TanDEM-X
giving the best results in terms of dune crest height and beach slope. The barrier continuum
profiles that merged TanDEM-x and ETOPO 2022 global models were found to have the lowest
error, with a vertical RMSE of 0.76 m. Based on integration of these remotely sensed models, it is
possible to determine average representative coastal barrier profiles suitable for use in global to
regional coastal studies or in data-poor areas, potentially serving as a cost-effective tool for
preliminary coastal hazard assessments and early warning systems at wide spatial scales.

1. Introduction

Coastal barriers are dynamic, valuable, yet vulnerable coastal environments (e.g., McBride et al., 2022), and are strongly affected
by storm events and sea level rise (e.g., Gharagozlou et al., 2020; Irish et al., 2010). To understand and model their morphological
response to coastal processes, it is necessary to characterise not only the forcing agents but also the geomorphological properties of
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these coastal systems (Cooper et al., 2018). Such properties are also paramount for the definition of morphological geo-indicators (see
Carapuco et al., 2016) or process-based indicators (Ferreira et al., 2017), which can be used in coastal hazard and risk assessments (e.g.
Torresan et al., 2008; Nguyen et al., 2016). Several methods have been developed to derive high-resolution land topography and ocean
bathymetry data at local scales (see Melet et al., 2020) and to extract coastal barrier characteristics (Wernette et al., 2016). These
include airborne Light Detection and Ranging (LiDAR), structure from motion photogrammetry using imagery from unmanned aerial
vehicles and multibeam echo sounding. However, high-resolution topo-bathymetry is still not available in many coastal areas around
the world (e.g., Archer et al., 2018; Simpson et al., 2015; Wechsler, 2007), and there is a global lack of data in intertidal and shallow
water coastal regions (Tseng et al., 2017). This is particularly relevant in areas where water clarity is suboptimal and wave breaking
restricts direct surveying. Moreover, data collected in coastal waters are often under national jurisdiction, outdated, and not openly
available (Wolfl et al., 2019). Despite major international seafloor mapping initiatives (e.g. SEABED, 2030; EMODnet, ETOPO), more
than fifty percent of the world’s coastal waters shallower than 200 m depth remain unsurveyed (IHO, 2023), with less than 10 % of the
seafloor covered by high-resolution multibeam data (Mayer et al., 2018), mostly collected in economically relevant areas and often
confidential (Wolfl et al., 2019).

Given these limitations, Global Digital Elevation Models (GDEMs) and Global Bathymetric Models (GBMs), generated using remote
sensing techniques, are increasingly becoming the data of choice for many coastal applications from global to local scales. The first
GDEM was produced in 2003 by the Shuttle Radar Topography Mission (SRTM, Farr et al., 2007), with 90 m horizontal resolution, after
which several open source GDEMs options derived from Synthetic Aperture Radar (SAR) technologies or optical satellite imagery
became available (Hawker et al., 2018a; Proietti et al., 2017). Between 2009 and 2020 several 30 m resolution GDEMs were released:
the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER, Yamaguchi et al., 1998), the NASADEM derived from
reprocessing and improving SRTM (Crippen et al., 2016), the World3D based on stereo-imagery from the Advanced Land Observing
Satellite (ALOS) (AW3D30, Tadono et al., 2016), the SAR-derived TanDEM-X (Rizzoli et al., 2017) and, from the TanDEM-X terrain
correction and hydrological editing, the Copernicus GLO-30 DEM (Fahrland et al., 2020). Recently, commercial GDEMs have also been
developed, generally with a higher spatial resolution and better accuracy, such as the CoastalDEM (Kulp and Strauss, 2019) at 30m
resolution, WorldDEM (i.e. the commercial TanDEM-X) at 12 m resolution, the stereo-derived Euro-Maps 3D (Uttenthaler et al., 2013)
at 5 m resolution and Vricon at 0.5 m resolution.

Regarding global ocean bathymetry and starting in the mid-1990s with Smith and Sandwell (1994, 1997), the advent of satellite
altimetry led to major advances in the estimation of bathymetry from space to complement the sparse and scarce high-resolution
bathymetric surveys (Wolfl et al., 2019). Since then, several GBMs obtained from satellite-derived gravity anomalies, integrated
with marine remote sensing techniques (single and multibeam echo sounding, bathymetric LIiDAR) and existing nautical charts have
been produced using a range of interpolation techniques, and released at increasingly higher resolutions (Tozer et al., 2019). The most
recent GBMs are SRTM15+4-V2.0 Tozer et al. (2019); ETOPO 2022 (NOAA National Centers for Environmental Information, 2022) and
GEBCO_2023 (GEBCO Bathymetric Compilation Group, 2023), all providing global coverage on a 15 arcsecond grid (~460 m). Despite
providing elevation data for land and depth data for the ocean, bathymetry and topography in these GBMs are not merged but rather
separated by the shoreline boundary, defined using The Global Self-consistent, Hierarchical, High-resolution Geography Database
(GSHHG) for SRTM15+V2.0 and ETOPO 2022 or the World Vector Shorelines (WVS) dataset for GEBCO_2023. This can result in a
misalignment in the order of a few hundred meters (Tozer et al., 2019), which, together with their coarser resolution than openly
available GDEMs, makes GBMs use challenging for nearshore and coastal areas.

Despite years of progress and increasing vertical and horizontal accuracies, GDEMs still have systematic to random errors (Hawker
et al., 2018a) with various authors pointing to the need for up-to-date, openly available and high-resolution GDEMs (Hawker et al.,
2018a; Schumann and Bates, 2018; Simpson et al., 2015). The current GDEMs are considered to be uncertain in terms of vertical
accuracy for high-confidence evaluations of sea level rise and coastal flooding impacts (Gesch, 2018), leading to errors in coastal
hazard assessments (Melet et al., 2020; Serafin et al., 2019) and underestimation of coastal vulnerability (Kulp and Strauss, 2016;
Parodi et al., 2020; Simpson et al., 2015). Similarly, global compilations of ocean bathymetry are still incomplete (Li et al., 2023), have
insufficient vertical and spatial resolution, interpolation errors, and inaccuracies in shallow waters (Cesbron et al., 2021). Moreover,
their vertical consistency is seldom guaranteed when merging multiple data sources (GEBCO Bathymetric Compilation Group, 2023)
due to the lack of detailed information on the vertical datums (Weatherall et al., 2015). Therefore, it is crucial to recognise their
limitations, errors, and inconsistencies but also to develop approaches to improve their quality and guarantee a suitable use as openly
available global databases are an advantageous alternative to costly and sparsely available high-resolution data sources, particularly in
remote and/or data poor regions where more accurate local data is not available and collection is not feasible. Careful evaluation of
GDEMs and GBMs is required to ensure appropriate consideration of data uncertainties, especially in coastal areas where more detailed
and accurate information is fundamental for effective management and decision-making (Gesch, 2018; Parodi et al., 2020; Septilveda
et al., 2020; Simpson et al., 2015), and where remote sensing techniques present greater challenges.

Although better remote sensing solutions for estimating bathymetry in coastal areas are beginning to emerge both locally (Bergsma
et al., 2021; Caballero and Stumpf, 2019; Cesbron et al., 2021; Li et al., 2023; Pacheco et al., 2015; Pleskachevsky et al., 2011),
regionally (Bishop-Taylor et al., 2019) and globally (Almar et al., 2021a; Ashphaq et al., 2021; Salameh et al., 2019), as well as al-
gorithms for editing and improving GDEMs (Gonzalez et al., 2020; Hawker et al., 2018a, 2018b), global models are still commonly
used without fully acknowledging their inaccuracies and errors or requiring in-situ data for calibration. In particular, GBMs have been
used without corrections to assess tsunami hazards (Septilveda et al., 2020), storm surges and extreme sea levels (Muis et al., 2020),
shoreline retreat due to sea level rise (Vousdoukas et al., 2020), and coastal flooding (Parodi et al., 2020). Similarly, space-borne
GDEMs have been widely applied in coastal areas for hydrogeomorphological risk assessment and damage estimation for natural
hazards such as coastal flooding and inundation (Archer et al., 2018; Gesch, 2018; Hawker et al., 2018a, 2018b; Mason et al., 2015,
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2016; Neumann et al., 2015; Vousdoukas et al., 2016, 2018), also considering the effect of sea level rise (Almar et al., 2021b; Bove
et al., 2020; Fandé et al., 2022; Gesch, 2018; Kulp and Strauss, 2019; Parodi et al., 2020; Vousdoukas et al., 2022). Results from such
analyses have been incorporated in key findings in the IPCC Sixth Assessment Report (IPCC, 2022). A fundamental challenge for the
correct use of GDEMs and GBMs is to understand and quantify their errors and then, as they propagate through the analysis, incor-
porate these uncertainties into the models and projections (Bove et al., 2020; Leon et al., 2014; Septlveda et al., 2020; Vousdoukas
etal., 2018). Moreover, it is also necessary to develop tools and methods that minimise errors and allow the definition of representative
coastal profiles from GDEMs and GBMs that are suitable for coastal hazard and risk analysis. This paper presents a new approach to
determine continuous topo-bathymetric barrier profiles from GDEMs and GBMs and proposes a novel solution to minimise the
challenges associated with the absence of shallow nearshore and intertidal data, robustly evaluating the performance for estimating
coastal barrier profiles. These profiles can be widely applied in regional to global scale analysis that evaluate the vulnerability of
coastal barriers to coastal hazards, as well as in impact and disaster risk reduction assessments for present and future scenarios.

2. Materials and methods
2.1. Topography

In this work, four recent openly available satellite-derived GDEMs were selected with the criteria of having a minimum resolution
of 30 m to resolve the coastal barrier morphology. In particular, the following GDEMs were analysed: Copernicus GLO-30 DEM
(Fahrland et al., 2020) and AW3D30 (Tadono et al., 2014) with 30 m resolution, TanDEM-X (Rizzoli et al., 2017) with 12 m resolution
and Euro-Maps 3D with 5 m resolution (Uttenthaler et al., 2013) (Table 1). Euro-Maps 3D is derived from IRS-P5 CartoSat-1 in-flight
stereo data and was selected because it is the highest resolution GDEM, although with a free download for Copernicus-related insti-
tutional users limited to an area of 1400 km?, which limited the availability across the study sites. The TanDEM-X GDEM was generated
using SAR interferometry and allows for more accurate topographic data by measuring the phase differences between multiple SAR
acquisitions from two satellites (TerraSAR-X and TanDEM-X) and is openly available at 12 m for non-commercial research purposes.
TanDEM-X has been shown to outperform previously commonly used GDEMs, such as ASTER, SRTM and AW3D30, in terms of ac-
curacy in a wide variety of areas such as mountainous, coastal, urban and vegetated (Chu and Lindenschmidt, 2017; Gdulova et al.,
2021; Gesch, 2018; Li et al., 2021; Parodi et al., 2020; Vassilaki and Stamos, 2020). The Copernicus GLO-30 DEM was derived from
TanDEM-X after terrain correction and hydrological processing by removing spikes, gap filling and identifying systematic and random
errors (Collins et al., 2015), thus representing an improvement to the native TanDEM-X (Maresova et al., 2021), although it has lower
horizontal resolution (Table 1). Finally, AW3D30 was derived from images acquired by the panchromatic remote sensing instrument
for stereo mapping onboard of the ALOS and it proved to be a robust and accurate DEM for multiple geographic regions (Uuemaa et al.,
2020) and specifically for maximum coastal elevations (Almar et al., 2021b).

All GDEMs analysed represent the actual surface of the terrain (i.e. they are digital surface models), including infrastructures and
vegetation. Since the main objective of this work is to define the uncertainties of the models for coastal barriers, only natural areas
were selected, avoiding heavily vegetated or built-up areas. The analysis was performed on five natural coastal barriers sectors spe-
cifically, the Ria Formosa in Portugal, Pamlico Sound and Fire Island in the USA, Terschelling in the Netherlands, and Myalup in
Australia (see section 2.3 for details of study sites), for which high-resolution LiDAR-derived DEMs were also available (Table 2).

Table 1
Specifications for global topographic models.
GDEMs Pixel Horizontal Vertical Absolute Absolute Relative Acquisition Coverage
Spacing Datum Datum Horizontal Vertical Vertical window
Accuracy” Accuracy” Accuracy
TanDEM-X 0.4 arcsec WGS84- WGS84- <10m <10m 2m (slope < 2010-2015 Global (—180°W
(~12m @ G1150 G1150 20 %) to 180°E, —90°S
equator) EPSG:4979 ellipsoid 4m (slope to 84°N)
>20 %)
Copernicus 1 arcsec WGS84- EGM2008 <6m <4m <2m (slope 2010-2015 Global (—180°W
GLO-30 (~30m @ G1150 EPSG:3855 < 20 %) to 180°E, —90°S
DEM equator) EPSG:4326 <4m (slope to 90°N)
>20 %)
Euro-Maps 3D 5m WGS84 EGM96 5-10 m 5-10 m <3m 2007-2016 Global, cloud
EPSG:4326 limited (Proietti
et al., 2017)
AW3D30 1 arcsec WGS84 EGM96 7 m 7 m 5m RMSE 2006-2011 Global, gap filled
(~30m @ EPSG:4326 (Takaku et al.,
equator) 2020)

a 90 % circular error (CE90)
b 90 % linear error (LE90)
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2.2. Bathymetry

Among all the available GBMs, the most recent and commonly used were analysed in this work and include SRTM15+ (Tozer et al.,
2019), GEBCO_2023 (GEBCO Bathymetric Compilation Group, 2023; ETOPO 2022 (NOAA National Centers for Environmental In-
formation, 2022) (Table 3). These were compared with high-resolution LiDAR-derived bathymetric DEMs to approximately 10 m
water depth and, at greater depths, with regional bathymetric models (RBMs) such as the CUDEM for the USA (Amante et al., 2023),
EMODnet for Europe (Thierry et al., 2019) and the 2023 Australian Bathymetry and Topography grid (Beaman, 2023) (Table 4). The
SRTM15+ bathymetry was developed following the methodology outlined by Smith and Sandwell (1997, 1994) and has recently been
augmented in shallow areas with bathymetric datasets developed by the Seabed 2030 Regional Centers for the production of GEBCO
Bathymetric Compilation Group, 2023. The GEBCO_2023 grid is augmented through a blending “remove-restore” procedure
(Weatherall et al., 2015) with SRTM15+ and regional bathymetric datasets based on multibeam, singlebeam and other individual
surveys from EMODnet and additional sources. ETOPO 2022 integrates bathymetric data from GEBCO Bathymetric Compilation
Group, 2023 and GMRTv4.0, as well as land topography from Copernicus GLO-30 and other data sources (NOAA National Centers for
Environmental Information, 2022). The RBMs also include GBMs, for instance, ETOPO and SRTM are incorporated in the Australian
RBM in areas where higher resolution sounding data are not available (Whiteway, 2009), GEBCO in EMODnet (Thierry et al., 2019)
and SRTM15+ in CUDEM (Amante et al., 2023).

While these datasets are related and have interdependencies due to shared high-resolution data, their comparison is important to
consistently assess their accuracy and performance in different coastal areas. The fact that they are derived from the assimilation of
heterogeneous data types has implications in terms of vertical datum, as surface models in shallow water areas are often assumed to be
referred to MSL, even when they have distinct vertical references (GEBCO Bathymetric Compilation Group, 2023; NOAA National
Centers for Environmental Information, 2022). The GEBCO_2023 grid is accompanied by a Type Identifier file (TID, GEBCO Bathy-
metric Compilation Group, 2023) while each ETOPO 2022 tile has an associated Source ID (SID, NOAA National Centers for Envi-
ronmental Information, 2022) with information on the source data merged into the final grid. However, detailed information on each
specific dataset used and the vertical datum are unavailable.

To evaluate the accuracy of the GBMs and RBMs, detailed bathymetry was extracted at each site from LiDAR-derived DEMs
(Table 4). For the study sites in the USA and Australia, multibeam data were available and integrated with the LiDAR data, while for
the other sites the GBMs could only be compared with LiDAR-derived DEMs down to 10 m water depths due to the lack of high-
resolution offshore surveys, and with RBMs for deeper parts of the profiles.

2.3. Study sites

Coastal barriers are accumulations of unconsolidated sediments deposited by waves, tides and wind occurring along ocean
coastlines that act as important natural buffers against coastal hazards (McBride et al., 2022). They are valuable coastal environments
but because they are at the land-water interface, data from satellite sensors in these areas are subject to greater uncertainty. Five
coastal barriers were selected from diverse locations around the world (Fig. 1), namely the Ria Formosa in southern Portugal, the Outer
Banks and Fire Island in the USA, Terschelling in the Netherlands, and Myalup in Australia. This selection was made based on the
availability of high resolution and accurate topo-bathymetric data, but also to include systems with complex morphology associated
with different oceanographic and atmospheric forcing (i.e. wind intensity, wave energy and tidal range). All sites are wave-dominated
natural coastal barriers with a semi-diurnal mesotidal regime, with Faro and Terschelling presenting a few houses in the backbarrier
area that were avoided when extracting the profiles. The GDEMs and GBMs were evaluated at these diverse coastal barrier sites to
assess their performance and accuracy in capturing complex topo-bathymetric features. The barrier sections analysed extended from
the barrier area behind the primary dune to an offshore depth of approximately 30 m below mean sea level.

2.4. Horigontal and vertical datum correction

To ensure a consistent comparison of the datasets, the GDEMs and GBMs (Tables 1 and 3) were reprojected to the horizontal datum
of the high-resolution data (Tables 2 and 4). The vertical datums for the DEMs in the USA were corrected using the National Oceanic
and Atmospheric Administration (NOAA) Vertical Datum Transformation VDatum software version v4.4.2, in the Netherlands using
the RDNAPTRANS 2018 parameters in combination with PROJ6, in Australia with the AUSGeoid2020 and in the Ria Formosa with the
local mean sea level from the openly available dataset by Cyrille et al. (2021). Whilst it is not possible to quantify the vertical un-
certainty resulting from the datum conversion, this error is incorporated into the overall error analysis of the topo-bathymetric profiles.

2.5. Cleaning of spikes and water bodies removal

A preliminary analysis was carried out across entire sectors of the coastal barriers to detect gaps and remove inaccuracies and
spikes. A visual inspection of the spikes against ESRI satellite imagery revealed that most spikes were located near water bodies or
associated with the presence of buildings in backbarrier areas (for Faro and Terschelling). In the case of buildings, even if these were
avoided through the careful selection of profile locations, their influence can still affect the surrounding area due to the coarse res-
olution of the GDEMs. The Euro-Maps 3D, Copernicus GLO-30 and AW3D30 datasets have already been processed with gap filling and
error detection algorithms (Maresova et al., 2021; Takaku et al., 2020) and didn’t require further correction. However, TanDEM-X
presented several spikes, mostly at the ocean-land interface, and these were manually removed (Fig. 2). The Water Indication Mask



Table 2
Specifications for local topographic models.
Location Local DEM Pixel Horizontal Datum Vertical Datum Absolute Horizontal Accuracy” Absolute Vertical Accuracy” Acquisition
Spacing window
Faro, Portugal LiDAR 2011 2m PT-TM06/ETRS89 Cascais Helmert 38, RMSE 0.16 m (Direccao-Geral do Territorio, 2011) November/
EPSG:3763 GeodPT08 December 2011
Outer Banks, USA 2019 USACE NCMP Topobathy 1m EPSG:3631 NAVDSS8 100 cm (95 % confidence level) 20 cm (95 % confidence level) 2019
Lidar DEM: East Coast (NC) NADS83 (2007)
Fire Island, USA 2020 USACE NAN Topobathy 1m EPSG:6318 EPSG:5703 NAVDS88 100 cm (95 % confidence level) 20 c¢m (95 % confidence level) 2012
Lidar DEM: New Jersey and NADS83(2011)
New York
Terschelling, AHN3 0.5 m EPSG:28992 - Amersfoort/ EPSG:5709 objects of 2 x 2 m have a maximum  Standard deviation <15 cm 2014-2019
Netherlands RD New Ellipsoid: Bessel NAP height (Normaal position deviation of 50 cm (PDOK  for 99.7 % of points (PDOK L.,
1841 Amsterdams Peil) L., 2017) 2017)
Myalup, LiDAR DEM 5m EPSG:4283 GDA9%4 AHD - using 80 cm (95 % confidence interval) 30 cm (95 % confidence 2001-2015
Australia AUSGe0id98 interval)

2 90 % circular error (CE90)
> 90 % linear error (LE90)
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Table 3
Specifications for global and regional bathymetric models.
GBMs Pixel Spacing Horizontal Vertical Accuracy Acquisition Coverage
Datum Datum window
GEBCO_2023 15 arcsec WGS84 MSL Multiple data contributors (https://www. Global (-89° 59’ 52.5"’N to 89° 59’
(~460 m @ EPSG:4326 gebco.net/about_us/acknowledgements/our_ 52.5’S,179° 59’ 52.5”’W to 179° 59’
equator) data_contributors/) 52.5’E)
SRTM15+V2.0 15 arcsec WGS84 EGM96 RMSE +150 m in the Multiple data Global —(-180°W to 180°E, —90°S to
(~460 m @ EPSG:4326 EPSG:5171 deep oceans and contributors ( 90°N)
equator) +180 m near coasts ( Table 2, Tozer
Tozer et al., 2019) et al., 2019)
ETOPO 2022 15 arcsec WGS84 EGM2008 Multiple data contributors (NOAA National Global —(-180°W to 180°E, —90°S to
(~460 m @ EPSG:4326 Centers for Environmental Information, 2022) 90°N)
equator)
RBMs Pixel Horizontal Vertical Accuracy Acquisition Coverage
Spacing Datum Datum window
NCEI's 1/9th-1/3rd EPSG:4269 NAVDS88 Horizontal accuracy: Multiple data -U.S. Atlantic; Gulf of Mexico Coasts;
Continuously arcsec NADS83 100 cm Vertical contributors ( portions of Alaska, Washington,
Updated DEM (~3-10m @ accuracy: 50 cm Amante et al., Oregon and California Coasts;
(CUDEM) equator) 2023) Hawaii; Guam and —Common-
wealth of the Northern Mariana
Islands; Puerto Rico and U.S. Virgin
Islands; American Samoa (Amante
et al., 2023)
EMODnet 115m WGS84 MSL Multiple data contributors (Thierry et al., Europe (36°W to 43°W, 15°N to
Bathymetry EPSG:4326 2019) 90°N)
World Base
Layer
Australian 250 m WGS84 MSL Multiple data contributors (Beaman, 2023) Australia (92°E to 172°E, —8°S to
Bathymetry EPSG:4326 —60° S)
and
Topography
2023

included in the TanDEM-X auxiliary files (Wendleder et al., 2012; Wessel, 2018) was used to remove water bodies from the GDEM,
excluding pixels with a low interferometric coherence (mask values greater than 33) from the analysis. For Euro-Maps 3D, Copernicus
GLO-30 and AW3D30, the water pixels were already flagged as zero.

2.6. DEM resampling

To better compare the cross-shore profiles of the coastal barriers, all GDEMs and GBMs were resampled using the QGIS SAGA
“Resampling” tool to match the LiDAR’s resolution and obtain a smoother profile. A bilinear interpolation method was tested using a
weighted average of the nearest 4 cells, alongside a bicubic spline interpolation, which fits a smooth curve through the nearest 16 cell
centers, and a B-spline interpolation, which is a smooth surface passing through the input points, minimizing the total curvature.
Previous studies on spatial interpolation methods for DEMs have shown that higher-order interpolation methods, such as bicubic and
biquadratic (Kidner, 2003; Shi et al., 2005, 2014) or spline (Her et al., 2015), are more accurate than bilinear interpolation. However,
other authors suggested that case-specific interpolation methods should be employed (El-Quilish et al., 2018; Smith et al., 2004). The
differences in the DEMs obtained from the three interpolation methods tested at the sites of interest were not relevant, and the bilinear
method was chosen because of its better performance when compared to the LiDAR data.

2.7. Error metrics

The vertical error of the GDEMs and GBMs was evaluated by subtracting the LiDAR-derived reference elevation (hrijpagr) from the
topographic or bathymetric DEM (hpgy) at each pixel (i) along a ~2 km natural sector of the coastal barriers (1 km for Praia de Faro
due to the presence of buildings):

Ah; = hizipar — hipem 1)

The vertical accuracy of the GDEMs and GBMs was assessed using the root mean square error (RMSE), Pearson’s correlation coefficient
(R), standard deviation (STD), mean absolute error (MAE), bias and the linear error at the 90th percentile (LE90), calculated as:

(2)
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Table 4

Specifications for local bathymetric models (N/A where not available).

Location Local DEMs Pixel Spacing Horizontal Vertical Datum Horizontal Accuracy Vertical Accuracy Acquisition window
Datum
Faro, Portugal LiDAR 2011 2m PT-TMO06/ Cascais Helmert 38, <5m + 5 % of depth ( RMSE 30 cm (DGT, 2011) June/August 2011
ETRS89 GeodPT08 THO, 2022, 1a)
EPSG:3763
Outer Banks, USA 2.019 USACE NCMP Topobathy Im EPSG:3631 NAVDS88 100 .cm at 95 % 0.252 ¢ (0.0075(1)2 m at 95 % 2019
Lidar DEM: East Coast (NC) NADS83 (NSRS, confidence level
2007) confidence level (d is depth)
NOAA/NCEI Multibeam 3arcsec (~90m  WGS84 MSL N/A N/A Multiple dates (from
bathymetry mosaic (Varner et al., @ equator) EPSG:4326 1998 to 2020)
2017)
Fire Island, USA 2020 USACE NAN Topobathy Lidar 1 m EPSG:6318 EPSG:5703 NAVD88 35 + 0.05*d m at 95 % 0.252 1 (0.0075d)% m at 95 % 2020
DEM: New Jersey and New York NADS83(2011) confidence level
confidence level (d is depth)
NOAA/NCEI Multibeam 3 arcsec (~90 m WGS84 MSL N/A N/A Multiple dates
bathymetry mosaic @ equator) EPSG:4326 (1993-2019)
Terschelling, Jarkus grid 5m EPSG:28992 NAP (Normaal 0.4 m (Wiegmann et al., 0.25 m (Wiegmann et al., 2002) 2020
Netherlands Amsterdams Peil) 2002)
Myalup, Australia Multibeam Dataset of Australia 50 m EPSG:7850 MSL N/A N/A Multiple dates

(2018)

(1989-2018)
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Fig. 1. Location of coastal barriers and analysed 2 km-long sectors in: a) the Outer Banks in the USA, b) Fire Island in the USA, c) Terschelling in the
Netherlands, d) Ria Formosa in southern Portugal and e) Myalup in Australia. Source: ESRI World Imagery.
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Fig. 2. Visualisation of topographic (a—e) and bathymetric (f-j) data at the Outer Banks, USA, displaying the different resolutions according to the
data source. All GDEMs and GBMs are reprojected into the same horizontal (EPSG:3631 NAD83) and vertical (NAVD88) datum.
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where N is the total number of pixels considered when extracting the profiles from the LiDAR and the interpolated GDEMs and GBMs.

2.8. Merging of topo-bathymetry

After assessing the overall accuracy of the GDEMs and GBMs along a ~2 km natural sector of the coastal barriers, an area of ~300 m
alongshore was selected for each site to extract cross-shore barrier profiles. These areas were defined as having homogeneous char-
acteristics in terms of dune and beach morphology, and areas with either high (arboreal) vegetation or infrastructure (roads, walls or
small buildings scattered among the natural dunes) were avoided. Along the natural areas selected, cross-shore profiles were extracted
at 30 m intervals (chosen to match the resolution of the coarser GDEM), aligned at the dune crest (i.e. profile origin) and averaged to
obtain a single profile representative of the selected area. After averaging, a local regression smoothing method (LOESS interpolation)
was applied to preserve the peaks while smoothing any spike at the tails of the profiles. The bathymetry was also extracted along the
same profiles, extending offshore to approximately 30 m water depth. To ensure spatial agreement between topographic and
bathymetric datasets, the same horizontal shift used for aligning the topographic profiles to the dune crest was applied to the cor-
responding bathymetric profiles, and the GBMs and RBMs were also averaged into a single profile representative of the selected sector
for each coastal barrier.

To merge the LiDAR-derived topographies with the RBMs, the most seaward intersecting point was chosen to prioritize the dataset
with higher resolution, i.e. the LiDAR-derived topo-bathymetries. An equilibrium profile was then implemented to merge the topo-
graphic and bathymetric profiles, as there is high topographic variability in the upper shoreface and inaccurate or absent bathymetric
information in the shallow nearshore area in the GDEMs and GBMs, respectively. The equilibrium profile was applied under the
assumption that the selected areas have sufficient sediment supply and are in equilibrium conditions with the hydrodynamic forcing.
The concept of an equilibrium profile configuration on sandy beaches was first developed by Bruun (1954) as a simple empirical
relationship between the cross-shore profile depth (y) and the distance offshore from the shoreline (x), and later modified by Dean
(1991):

y=Ax* = 0.067*wl* )

where A is the sediment-dependent scale parameter obtained from the sediment fall velocity w, determined according to the median
sediment grain size (D50) (Soulsby, 1997). The use of Dean’s (1991) equilibrium profile has the advantage of simplicity as it depends
on a single site-specific parameter, the D50, and it represents the concave-up nearshore shape typically found on wave-dominated
barriers. However, due to the lack of sediment information in many coastal areas, in this case the Dean profile was derived by
fitting the equilibrium curve from the mean sea level (z ~ 0) to the point where the GBM intersects the depth of closure (d,). This is the
depth beyond which the bottom changes and sediment transport become negligible at an annual scale, which Dean (2003) considered
to be the limit of the equilibrium profile. For defining the d, the formula proposed by Hallermeier (1981) for sandy beaches was used:

d. =2.28Huy — 68.5(Hiy,, /8T, ©)

where Hygy)y is the significant wave height that is exceeded for 12 h per year (or the wave height with 0.137 % probability of
occurrence in one year), T1a)y is the associated wave period and g is the acceleration of gravity. Wave data (significant wave height
and peak period) were retrieved from the WAVERYS global wave reanalysis (Law-Chune et al., 2021) for the nearshore area of each
study site. This reanalysis has a temporal resolution of 3 h for the years 1993-2021 and a spatial resolution of 0.2°x0.2°. The extracted
significant wave heights were first calibrated to account for WAVERYS underestimation in coastal areas (Eq. (1) in Fanti et al., 2023).
In this way, instead of first selecting a specific D50 value, which is often neither available nor clearly specified from where it was
obtained in the field (Aragonés et al., 2016), and only then estimating the equilibrium profile, the depth of closure is used to determine
the extent of the equilibrium profile and thus the A parameter in Eq. (8). The corresponding values of D50 were then compared to
values retrieved from the literature (Table A.4, Athanasiou et al., 2021; CSE, 2015; Grasso et al., 2009; Kana et al., 2011; Kombiadou
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etal., 2021; Pilarczyk et al., 1989; Poelhekke et al., 2016; Safak et al., 2017; Short, 2022; Splinter et al., 2014) to check plausibility of
the result obtained and were considered acceptable if in the range of fine to medium sand (0.125 mm-0.5 mm, Wentworth, 1922).

3. Results
3.1. Evaluation of GDEMs’ elevation accuracy

The vertical errors of the GDEMs were assessed across the study sites and showed varying levels of accuracy compared to the high-
resolution DEMs (Fig. 3), with the largest gaps observed in the intertidal zone (Fig. 2), where land and water surfaces dynamically
interact. Copernicus GLO-30 exhibited vertical RMSE values between 1.11 m and 2.54 m, while AW3D30 showed RMSE values be-
tween 1.59 m and 2.76 m. For TanDEM-X the range of RMSE values was lower, between 1.19 m and 1.84 m, while Euro-Maps 3D had
similar RMSE values for the Outer Banks and Ria Formosa study sites (1.32 m and 1.20 m, respectively). The LE90 values were found to
be consistent with those reported by the data providers (Table 1) but also showed variability across sites, ranging from 1.81 m to 3.90
m for Copernicus GLO-30, 2.61 m—4.72 m for AW3D30, 1.82 m-2.73 m for TanDEM-X and remaining relatively consistent for Euro-
Maps 3D (2.09 m and 1.92 m). In comparison, TanDEM-X outperformed the other GDEMs with an average RMSE of 1.41 m, a cor-
relation coefficient R of 0.84, an MAE of 1.06 m and an LE90 of 2.29 m (Table 5). For the sites where the higher resolution Euro-Maps
3D data were available (the Outer Banks and the Ria Formosa) TanDEM-X remained the most accurate, followed by Euro-Maps 3D and
Copernicus GLO-30 that showed similar accuracy, while AW3D30 presented the highest RMSE, MAE and STD (Table A.1). AW3D30
and Copernicus GLO-30 evidence a consistent tendency to underestimate the elevation of coastal barriers, while TanDEM-X is found to
have lower and overall positive bias (Fig. 4). A general underestimation of the dune crest height was observed for all GDEMs.

When averaging alongshore the profiles, the average profile derived from TanDEM-X provided a better representation of the dune
crest height, dune face slope, dune leeward slope (Fig. 5) and the overall topographic profile at all locations, with an average cor-
relation coefficient of 0.95 and a RMSE of 0.98 m, while those derived from AW3D30 consistently underestimated the dune top and
slope with an average bias of —0.55 m and a RMSE of 1.54 m (Table 5). The profiles derived from Euro-Maps 3D performed similarly to
those derived from TanDEM-X, with larger errors on the dune face.

3.2. Evaluation of GBMs’ depth accuracy

Similarly to remotely sensed topographic data, GBMs have increased uncertainties in shallow coastal areas compared to the open
ocean. This is related to the dynamic nature of the nearshore morphology, and to the fact that GBMs are derived from merging of
bathymetric data from different years. From a visual inspection, the GBMs showed larger deviations between each other from 0 m to
~15 m depth, while converging towards a more consistent bathymetric profile with increasing water depth.

The vertical errors of the GBMs vary considerably between the study sites (Fig. 6), with SRTM15+ displaying the largest errors
overall, with RMSE values ranging from 1.25 m at Fire Island to 4.87 m at the Outer Banks and a strong bias in the Ria Formosa.
Conversely, ETOPO 2022; GEBCO Bathymetric Compilation Group, 2023 were found to have similar and better overall performance
compared to SRTM15-+ when averaged over the five coastal barriers, with ETOPO 2022 showing higher accuracy (Table 5). The RBMs,
such as CUDEM in the USA sites, EMODnet in Europe and the 2023 bathymetric grid of Australia, display high accuracy, with lower
RMSE, STD, MAE, Bias and LE90 values compared to the GBMs (Fig. 6, Table A.2 and Table A.3).
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Fig. 3. Error metrics between GDEMs and high-resolution LiDAR-derived DEMs for cross-shore profiles extracted at the Outer Banks in the USA (a),
Fire Island in the USA (b), Terschelling in the Netherlands (c), Ria Formosa in southern Portugal (d) and Myalup in Australia (e).
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Statistical comparison of LiDAR-derived topography and bathymetry against GDEMs/GBMs (from 0 m to ~10 m depth) averaged over all study sites
for three cases: a) estimated for all profiles, b) for the average profiles and c) for the merged topo-bathymetric profile obtained from TanDEM-X and
ETOPO 2022. Euro-Maps 3D is not included here as data were only available for 2 of the 5 sites.

Dataset RMSE (m) R (-) STD (m) MAE (m) Bias (m) LE90 (m)
All profiles Topography Copernicus GLO-30 1.60 0.77 1.40 1.24 —0.39 2.52
AW3D30 2.11 0.40 1.79 1.66 —0.48 3.50
TanDEM-X 1.41 0.84 1.21 1.06 0.01 2.29
Bathymetry SRTM15+V2.0 3.43 0.86 1.80 2.88 1.18 4.78
GEBCO_2023 2.01 0.98 1.04 1.73 1.58 3.01
ETOPO 2022 1.81 0.96 1.42 1.27 0.98 2.90
Average profiles Topography Copernicus GLO-30 1.20 0.91 0.95 1.00 —0.32 1.97
AW3D30 1.54 0.91 1.14 1.25 —0.55 2.56
TanDEM-X 0.98 0.95 0.69 0.80 —-0.12 1.62
Bathymetry SRTM15+V2.0 2.93 0.97 1.31 2.54 2.01 3.75
GEBCO_2023 1.96 0.99 0.92 1.74 1.64 3.03
ETOPO 2022 1.83 0.97 1.42 1.32 0.87 2.78
Merged profile Topo-bathymetry TanDEM-X + ETOPO 2022 0.76 0.99 0.75 0.55 0.01 1.25
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Fig. 4. Comparison between LiDAR-derived elevation and GDEMs for a) TanDEM-X, b) Copernicus GLO-30), ¢) AW3D30 and d) Euro-Maps 3D.
Linear regression lines (forced through the origin) are shown along with their equation for each location. The dashed black line represents a

perfect fit.

The regional differences in the accuracy of GBMs were partially explained by the information available in the TID grid for GEBCO
Bathymetric Compilation Group, 2023 (which is identical to GEBCO Bathymetric Compilation Group, 2023 TID) and SID for ETOPO

2022 (Fig. Al).

The largest errors in ETOPO 2022 were found at Myalup, where the GEBCO_2022 was used, with 50 % of the data coming from an
unknown source. For GEBCO_2023 the largest error was observed in the Outer Banks, where 21 % of the sampled data were based on
multiple indirect measurements (satellite-derived gravity data or interpolated bathymetric soundings) that were merged in a relatively
small region. In contrast, data from the remaining sites were mostly derived from direct measurements and therefore more accurate.
The statistical accuracy of the average bathymetric profiles (Fig. 7) showed a slight improvement compared to the single profiles
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Fig. 5. Averaged topographic profiles aligned at the dune top (x = 0 m) derived from LiDAR and GDEMs at the Outer Banks in the USA (a), Fire
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of the profiles.
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Fig. 6. Error metrics between GBMs and RBMs (CUDEM, EMODnet, 2023 bathymetry of Australia) and high-resolution LiDAR-derived DEMs for
cross-shore profiles extracted at the Outer Banks in the USA (a), Fire Island in the USA (b), Terschelling in the Netherlands (c), Ria Formosa in
southern Portugal (d) and Myalup in Australia (e).

(Table 5), with ETOPO 2022 showing the highest accuracy across the study sites and SRTM15 v2.0 the lowest.
3.3. Merging of topo-bathymetry and profile elevation accuracy

The merged averaged profiles derived from the GDEMs and GBMs were compared with averaged profiles obtained by merging the
LiDAR-derived DEMs with the RBMs. The profile derived from merging TanDEM-X and ETOPO 2022 (Fig. 8 and Table A.4) showed a
high performance in terms of statistical fit (low values of MAE, RMSE and bias), although with larger deviations in Myalup. The values
estimated for D50 based on profiles derived from merging ETOPO 2022 bathymetry with any GDEM evidence better agreement with
the values obtained from the literature (Table A.4), while the profiles derived from merging SRTM15+V2.0 and the GDEMs showed the
worst performance (Table A.4).
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Fig. 8. Top (a to e): Merged topo-bathymetric profiles obtained from LiDAR topography and regional bathymetries (blue line) compared with
profiles obtained from merging the equilibrium profile with the TanDEM-X topography and ETOPO 2022 bathymetry (red line) with associated
uncertainty of + RMSE (red envelope). Bottom (f to j): Plot of differences (in meters) between the higher resolution topo-bathymetry derived from
merging LiDAR and RBMs and the topo-bathymetry derived from merging TanDEM-X GDEM with ETOPO 2022 GBM. The profiles refer to the
coastal barriers at the Outer Banks in the USA (a, f), Fire Island in the USA (b, g), Terschelling in the Netherlands (c, h), Ria Formosa in southern

Portugal (d, i) and Myalup in Australia (e, j).
4. Discussion
4.1. Performance of global and regional models

The vertical error assessment of the GDEMs revealed varying levels of accuracy across the study sites. Overall, the RMSE, STD, LE90O
and ME determined in the present study are consistent with previous accuracy assessments for the 12 m-resolution TanDEM-X (Chu
and Lindenschmidt, 2017; Gesch, 2018; Li et al., 2021; Vassilaki and Stamos, 2020; Wessel et al., 2018; Zhang et al., 2019), AW3D30
(Ding et al., 2023; Gesch, 2018; Li et al., 2022; Takaku et al., 2020; Vassilaki and Stamos, 2020), Copernicus GLO-30 (Hawker et al.,
2022; Li et al., 2022) and Euro-Maps 3D (Proietti et al., 2017), with L90 within the range disclosed by each DEM provider (Table 1).
However, the errors found in this study were shown to be generally lower than previous assessments. This occurs for several reasons:
the evaluation was performed after removing water bodies and spikes in intertidal areas and resampling GDEMs to the LiDAR-derived
DEM resolution; the study areas correspond to natural sectors of coastal barriers where buildings and tall vegetation are absent, so
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there are fewer artifacts in the GDEMs (Gdulova et al., 2021; Wessel et al., 2018; Zhang et al., 2019); areas with lower slopes are
normally associated to higher GDEM accuracy (Li et al., 2022). The largest gaps in the data were found in the intertidal area, where
SAR processing is more challenging due to the low backscatter combined with complex coastal morphology, resulting in noisy relief
data (Rizzoli et al., 2017; Wendleder et al., 2012). Moreover, cloud cover and homogeneous surfaces such as sand can hinder the
processing of optical stereo imagery (Gesch, 2012; Takaku et al., 2020).

According to the statistical evaluation, TanDEM-X outperformed other GDEMs for the characterised coastal barriers (Table 5), in
line with previous work by Vassilaki and Stamos (2020) for a range of latitudes, terrain types and land cover classes, and by Li et al.
(2021) for different slopes. The performance of Euro-Maps 3D was slightly worse than TanDEM-X, possibly due to the superiority of the
SAR sensors over optical sensors (Vassilaki and Stamos, 2020). This was followed by Copernicus GLO-30, which outperformed the
other 30 m resolution GDEM, AW3D30, as already verified in Greece (Grigoriadis et al., 2023) and China (Li et al., 2022).

Beyond standard error metrics, when analysing the performance of GDEMs in coastal barriers with a focus on coastal hazards
assessments, the dune crest height and beach slope have a critical role in the selection of the best GDEM. An overall underestimation of
the dune crest was observed for all GDEMs (Fig. 5), as well as a tendency to overestimate the beach slope, as previously observed for
several GDEMs (Almar et al., 2021b; Diaz et al., 2019). Considering this, TanDEM-X was shown to be the GDEM of choice for rep-
resenting coastal barrier morphology, as it was found to outperform all other GDEMs, including the Euro-Maps 3D commercial dataset.
TanDEM-X also provides a better representation of the dune morphology, possibly because Euro-Maps 3D data are stored as integers,
which can lead to the flattening of peak values.

Regarding the nearshore bathymetry, which has a fundamental role in wave transformation processes near the coast and, therefore,
on coastal flooding (Parodi et al., 2020), storm impact and sea level assessments, or even for the definition of process-based indicators
for coastal hazards (Ferreira et al., 2017), there are fewer intercomparisons between GBMs and a higher uncertainty on their overall
quality. Moreover, the footprint of altimeter pulses is relatively large, resulting in a limited ability to capture fine-scale details of the
seafloor in nearshore areas, while at the same time this dynamic coastal environment is subject to complex morphological features
(sandbars, rhythmic forms, channels) and processes (tides, wave action, currents, and sediment transport).

To quantify the uncertainties in the bathymetric data for the selected coastal barriers, three GBMs and three RBMs were evaluated
against higher resolution bathymetric data available for areas shallower than —10 m. The GBMs considered here showed lower RMSE,
STD and MAE values (Fig. 6) compared to previous assessments (Li et al., 2023; Vrdoljak, 2021). This is likely explained by the
smoothing that resulted from the interpolation applied to resample the GBM cell size to that of the LiIDAR-derived DEMs, as well as by
the fact that in some areas GBMs integrate higher resolution data, as is the case for GEBCO Bathymetric Compilation Group, 2023. The
GBMs tend to agree with each other in deeper areas most likely because they are based on the same source for those depths (GEBCO
Bathymetric Compilation Group, 2023; NOAA National Centers for Environmental Information, 2022; ETOPO 2022 outperformed all
other GBMs across the five locations (Table 5). It was followed by GEBCO Bathymetric Compilation Group, 2023, which had a similar
performance, while SRTM15+V2.0 showed the largest errors. This may be due to the fact that GEBCO Bathymetric Compilation Group,
2023 is based on SRTM15+V2.0 and augmented by direct soundings and ETOPO 2022 is based on GEBCO Bathymetric Compilation
Group, 2023, also augmented with local higher resolution data. When available, RBMs should be the bathymetric dataset of choice.
Otherwise, and considering the frequent updates of GBMs, the latest versions and models should be preferred.

4.2. Challenges for the topo-bathymetric continuum in poorly surveyed areas

The coastal topo-bathymetric continuum can be derived from different sensors, with different levels of accuracy and resolution (Li
et al., 2023) and presenting different challenges (Eakins and Grothe, 2014). New products have recently been developed to map the
intertidal area at higher resolution from space-borne data (Cesbron et al., 2021), including from Pleiades satellite imagery (Almar
etal., 2019; Almeida et al., 2019), but also from Sentinel imagery (Almar et al., 2021a; Darmanin et al., 2023; Fitton et al., 2021; Khan
et al., 2019), ICESat-2 data (Ma et al., 2023; Xu et al., 2022) and —~VENpS (Bergsma et al., 2021). However, only altimeter-derived
gravity data from satellites can currently provide global coverage of the ocean floor, although with lower resolution, and therefore
most of the published GBMs are still based on this technology. For this reason, the use of GBMs and GDEM:s is inevitable for global (e.g.
Muis et al., 2020; Parodi et al., 2020; Septilveda et al., 2020; Vousdoukas et al., 2020) and regional assessments (e.g. Bove et al., 2020;
Gesch, 2009), and they remain a valuable option in remote or poorly surveyed areas where high quality alternatives are absent (Parodi
et al., 2020; Vousdoukas et al., 2022). Although beyond the scope of this study, the integration of multiple remote sensing techniques
and products can further improve the characterisation of shallow nearshore bathymetry (Ma et al., 2023), yet not on a global scale.

This study complements previous assessments of large-scale remote sensing-based DEM products proposing a new method to
improve the application of GDEMs and GBMs in coastal barriers, characterized by the presence of dune morphologies. The method-
ology was developed by averaging topo-bathymetric DEMs along homogeneous sectors and replacing missing or inaccurate data in the
shallow coastal area with an equilibrium nearshore profile. Given the lack of site-specific grain size information in many coastal areas
around the world, an indirect method was applied to derive an empirical fitting by forcing it from the mean sea level to the offshore
location where the bathymetry reaches the depth of closure, similar to Holman et al. (2014). The depth of closure was estimated using
28 years of wave data from WAVERYS global wave reanalysis, averaged to avoiding tying the analysis to a specific year or event. The
depth of closure formulation from Hallermeier (1981) was adopted, which does not account for non-wave forces (such as the tide) but
is a suitable approximation to define the limit of the active coastal zone. The equilibrium profile based on Dean (1991) represents a
simplification, which does not explicitly account for site-specific variability in hydrodynamics, sediment properties or nearshore bar
dynamics. More accurate formulations have been developed to account for the tide (de Villar et al., 2019) and sandbanks (Holman
et al., 2014), but these require detailed local data and cannot be generalized to data poor areas. Consequently, applying a single
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equilibrium profile in areas with complex nearshore bar systems, rocky outcrops, or strong seasonal changes imposes limitations on the
proposed approach because it does not accurately capture short-to-medium-term nearshore morphodynamic changes.

Therefore, the approach proposed in this study represents an improvement given the lack of accurate bathymetric data from the
GBMs and an equilibrium profile that represents wave energy dissipation across the surf zone better than a linear slope. Nevertheless,
given the impossibility of accounting for dynamic sandbar systems that are relevant for specific events and areas, the merged topo-
bathymetric profile is an adequate approximation for engineering to geological scales and idealised simulations.

Furthermore, previous studies have found equilibrium profiles to be a valuable approximation for nearshore bathymetry, for
example when pre-storm bathymetric data are lacking (Matheen et al., 2021). The equilibrium profiles obtained using the method
described above were compared with equilibrium profiles obtained using actual D50 values found in the literature for the same coastal
areas, except for Myalup where the existence of rocky outcrops on part of the nearshore may justify the large differences between GBMs
and multibeam data in the nearshore area. Based on the combinations of GDEMs and GBMs tested, the ones with ETOPO 2022
consistently outperformed other GBMs (Table A.4).

The newly developed method proposed in this work involves the merging of multiple barrier profiles, resulting in the trans-
formation of the existing data from global models into a single simplified and representative profile for a given coastal sector (Fig. 8).
The comparison of the seamless topo-bathymetric profiles derived from the global models with the LiDAR-derived topo-bathymetries
demonstrates that the combination of TanDEM-X GDEM and ETOPO 2022 GBM delivered the best results. This is evident both in terms
of statistical comparison to the higher-resolution LiDAR-derived profiles, with an average RMSE of 0.76 m, and in terms of an accurate
representation of the dune morphology, with a lower average underestimation of the dune crest by TanDEM-X of only 1.14 m. An
overall underestimation of the dune height is observed for all GDEMs (with an average underestimation of 2.68 m for Copernicus GLO-
30, 3.25 m for AW3D30 and 6.50 m for Euro-Maps 3D), as well as the absence of a beach berm due to their coarse resolution (Fig. 5).
Such underestimation of morphological features that determine the protective role of coastal barriers can lead to an overestimation of
the vulnerability for natural coastal barriers in regional to global studies (Vousdoukas et al., 2016, 2018). This can result, for example
in the lowering of thresholds that determine the occurrence of storm-induced overwash or inundation (Sallenger, 2000), potentially
overestimating the extent and/or magnitude of coastal flooding hazards. The use of the best possible approach (TanDEM-X) is therefore
essential in the application of global models for the definition of coastal hazards and risks. Nevertheless, hazard evaluations derived
using GDEMs and GBMs could be considered as worst-case estimates of the possible coastal hazards. Moreover, given the overall RMSE
found (Fig. 8), the use of the barrier profiles derived from GDEMs and GBMs for coastal flooding assessments due to a sea level rise of
less than 1 m is severely limited.

The findings in this study highlight the critical importance of incorporating a range of vertical uncertainties associated with
GDEM:s, both when considered individually and when used as merged topo-bathymetric profiles. All GBMs showed an overall positive
bias (Table 5), as previously demonstrated in the case of SRTM (Bove et al., 2020 and references therein), resulting in a shallower
coastal profile and contributing to an inaccurate consideration of the wave energy dissipation by wave models. A shallower nearshore
bathymetry also influences the calculation of storm surge and water levels, increasing the uncertainty in the determination of coastal
flooding and erosion hazards. The errors in the GDEMs and GBMs were found to be spatially variable and mainly dependent on slope
(Diaz et al., 2019; Li et al., 2022), land cover and terrain type (Leon et al., 2014; Li et al., 2021, 2022), and therefore not easily
represented by a single dispersion parameter, such as the RMSE (Leon et al., 2014). For this reason, in coastal barriers it is important to
consider the overall RMSE of the topo-bathymetric merged profile, but also the bias and underestimation of the dune crest in GDEMs
and nearshore slope in GBMs.

An intrinsic limitation of the barrier profiles obtained by the integration of GDEMs and GBMs is related to the fact that these are
neither time nor event-specific. The data were collected over several years and seasons (Wendleder et al., 2012), and therefore cannot
be used to infer variability over time. Therefore, any storm or climate related changes, or local scale artificial modification of the coast
such as beach nourishment or placement of new infrastructure, must be carefully considered based on up-to-date satellite imagery or
survey data before employing global models for analysing specific coastal areas. The interpolation, first in the resampling of the GBMs
and GDEMs and then in the alongshore averaging, introduces errors for length scales smaller than the resolution of the original data. In
addition, potential vertical datum inconsistencies arising from the complexity of vertical datum corrections in coastal areas (Eakins
and Grothe, 2014) and artifacts associated by the presence of vegetation may introduce additional vertical errors that add to the
uncertainties mentioned above. For these reasons, it is important to explicitly consider the uncertainty resulting from the original
datasets, datum conversions, vegetation and the various processing operations, ideally by providing the error range for the final
merged profiles. This ensures that these errors are accounted for, particularly for hazard modelling where intertidal inaccuracies can
propagate and affect wave transformation, run-up estimation and inundation assessment. In this study, the average RMSE on the final
merged profiles obtained from TanDEM-X and ETOPO 2022 ranged from 0.4 to 1.6 m (Table A.4), which includes all the afore-
mentioned uncertainties. Therefore, the profiles must be considered as generalized morphologies that can be easily implemented to
identify and prioritize flooding and erosion hotspots or to estimate geoindicators, such as dune elevation, volume and width as
proposed by Carapuco et al. (2016) and dune stability factors (Armaroli et al., 2012; Turner et al., 2024). These profiles can also be
useful for rapid assessments at large scales (global, national, or regional), or in areas where higher resolution topo-bathymetric data
does not exist. The approach proposed in this study is designed for morphologically homogeneous areas along coastal barriers but
could be also implemented in sandy coasts fronted by sparsely vegetated dunes. It is important to note that application of equilibrium
beach profiles should only be performed for wave-dominated sandy coastlines, therefore excluding mixed sediment coasts, rocky
coasts or tide dominated coastal environments. The applicability of the method might also be limited in areas where coastal infra-
structure or beach nourishment significantly altered the natural coastal morphology. The main advantage of the presented method-
ology is that it allows to extract continuous coastal barrier profiles from which profile indicators can be readily extracted as in
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Athanasiou et al. (2023). The topo-bathymetric coastal barrier profiles derived in this work, together with their associated errors, offer
a valuable, coherent and sufficiently accurate solution for quantifying exposure to coastal hazards at global scales. They can support
first order assessments that help to identify and prioritize coastal risk areas that can then be further studied using higher-resolution
data.

5. Conclusion

Topo-bathymetric profiles of coastal barriers were developed by merging GDEMs and GBMs with an equilibrium beach profile
derived by estimating the averaged depth of closure. The combination of TanDEM-X and ETOPO 2022 performed better in terms of
statistical accuracy when compared to high-resolution LiDAR-derived profiles and in terms of morphological characterisation of the
coastal barrier, particularly the dune crest height and beach slope. LiDAR-derived DEMs can provide accurate results at the centimetre
scale to capture small changes in topo-bathymetry, but have limitations in terms of spatial coverage, cost, and other logistical chal-
lenges. However, at global scales the integration of topo-bathymetric profiles proposed here, derived from global open-access remotely
sensed datasets, can provide a cost-effective and readily available solution for coastal hazard assessments over large geographical
areas, provided their uncertainties are considered. They can be used across wide areas as a preliminary tool for managing coastal zones,
contributing to identifying areas potentially vulnerable to coastal flooding, storm-induced erosion, and sea level rise. Ultimately, they
can enable the understanding and mitigation of the impacts of natural hazards on society and risk analysis, which detailed local scale
assessments can later address.
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Appendix A. Supplementary data

Table A.1
Average GDEM performance statistics. All GDEMs are averaged only for two sites, Outer Banks in the USA and Ria Formosa in Portugal due to the
restricted availability of Euro-Maps3D.

GDEM RMSE (m) R () STD (m) MAE (m) Bias (m) LE90 (m)

Copernicus GLO-30 1.29 0.82 1.13 1.03 —0.18 2.02

AW3D30 2.52 0.10 1.84 1.95 -1.72 4.21

TanDEM-X 1.29 0.82 1.21 0.91 -0.16 2.25

Euro-Maps3D 1.26 0.79 1.24 1.00 0.24 2.01
Table A.2

Average GBM performance statistics. All GBMs are averaged only for two sites, Outer Banks and Fire Islands in the USA due to the availability of
CUDEM data only for the USA.

GBM RMSE (m) R(-) STD (m) MAE (m) Bias (m) LE90 (m)

SRTM15+V2.0 3.00 0.99 1.52 2.68 2.44 4.50

GEBCO_2023 2.63 0.99 1.33 2.27 2.21 4.02

ETOPO 2022 1.84 0.99 1.28 1.40 1.31 3.01

CUDEM 1.81 0.99 1.30 1.32 1.24 2.94
Table A.3

Average GBM performance statistics. All GBMs are averaged only for two sites, Praia de Faro in Portugal and Terschelling in the Netherlands due to
the availability of EMODnet data only for the European coast.

GBM RMSE (m) R(-) STD (m) MAE (m) Bias (m) LE90 (m)
SRTM15+V2.0 4.19 0.69 1.77 3.76 —0.07 6.31
GEBCO0_2023 1.93 0.96 0.70 1.80 1.80 2.85
ETOPO 2022 1.31 0.95 0.85 1.15 0.92 2.10
EMODnet 0.77 0.97 0.53 0.66 0.52 1.20
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Table A.4

Depth of closure (Dc) calculated with wave height and peak period from the entire WAVERYS series
(Hi2n/y; T12n/y), median grain size (D50) from the literature and statistical results from the com-
parison of the profiles obtained merging of GDEMs and GBMs and the profile obtained from LiDAR-
derived DEMs and RBMs. D50 values in red are out of the acceptable range of fine (0.125-0.25 mm)
to medium (0.25-0.5 mm) sand. The colour scale (blue for higher accuracy, red for lower accuracy)
of the mean absolute error (MAE) and root mean squared error (RMSE) is based on the highest and
lowest values amongst all sites. The colour scale of the bias is based on the highest and lowest
absolute values

Location Depth of closure D50 literature GDEM GBM by R(-) MAE | RMSE Bias
(mm) (m) (m) (m)
GEBCO 2023 006 | 097 | 299 | 358 | 2.82
TanDEM-X ETOPO 2022 0.18
SRTM15+v2.0 | 005 | 094 | 3.83 | 459 | 3.28
D50 =0.2-0.3
Hiznjy=430m | mm (CSE, 2015; GEBCO 2023 006 | 097 | 3.04 | 3.66 2.87
Outer Banks, Grassoietial, Copernicus
“ | Timy=12045 2009; Safak et e ETOPO 2022 0.20
USA y GLO-30
al., 2017;
Dc=-892m splinter etal., SRTM15+v2.0 | 0.06 | 094 | 3.77 | 447 | 3.21
2014)
GEBCO 2023 006 | 097 | 299 | 359 | 2.82
AW3D30 ETOPO 2022 0.18 | 0.99
SRTM15+v2.0 | 005 | 094 | 3.84 | 460 | 3.28
GEBCO 2023 022 | 100 | 075 | 093
TanDEM-X ETOPO 2022 033 | 1.00
SRTM15+v2.0 | 022 | 1.00 | 090 | 1.07 | -0.29 ‘
D50 = 0.2-0.4 mm
Hiznjy =4.07m GEBCO2023 | 020 | 1.00 [ 0.75 [ 094
Fire Island, (Kana etal., 2011) Copernicus
U Tiznsy =10.18's o ETOPO 2022 030 | 1.00
De=-817m SRTM15+v2.0 | 0.21 | 1.00 | 0.88 | 1.05 | -0.33 ‘
GEBCO 2023 022 | 100 | 0.76 | 096
AW3D30 ETOPO 2022 035 | 1.00
SRTM15+v2.0 | 022 | 1.00 | 091 | 110 [ -0.28
GEBCO 2023 017 | 1.00 | 0.83 | 089 | 078
TanDEM-X ETOPO 2022 0.18 | 1.00 _
SRTM15+v2.0 | 0.16 | 098 | 1.65 | 1.93 [ 115
_ D50 = 0.18-0.21
Hiznjy =503 m o GEBCO 2023 016 | 1.00 | 0.84 | 091 | 078
Terschelling, _ (Athanasiou et Copernicus
Netherlande | Tizn/y =1013s al, 2021; i ETOPO 2022 0.18 | 1.00
Dc=-9.74m Pilarczyk etal., SRTM15+v2.0 | 016 | 097 | 164 | 194 | 112
. 1989)
GEBCO 2023 018 | 1.00 | 084 | 091 | 083
AW3D30 ETOPO 2022 0.20 | 1.00
SRTM15+v2.0 | 017 | 098 | 166 | 1.95 | 1.19
GEBCO 2023 025 | 1.00 [ 198 | 208 | 1.93
Hignyy=3.38m D50 =0.5 mm
Bl o (Kombiadou et TanDEM-X ETOPO 2022 033 | 1.00 | 0.65 | 0.79
portugal | Tizny=10.10s al., 2021;
Sies Poelhekke et SRTM15+v2.0 | 053 | 092
Dc=-6.93m al., 2016)
GEBCO 2023 027 | 100 | 201 | 209 | 1.97
Copernicus ETOPO 2022 036 | 1.00 | 0.67 [ 0.80
SLo-=0 SRTM15+v2.0 | 0.94 | 0.92
GEBCO 2023 031 | 1.00 | 206 | 213 | 198
AW3D30 ETOPO 2022 043 | 1.00 | 0.72 | 087
SRTM15+V2.0 127 | 093 -
GEBCO 2023 006 | 099 | 115 [ 133 | o089
TanDEM-X ETOPO 2022 006 | 098 | 111 | 161
SRTM15+v2.0 | 006 | 099 | 124 | 168 | 1.05
Hiznjy =571 m GEBCO 2023 006 [ 099 | 117 | 137 0.93
Myalup, _ D50 =0.22 mm Copernicus
g el Tiznsy = 14.105 (short, 2022) L0 ETOPO 2022 007 | 098 | 1.08 | 1.58
Dc=-11.87 m SRTM15+v2.0 | 006 | 099 | 126 | 171 | 1.09
GEBCO 2023 006 | 099 | 120 [ 141 | 097
AW3D30 ETOPO 2022 0.07 | 098 | 111 | 161
SRTM15+v2.0 | 006 | 099 | 129 | 174 | 1.12
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SID ETOPO 2022

GEBCO 2022
I NOAA Regional DEMs
I GMRT v4.0

FABDEM
I CUDEM

TID GEBCO 2022

Land
I Multibeam

Direct measurements
I Satellite-derived gravity
I Bathymetric sounding

Pre-generated grid

Fig. A.1. Source ID grids from ETOPO 2022 (a to e) and Type Identifier grids from GEBCO Bathymetric Compilation Group, 2023 (f to j) for the
Outer Banks in the USA (a-f), Fire Island in the USA (b-g), Terschelling in the Netherlands (c-h), Ria Formosa in Portugal (d-i), Myalup in Australia
(e-j). For each coastal barrier the extracted cross-shore profiles until 30 m depth are represented in white.

Data availability
Data will be made available on request.
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