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Abstract
Global bathymetry data is essential for coastal mapping, modeling, and management, es-
pecially in insufficiently mapped regions. Ocean surface Wave Kinematics Bathymetry from 
satellite data provides a solution independent of water clarity, seabed habitats, and seafloor 
brightness. This study presents a fully automatic, scalable, and globally applicable Wave Kin-
ematics Bathymetry processing workflow at 100 m resolution. Validated across eleven sites, 
it introduces automatic post-processing that eliminates false positives by up to 80 %, reduc-
es depth errors by an average of 4.6 m and enhances data reliability. Deployed on the AWS 
cloud platform, this scalable method advances efficient global coastal bathymetry mapping.

Resumé
Les données bathymétriques mondiales sont essentielles pour la cartographie, la modélisation et la gestion 
des côtes, en particulier dans les régions insuffisamment cartographiées. La bathymétrie par cinématique 
des vagues à la surface de l'océan à partir de données satellitaires offre une solution indépendante de la 
clarté de l'eau, des habitats du fond marin et de la luminosité du fond marin. Cette étude présente un pro-
cessus de traitement de la bathymétrie par cinématique des vagues entièrement automatique, ajustable et 
applicable à l'échelle mondiale à une résolution de 100 m. Validée sur onze sites, elle introduit un post-trait-
ement automatique qui élimine les faux positifs jusqu'à 80 %, réduit les erreurs de profondeur de 4,6 m 
en moyenne et améliore la fiabilité des données. Déployée sur la plateforme cloud AWS, cette méthode 
ajustable permet d'améliorer l'efficacité de la cartographie de la bathymétrie côtière à l'échelle mondiale. 
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Resumen
Los datos batimétricos globales son esenciales para la cartografía, modelado y gestión costera, espe-
cialmente en regiones insuficientemente cartografiadas. La Batimetría Cinemática de Olas de la superficie 
oceánica a partir de datos de satélite proporciona una solución independiente de la claridad del agua, los 
hábitats del fondo marino y el brillo del fondo marino. Este estudio presenta un flujo de trabajo de pro-
cesamiento de Batimetría Cinemática de Olas totalmente automático, escalable y aplicable globalmente 
a escala mundial con una resolución de 100 metros. Validado en once emplazamientos, introduce un 
posprocesamiento automático que elimina los falsos positivos hasta en un 80 %, reduce los errores de 
profundidad en una media de 4,6 m y aumenta la fiabilidad de los datos. Implementado en la plataforma en 
la nube de AWS, este método escalable avanza en la eficiencia de la cartografía batimétrica costera global. 

1 Introduction
Coastal zones host approximately 40 % of the global 
population and many essential infrastructure and eco-
systems. These areas are vital for various economic 
sectors, such as maritime transport and tourism, and 
are prerequisite regions for deploying offshore re-
newable energy platforms. Moreover, coastal zones 
encompass unique habitats, and many major cities are 
situated along shorelines, making these regions crit-
ical for human settlement and development (Small and 
Nicholls, 2003). Coastal bathymetry is highly dynamic 
due to erosion, sediment transport and deposition 
mainly controlled by currents, wave activity, sea-level 
rise, storm events, and human activities. The ongoing 
population growth, human-induced changes such as 
land reclamation and dredging, subsidence issues 
of mega cities given overload, climate change, ex-
treme weather events, and natural catastrophes are 
exerting significant pressures and altering the shape 
and structure of coasts and the bathymetry (Syvitski 
et al., 2005). Mapping, monitoring, and analyzing 
shallow water bathymetry and its dynamics are crit-
ical for modeling, predicting, and mitigating potential 
threats to coastal communities, economies, and eco-
systems. Comprehensive and sustainable coastal 
management hinges on up-to-date and detailed ba-
thymetric data availability. Despite its importance, vast 
global coastal zones remain unmapped, and survey 
data is often outdated or marred by significant gaps 
(Mayer et al., 2018). Traditional bathymetric onsite sur-
veys using, e.g., ship-born acoustic measurements 
or Light Detection and Ranging (LiDAR) surveys face 
significant limitations in shallow nearshore areas, such 
as limited coverages, high costs, logistical challenges, 
and safe navigation access. Facing these challenges 
and considering the compelling need for area-wide 
high-resolution bathymetry data, Satellite-Derived 
Bathymetry (SDB) has become a cost-effective and 
efficient solution for mapping shallow waters, sup-
porting stakeholders with their survey-planning and 
modeling activities, providing bathymetric maps in yet 
unmapped and inaccessible areas and enabling the 
constant monitoring of seabed dynamics (IHO, 2024).

In order to achieve high comprehensive spatial 
coverage, SDB methods with gridded results are of 
particular importance. According to the International 

Hydrographic Organization (IHO, 2024), these gridded 
SDB methods can be classified in the following five 
categories: (1) Empirical SDB methods require onsite 
bathymetric data and use mathematical models and 
spectral information from multi- or hyperspectral satel-
lite images (Lyzenga et al., 2006; Stumpf et al., 2003). 
(2) Machine Learning (ML) models identify patterns 
in satellite images, correlating them with bathymetric 
depths based on initial training (Niederjasper, 2020). 
(3) Photogrammetric SDB utilizes matching points from 
high-resolution satellite images taken from varied an-
gles to calculate depths through triangulation (Chénier 
et al., 2018). (4) Physics-based SDB methods invert 
radiative transfer equations and model the sunlight’s 
pathway to determine depths without survey data 
based on multi- or hyperspectral imagery (Kisselev & 
Bulgarelli, 2004). (5) Bathymetry gathered from waves 
measures the shoaling effect of waves using radar 
or multispectral imagery (Pleskachevsky et al., 2011; 
Bergsma et al., 2019).

Bathymetry from waves has the great advantage 
that it can also be used in optically turbid waters and 
over seafloor with low reflectance, which makes it of 
particular importance regarding the achievement of 
a global coastal bathymetry coverage. Therefore, 
this paper focuses on the latter method (5), Wave 
Kinematics Bathymetry (WKB, e.g., Bergsma et al., 
2019 and Almar et al., 2024), and its global applica-
bility (Almar et al., 2021) to derive coastal bathym-
etry in 100 m spatial resolution. The WKB approach 
is based on the interconnection between bathymetry 
and surface wave speed and wavelength, which is 
also described by the dispersion relation equation 
(Holthuijsen, 2007). By measuring the wavelength 
and speed over a short time lag, this equation can 
be solved to determine water depth. Common anal-
ysis methods include the Fast Fourier Transform 
(Pleskachevsky et al., 2011) and Radon Transform 
(Bergsma et al., 2019) of image subsets to calculate 
average depths. Almar et al. (2021) applied the WKB 
approach in 500 m resolution on a global scale based 
on the freely available Copernicus Sentinel-2 satellite 
data. However, local and regional studies showed 
the potential to derive bathymetry in higher resolu-
tions based on Sentinel-2 satellite data (Bergsma et 
al., 2019; Delay et al., 2022). Past studies completely 
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neglected post-processing, the systematic exclusion 
of unfeasible areas, and the elimination of false posi-
tives in the final dataset, leading to high error measure-
ments (Almar et al., 2021; Almar et al., 2024).

This study elaborates on how the reliability and 
accuracy of satellite-derived WKB data can be im-
proved while establishing a fully automatic, scalable, 
harmonized, and standardized processing framework. 
Verification and quantification strategies are explored, 
ensuring an effective process performance and im-
proving the quality and reliability of the bathymetry. 
Methods are elaborated, increasing the data quality by 
developing systematic and automatic post-processing 
techniques to minimize false positives in the final da-
taset. Finally, a globally applicable WKB process in 
100 m spatial resolution is set up.

2 Methodology
2.1 Study sites
All analyses are carried out on eleven globally dis-
tributed study sites shown in Fig. 1. The selected 
sites are Wilsons Promontory Marine National Parks, 
AUS, Kugmallit Bay, CAN, Newfoundland, CAN, 
Arcachon, FRA, Baltic Sea, GER, Ile Saint-Joseph, GF, 
Whangaruru Bay, NZ, La Réunion, RE, Barraigh, UK, 
Miami, USA and Vandenberg Reserve, USA. Table 1 
summarizes the sites’ most important characteristics 
and the information on the validation data used.

These study sites were chosen to test the methods 
in diverse environmental conditions and in a broad 
range of latitudes, from equatorial regions like Ile 
Saint-Joseph, GF, to polar regions like Kugmallit Bay, 
CAN. These sites exhibit a variety of wave and tide dy-
namics, ranging from the Baltic Sea, GER, with very 
low wave dynamics and wave heights (0.5 m) at minor 
tidal differences (0.2 m) to Barraigh, UK, with extremely 
high waves (2.2 m) and tide dynamics (4 m). Publicly 
accessible hydrographic shallow water survey data are 

available for each site, enabling a reliable validation of 
the final bathymetry results. The hydrographic survey 
data were transformed from their original coordinate 
system to the WGS84 geodetic reference system, re-
sampled to 100 m spatial resolution, and referenced 
to the Lowest Astronomical Tide (LAT) accessing the 
tidal information from the respective tide gauges via 
Admiralty Total Tide. These processing steps ensure 
consistency with the spatial resolution and vertical ref-
erence of the WKB results.

The quality of the WKB results depends strongly on 
the presence of significant waves in the area (Almar 
et al., 2019). Accordingly, the WKB feasibility of an 
area can be assessed depending on globally available 
wave parameters like the temporally aggregated signif-
icant wave height (SWH; Copernicus, 2023b). In line 
with other WKB studies (Bell, 2008), preceding tests 
showed that areas with mean SWH smaller than 1 m 
are not feasible for calculating WKB. Following this, the 
study sites Kugmallit Bay, CAN, Baltic Sea, GER, and 
Miami, USA, are not considered feasible for WKB pro-
cessing. However, they are included in the following 
analysis for proof of concept on a global scale and 
for assessing the feasibility prior to processing based 
on SWH values. Also, the test site at La Réunion is 
included to ensure a comprehensive analysis, even 
though it is unlikely to lead to meaningful WKB results. 
The site is dominated by a very short reef surrounding 
the island, dropping into deep waters at the reef crest. 
Despite a high average SWH of 1.8 m, waves mostly 
break at reef crests, where the elevation is exception-
ally steep, and the terrain gets too deep for WKB pro-
cessing. All other study sites show mean SWH values 
above 1 m and are categorized as feasible.

2.2 Wave kinematics bathymetry processing
The WKB method utilizes the interconnection be-
tween waves and bathymetry in intermediate to 
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Fig. 1 Overview of the eleven 

globally distributed study 

sites, which represent diverse 

environmental conditions.
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shallow waters. When waves approach more shallow 
waters, they increasingly interact with the seabed; 
propagation is expressed by the dispersion relation 
for free surface waves:

ꞷ2 = k g tanh(k h) (1)

Where ω is the wave frequency, k is the wave 
number, g is the gravitational constant, and h is the 
water depth (Holthuijsen, 2007). The dispersion re-
lation function can be solved for the water depth 
by deriving wavelength and speed from comparing 
two satellite image bands recorded with a slight 

time lag (Bergsma et al., 2019). This principle is 
visualized in Fig. 2.

The WKB processing in this study is based on the 
method described by Bergsma et al. (2019) and is 
executed in 100 m resolution. The approach com-
bines the Radon transform (RT) and the Fast-Fourier 
transform (FFT) method to detect waves within a 
moving window. The window size needs to cover 
1–2 surface water wavelengths. As waves become 
shorter when approaching the shoreline, the window 
size varies respectively. Areas directly at the shore 
are calculated using a window of 500 m, increasing 
to 800 m towards the deep water.

Country, 
site name

LAT/
LON

HAT to 
LAT

Tidal 
station

Mean 
SDD

Mean 
SWH

Wave 
activity

Area  
characteristics

Survey 
year

Survey 
method

Source of 
survey data

TVU

AUS, 
Wilsons 

Promontory 
Marine N. P.

-39.13,

146.32
3.2 m 6068 Wara-

tah Bay 19m 16m
moderate to 
high wave 

activity

Rocky coastline, 
soft sediment with 
single bigger rock 

formations

2013 Multibeam 
Sonar

Geo-science 
Australia

Not 
publicly 

available1

CAN, 
Kugmallit Bay

69.67,

-132.91
0.8m 3378 Tuk-

to-yaktuk 10m 0.4m low wave 
activity

Muddy, low in-
tertidal and low 
wave dynamics, 
extremely turbid

Survey 
Mosaic

Airborne

Lidar

Bathymetry

CHS, NONNA 
data

Bc7 and 
Bd5

CAN, 
New-foundland

47.49

-57.40
1.7m 3142 Con-

noire Bay 17m 1.4m
moderate to 
high wave 

activity

Rocks, low inter-
tidal dynamics

Survey 
Mosaic

Airborne

Lidar

Bathymetry

CHS, NONNA 
data

Bc6 and 
Bd3

FRA, 
Arcachon

44.50,

-1.28
4.5m 1690 Cap 

Ferret 7m 1.8m
moderate to 
high wave 

activity

Sandy ground 
and inlet to Ar-

cachon Bay
2009 Multibeam 

Echo-sounder SHOM Bc7

GER, 
Baltic Sea

54.50,

12.43
0.2m 1390 

Gedser 7m 0.5m low wave 
activity

Sand banks, 
reefs, sandy 

ground, intertidal 
dynamics mainly 
induced through 

wind

2018 Multi-source BSH
Not 

publicly 
available1

GF, 
Ile 

Saint-Joseph

5.29,

-52.61
3.5m 2271 Iles 

Du Salut 4m 1.1m
low to mod-
erate wave 

activity

Soft, muddy 
sediment 2013 Multibeam 

Echo-sounder SHOM Bc7

NZ, 
Whangaruru 

Bay

-35.35,

174.3707
2.1m

6391C 
Whanga 
-mumu 
Harbour

14m 1.1m
low to mod-
erate wave 

activity

Rocks and cliffs, 
moderate intertid-

al dynamics
2009 Multibeam 

Echo-sounder

Land Infor-
mation New 

Zealand (LINZ)
Bc10

RE, 
La Réunion

-21.14,

 55.27
0.9m 3950 Port 

Reunion 35m 1.8m high wave 
activity Reef 2009-

2010

Multibeam 
Echo-sound-
er, airborne 

lidar bathym-
etry

SHOM Bc8

UK, 
Barraigh

57.09,

-7.43
4m T032H 9m 2.2m high wave 

activity

Rocky coastline, 
soft sediment 
in intermediate 

depths

2012 Multibeam 
Echo-sounder UKHO Bc8 and 

Bd6

USA, 
Vandenberg 

Reserve

34.57

-120.65
2.8m

9336 Oil 
Platform 
Harvest

7m 1.7m
moderate to 
high wave 

activity

Rocky cliffs along 
the coastline, 
sandy bays

2008 Multibeam 
Echo-sounder NOAA Bc7

USA, 
Miami

25.72,

-80.14
1m

2639A 
Virginia 

Key
12m 0.3m low wave 

activity

Shielded bay 
small sand ridges, 
radial bottom for-
mations, shoals, 

reef

2008 Multibeam 
Echo-sounder NOAA Bc8

Table 1 Overview of study site characteristics. Including country and site name, latitude and longitude, tidal dynamics as difference between highest astronomical tide (HAT) 

and lowest astronomical tide (LAT), the closest tidal gauge, the temporarily and spatially aggregated Copernicus Secchi-Disc Depth (SDD; Copernicus, 2023a) and Significant 

Wave Height (SWH; Copernicus, 2023b), the wave activity, geographical and morphological site characteristics. Additionally, for each site the hydrographic survey data used 

for validation is listed by survey year, method, the data source of the survey and the maximum total vertical uncertainty (TVU) according to the International Hydrographic 

Organization (IHO, 2020) S-44 matrix.

1  The data was conducted in one or multiple hydrographic surveys. Therefore, a quality of order 1a with a maximum TVU of Bc8 and Bd6 (S-44 matrix; IHO, 2020) is 

assumed. 
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First, an RT is applied to the window, detecting the 
wave direction (Bergsma et al., 2019). The slice of the 
RT at the dominant wave direction (the Radon slice) 
is extracted and shows a one-dimensional signal, 
which is then analyzed using an FFT that contains 
information on the wavelengths. Wave speed can 
be derived when relating multiple different subsets 
(e.g., from the different image bands) and the time 
lag of the captures. While past studies carried out the 
analysis only for one peak in the Fourier spectrum, 
this study involves analyzing multiple peaks, which 
enhances wave detection robustness. This method-
ology is depicted in Fig. 3, where multiple peaks are 
used to analyze the wave pattern.

Additionally, the algorithm now employs a versatile 
approach, fitting all speed-wavelength pairs to the 
wave dispersion relation. This approach, first intro-
duced in the '80s for Xband radar-based studies by, 
e.g., Young et al. (1985) and later applied to satel-
lite imagery by Gawehn et al. (2022), provides more 
robust results, especially in deeper waters. By con-
sidering all data points and identifying the best water 
depth, it overcomes the limitations of calculating ef-
fective water depth for each individual speed-wave-
length pair, which can lead to invalid results or 
skewed depth estimates.

Past studies observed overestimation of depths 
in very shallow waters, resulting from the increasing 
non-linearity of waves moving toward the shore (Bell, 
2001). On the other hand, errors increase with the 
water depth. The reason for these higher errors in 
deeper waters is that waves do not interconnect with 
the seafloor anymore at water depths much larger 
than the wavelength itself (Simarro et al., 2019).

To address these common errors, a wave quality es-
timation is calculated, which assesses the similarity of 
the wave pattern to an ideal sinusoidal pattern. Fig. 4 
illustrates this approach based on an example image.

Two points are analyzed: the upper point reveals 
a well-defined wave pattern that the RT successfully 
detects, producing a quality estimate of q=1 com-
pared to a sine wave. Conversely, the lower point, 
dominated by a strong sun glint pattern, shows a sig-
nificant deviation from the sinusoidal curve, resulting 
in a quality score of q=0.

The full WKB processing workflow is installed on 
the AWS cloud environment.

2.3 Satellite data and scene selection
2.3.1 Sentinel-2 satellite data
The WKB processing is based on data from the 
European Space Agency's Sentinel-2 satellites. The 
two Sentinel-2 (2A and 2B) satellites capture the 
earth's surface every 3-5 days, depending on lat-
itude, with publicly available data. Each Sentinel-2 
satellite features four spectral bands in the visible 
and near-infrared regions with a spatial resolution of 
10 meters, as well as nine additional bands in the 
visible to shortwave infrared with resolutions of 20 
to 60 meters (ESA, 2024). The bands are recorded 

Fig. 2 Basic principle of WKB based on optical satellite data. The different image bands are 

captured with a slight time lag, enabling for observing the movement of waves and deriving wave 

parameters like speed and wavelength (image courtesy EOMAP with copyright material from 

European Space Agency 2024).

Fig. 3 Fourier analysis and fit to dispersion relation based on one sample point. Left, the red 

cross shows the location of the point. In the center, the FFT was performed for each Radon slice, 

showing multiple peaks. All peaks above a minimal wave number (shown as green hatched line) 

are considered with a weight that is proportional to the amplitude of the peak. On the right, for 

each valid band combination and for each Fourier peak, the wave frequency is calculated. The 

dispersion relation of water waves is fitted to the points and the best fit gives the water depth (in 

this example 19 meters).

Fig. 4 Derivation of wave quality in the moving window. The RGB image shows well pronounced 

waves. The insets show on the left, the wave pattern from satellite band 4 of a moving window 

of size 800 m centered on the origin of the red arrows. In the center, the Radon transform of the 

wave pattern is depicted, including the dominant wave direction (red line). Along the dominant 

wave direction, the Radon slice is extracted (right, black line) and compared to a sinusoidal curve 

(blue line) with a wavelength corresponding to the dominant wavelength of the FFT. The wave 

quality q is calculated from a difference measure between the two curves.

https://doi.org/10.58440/ihr-30-2-a18
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with a slight time lag, enabling wavelength and 
speed derivation and solving the linear dispersion 
function for water depth.

The bands used for this study are blue (band 02, 
⁓490 nm), green (band 03, ⁓560 nm), red (band 04, 
⁓665 nm), red edge (band 05, ⁓705 nm), and two 
more near-infrared bands (band 08, ⁓842 nm and 
band 09, ⁓945 nm). Table 2 lists the bands and the 
respective recording time lags.

2.3.2 Satellite scene selection workflow
Although waves may be present during satellite image 
acquisition, they might not exhibit a sufficiently clear 
optical signature to derive bathymetry (Danilo and 
Binet, 2013). Therefore, the scene selection must pri-
oritize satellite images with visually detectable waves. 
The scene selection method utilizes the WKB pro-
cessing methodology and includes the following steps:
1. Cloud filtering:  Only Sentinel-2 images with less 

than 30 % cloud coverage above the processing 
area are considered for further analysis.

2. Wave detection:  For the feasible imagery, point 
sampling is conducted. A window is created 
around each sample point. The RT, the extraction 
of the Radon slice, and the FFT are applied, to de-
rive wavelength, speed, and amplitude.

3. Quality scoring:  The quality score (described in 
chapter 2.2) is obtained for each sample point. 
The quality scores within one image are averaged, 
enabling a satellite scene ranking based on this 
quality score. The highest-ranked 10 scenes from 
the scene selection approach are processed and 
used as a basis for the multi-scene bathymetry 
grid creation.

All workflows are installed on an AWS cloud en-
vironment, enabling direct and fast access to the 
Sentinel-2 image archive and parallelizing the pro-
cessing on 500 up to 1000 docker instances.

2.4 Data merging and post-processing
The merging of the single scene WKB results and 
post-processing of the data are pivotal steps as they 
reduce noise and artifacts and limit false positives, 
overall making the results more robust and reliable. 
In the context of SDB, fully automatic data cleaning 
presents significant challenges. Removing false pos-
itives by visual data analysis and comparisons with 
charts and other sources are effective on a smaller 
scale. However, this exclusion must be automated to 
develop a fully scalable approach. This study com-
bines multiple statistical approaches to reduce invalid 
water depth values and refine the dataset systemati-
cally. The applied cleaning workflow consists of three 
significant steps:

1. Water level correction:  All raw WKB single scene 
outputs are corrected from date and time of the 
satellite record to LAT using the FES2014 (Lyard et 
al., 2021) via a direct API access.

2. Leveraging multi-scene information on a pix-
el-basis:  The first step involves an analysis on 
a pixel basis, considering all processed single 
scenes. A layer stack is created to facilitate this 
process. This includes:

 • Quality Filtering: In very shallow waters, the 
wavelengths shorten, leading to a lower quality 
index and higher noise. Pixels with an average 
quality index of less than 0.3 are removed from 
the dataset.

 • Removal of false positives: Single-scene false 
positives are removed on a pixel basis. There-
fore, z-scores are calculated for each pixel's 
single scene values. Values with a z-score more 
than three are excluded. 

 • Merging the single scenes: If a pixel contains 
less than 20 % of the original dataset's values, 
it lacks sufficient quality and is removed. The 
remaining valid water depth values are merged 
on a pixel basis, applying a weighted average 
utilizing their respective quality indices.

3.Spatial consistency:  This step involves deter-
mining data noise within a moving window, by con-
sidering the standard deviation and the deviation 
of each pixel's value from the moving window av-
erage. Pixels with a higher absolute deviation from 
the window average than 2m+10 % water depth 
(set as TVU requirements Bc6 and Bd2 based on 
the S-44 matrix; IHO, 2020) and with a standard 
deviation higher than 2 m are considered noisy and 
are erased. While this step may create holes in the 
bathymetry grid, it enhances spatial consistency 
and removes false positives.

4.Smoothing the final dataset:  The final dataset un-
dergoes smoothing using a kernel filter to reduce 
residual noise and artifacts. Any remaining single 
pixels are deleted to achieve a cleaner and more 
coherent dataset. The result will show a smooth, 
spatially consistent bathymetry surface but still 
contain data holes where the WKB results were in-
sufficient. In operational use, the kernel filter might 
be exchanged by a median filter or splines with 
tension interpolation (Wessel and Bercovici,1998), 
depending on the user requirements and applica-
tion field of the bathymetry dataset.

2.5 Validation and quality assessment
The quality of the bathymetry results is assessed 
through visual interpretation and quantitative valida-
tion. Visual interpretation involves qualitative analysis 

Satellite band Band 02 Band 03 Band 04 Band 05 Band 08 Band 09

Time lag Δt [s] 0 0.527 1.005 1.269 0.264 2.586

Table 2 Utilized Sentinel-2 satellite bands and the respective time lags Δt [s] compared to the blue band 02 (ESA, 2024).
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of the dataset for anomalies or inconsistencies. The 
dataset is compared quantitatively against the re-
spective hydrographic survey data. The results are 
analyzed for spatial correlation and standard error 
statistics, including correlation coefficient (r), Root 
Mean Square Error (RMSE), the coefficient of deter-
mination (R²), and the slope of the linear regression 
function. Lower RMSE values, an r and R² close to 
1, and a slope near 1 indicate high accuracy and 
strong spatial correlation.

3 Results
In this chapter, the results will be presented and 
interpreted.

3.1 Automatic scene selection
The scene selection approach proved to effectively 
detect the visible waves in the imagery. Table 3 sum-
marizes the results of the scene selection approach 
for the different areas, including the minimum, max-
imum, and average scene quality score values. 

The results initially deemed unfeasible also do 
not exhibit any distinctly detectable wave signals. 
Consequently, no satellite scenes with low cloud 
cover and sufficient wave signals were detected 
for Miami, US, Baltic Sea, GER, and Kugmallit Bay, 
CAN. La Réunion shows two scenes with very low 
scene quality scores. In the other areas, the average 
scene quality score ranges from very low scores of 
0.1 (Whangaruru Bay, NZ) to high scores of 0.95 
(Arcachon, FRA).

Fig. 5 illustrates the relation between each ar-
ea's average scene quality score and its average 
SWH. It shows that by applying an average SWH 
threshold of 1 m, the unfeasible areas Miami, US, 
Baltic Sea, GER, and Kugmallit Bay, CAN, can be 
systematically excluded. The other areas show 
an increased average scene quality score with a 
higher average SWH. The Barraigh, UK area repre-
sents an outlier, which can be attributed to several 
factors: the region exhibits the highest seasonality 

Study site Min. scene quality 
score

Max. scene quality 
score

Average scene 
quality score

Number of scenes 
> 0

Average SWH 
[m]

Wilsons Promontory Marine N. P. 0.5 0.8 0.6 9 1.6

Newfoundland 0.5 0.7 0.6 9 1.4

Arcachon 0.9 1.0 0.95 9 1.8

Ile Saint-Joseph 0.2 0.3 0.25 9 1.1

Whangaruru Bay 0.0 0.3 0.1 4 1.1

La Réunion 0.0 0.2 0.05 2 1.8

Barraigh 0.09 0.6 0.2 9 2.2

Vandenberg Reserve 0.8 1.0 0.9 9 1.7

Baltic Sea 0.0 0.0 0.0 0 0.5

Miami 0.0 0.0 0.0 0 0.6

Kugmallit Bay 0.0 0.0 0.0 0 0.4

Table 3 Results of the satellite scene selection, listing for each study site the minimum scene quality, the maximum scene quality score, the average scene quality score of the 

highest ranked 10 scenes, the total number of scenes with a quality score above 0 and the average SWH.

Fig. 5 Comparison between average SWH and the average scene 

quality score for each study site, with unfeasible areas visualized in 

grey and feasible areas visualized in blue. By applying an average 

SWH threshold of 1m (red hatched line) most unfeasible areas can 

be systematically excluded.

Fig. 6 Linear relationship between average scene quality score and 

the quality of the raw single scene WKB results. The quality is ex-

pressed as R² resulting from the validation of the WKB data against 

the hydrographic survey data.
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of SWH (1.5 m in summer and 3.6 m in winter). 
In winter, when the SWH is highest, the sun ele-
vation angle is too low to cause sun reflection on 
the water surface, making visual wave detection 
significantly more challenging. Additionally, the 
winter months in this region are the most precipi-
tation-rich, leading to very high cloud cover and a 
reduction in the number of cloud-free scenes.

The extent to which the scene score affects the 
bathymetry results of individual scenes is illustrated 
in Fig. 6. Therefore, the raw (not post-processed) 
single-scene bathymetry results were validated 
against the hydrographic survey data. The resulting 
R² is compared to the respective scene quality score, 
showing a linear regression. Scene scores of 0 lead 
to a negative R² and contain no valid bathymetric in-
formation. Therefore, these must be discarded when 
processing the multi-scene image. Conversely, even 
scenes with low scores above 0 yield low but posi-
tive R² values. When combined to a multi-scene grid, 
these scenes can contribute to valid bathymetry in-
formation and are retained. 

The image selection process, based on the auto-
matic visual detection of waves using the average 
scene quality score proved to be effective to select 
suitable imagery for WKB processing. Thereby the 
impact of sun elevation angle and luminosity does 
not need to be quantified separately. Overall, the 
scene quality score represents a very good proxy 
for the WKB quality.

3.2 Wave Kinematics Bathymetry field results
The areas classified as non-feasible in Miami, USA, 
the Baltic Sea, GER, Kugmallit Bay, CAN, and La 
Réunion produced exclusively erroneous pixels 
during processing, which were subsequently au-
tomatically removed during post-processing. 
Consequently, none of these areas contains valid ba-
thymetric information. These areas are excluded from 
further analysis. The WKB results for all other areas 
are presented in the following. 

Table 4 presents the r values, RMSE, and the per-
centage of the WKB data meeting the IHO S-44 TVU 

requirement Bc6 and Bd2, for the raw multi-scene 
outputs and for the post-processed bathymetry, as 
well as the reduction of data points due to post-pro-
cessing compared to the raw SDB output. The table 
indicates an average decrease of the RMSE of 4.6 
m and a substantial increase of r, induced by the 
post-processing. Even if the IHO S-44 TVU require-
ments Bc6 and Bd2 were not achieved in any of the 
cases regarding the 95% confidence interval, an ap-
parent increase in data points that fall into this cat-
egory is evident for all areas. However, this quality 
improvement is accompanied by a considerable re-
duction of data points in the bathymetry result, shown 

Study site before post-processing after post-processing

r RMSE IHO S-44: Bc6, Bd2 
(2m+10% depth)

r RMSE IHO S-44: Bc6, Bd2 
(2m+10% depth)

Reduction of data points 
due to post-processing 

compared to the raw 
SDB output

Wilsons Promontory Marine 
National Park 0.43 17.5 8% 0.82 10.6 27% -83%

Newfoundland 0.62 13.4 25% 0.62 10.2 26% -76%

Arcachon 0.93 4.65 70% 0.97 2.46 85% -15%

Ile Saint-Jospeh 0 6.0 48% 0.95 2.4 38% -14%

Whangaruru Bay 0.4 13.5 19% 0.75 8.2 33% -85%

Barraigh -0.24 9.7 34% 0.85 2.5 68% -46%

Vandenberg Reserve 0.8 9.8 27% 0.95 5.9 39% -50%

Table 4 WKB validation results before post-processing and after post-processing.

Fig. 7 Color-coded depths derived by WKB after post-processing for Vandenberg Reserve, USA (top 

left), Wilsons Promontory Marine National Park, AUS (top right) and Barraigh, UK (bottom center).
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in the last column as a percentage change compared 
to the raw bathymetry output.

Fig. 7 showcases the results of the fully automated 
WKB, and post-processing based on the study 
sites Vandenberg Reserve, USA, Barraigh, UK, and 
Wilsons Promontory Marine National Park, AUS. The 
WKB surface is smoothly discernible in each of these 
areas, displaying visual consistency across varying 
environments. Areas characterized by lower SWH, 
such as Barraigh, UK, show larger data gaps due to 
the automated post-processing. This deliberate ex-
clusion of potentially valid data points is a trade-off 

designed to enhance the overall dataset quality 
during post-processing. 

Fig. 8 indicates the vertical error reduction achieved 
through the post-processing workflow for the three 
sites, by comparing the validation of the raw and 
post-processed results. Noise is significantly reduced 
in all three sites, resulting in point clouds that align 
more closely with the 1:1 regression line. This au-
tomated workflow represents a significant advance-
ment in streamlining bathymetric data generation and 
ensuring more reliable outputs. Fig. 9 shows that de-
spite these substantial improvements, there remains 
a tendency to underestimate deeper depths. The 
mean error increases with the water depth. The ab-
solute Mean Error values differ significantly across the 
study sites, highlighting the necessity for an area-de-
pendent deep-water cut-off threshold. 

This maximum mapping depth was derived for the 
different study sites based on visual WKB interpreta-
tion by comparing chart data contour lines and the 
hydrographic survey data with the WKB results. 

Fig. 10 shows the relationship between the visually 
derived maximum mapping depth and the average 
scene score quality. The area Ile Saint-Joseph, GF, 
is excluded, as it was not processed to the maximum 
mapping depth. This relationship allows for a further 
reduction of false positives in addition to the de-
scribed post-processing steps. This integration of the 
automatically defined cut-off depth in the post-pro-
cessing workflow, is crucial when scaling up the ap-
proach to the globe.

4 Discussion
In the following the results of this study and the potential 
of a global 100 m spatial resolution bathymetry derived 
from WKB methods are discussed and concluded.

4.1 Potential of 100 m WKB processing
This study demonstrates the improvements, results, 
performance, and accuracy of a fully automated and 
scalable WKB approach operating at a 100 m spatial 
resolution. The method leverages time lags between 
bands in multispectral Sentinel-2 satellite data, elim-
inating the need for locally adapted assumptions 
and calibration using pre-existing bathymetric data, 
which are often required in radar-based methods 

Fig. 9 Error distribution over water depths for the sites Vandenberg Reserve, USA (top), Wilsons Promontory 

Marine National Park, AUS (center) and Barraigh, UK (bottom), indicating the mean errors (red lines).

Fig. 10 Relationship between the site-specific maximum mapping 

depth [m] with the average scene quality score

Fig. 8 Comparison of the validation of the raw WKB outputs (light blue scatters) with the post-pro-

cessed WKB results (dark blue scatters), for the sites Vandenberg Reserve, USA (top left), Wilsons 

Promontory Marine National Park, AUS (top right) and Barraigh, UK (bottom center).
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(Hennings, 1990; Wiehle et al., 2019). WKB is robust 
across various environmental conditions, including 
turbid waters and areas with extensive seafloor over-
printing by flora and fauna, which typically change 
seafloor color and challenge optical SDB approaches 
(Hartmann et al. 2022). Introducing a sophisticated 
satellite scene quality score allows for systematically 
excluding unfeasible areas. This score provides a 
reliable proxy for the quality of the raw WKB results. 
Implementing the pixel-based quality score in a fully 
automatic post-processing routine significantly mini-
mizes false positives, improving the results’ reliability. 

The designed workflow, running on the AWS cloud 
environment, is fully scalable and capable of global 
application. The bathymetry outputs offer substantial 
potential for a range of applications, particularly in un-
mapped, difficult-to-access, and turbid regions. This 
data can be instrumental in survey planning, bridging 
existing data gaps, and serving as a robust foundation 
for numerical coastal flooding and hazard modeling. 
Ultimately, this data resource supports more accurate 
coastal assessments and informed decision-making 
in marine and environmental management.

4.2 Horizontal and vertical accuracies
The bathymetry results have a raster resolution of 100 
m. However, due to the moving window approach with 
window sizes of 500–800 m, only coastal features with 
a few hundred meters extent such as sand bars and 
coastal reefs become visible in such data. The WKB 
approach is most stable for intermediate to shallow 
water depths, ranging from -5 m to -35 m. Very shallow 
water depths (shallower than –5 m) are more sensitive 
to errors in the derivation of the single wave param-
eters due to the increasing non-linearity of the wave 
approaching the shore. The quality score depicts this 
non-linearity. Combined with the post-processing ap-
proach, false positives are eliminated in very shallow 
waters. Data gaps in the very shallow waters can 
be covered, e.g., by the fully scalable, optical phys-
ics-based SDB approach, described by Hartmann 
et al. (2022). Overall, with WKB, errors increase in 
deeper waters. The maximum mapping depth de-
pends strongly on the site-specific morphology and 
waves and shows a relationship to the average scene 
quality score. This relationship can be applied to auto-
matically derive a site-specific cut-off threshold and to 
eliminate false positives in deeper waters. 

4.3 Limitations
The primary limitation of this methodology is the ne-
cessity of the presence of waves. Areas without 
sufficient wave dynamics can be precluded from pro-
cessing using parameters such as the average SWH, 
with a threshold of 1 m (Bell, 2008). This limitation 
mainly affects bays, waters sheltered by morphology 
(e.g., fjords, or between islands) and shallow areas 
on reefs. By excluding these unfeasible areas prior 
to processing, the method ensures efficient and ef-
fective application of resources. Water depths can 

be calculated using WKB processing independent of 
water clarity, vegetation, or seafloor darkness. However, 
vertical uncertainties are typically higher in clear wa-
ters compared to optical approaches, especially the 
physics-based optical SDB method (Hartmann et al. 
2022). Furthermore, this workflow does not cover very 
shallow areas. Therefore, a combination of WKB and 
physics-based optical SDB is considered to enhance 
overall accuracy and coverage. 

4.4 Scalability and global applicability of WKB 
By integrating all the methods described, a fully au-
tomated WKB workflow is achieved. The deployment 
on the AWS Cloud enables up to a 1,000-fold paral-
lelization of computations, making the workflow fully 
scalable.

To showcase the degree of automation and scal-
ability, the full scene selection, WKB processing 
and post-processing workflow were executed along 

Fig. 11 WKB results for west Australia, showcasing the full processed bathymetry on left and two de-

tailed views on the right.

Fig. 12 Potential global WKB processing area, derived from the GEBCO -50 m contour line. Areas with 

an average SWH smaller 1m and major reefs and atolls were removed.
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the entire west coast of Australia. This was com-
pleted within two hours (parallelized on 300 docker 
containers), without any manual data manipulation, 
demonstrating the method's robustness and effi-
ciency. The result, depicted in Fig. 11, encompasses 
over 9,900 km² of data in a highly dynamic envi-
ronment. The bathymetry was fully processed and 
post-processed within 90 min, further reinforcing the 
efficiency of the WKB process.

Given the full automation and scalability of this 
workflow, the 100 m WKB process holds substantial 
potential for achieving global coastal bathymetry cov-
erage. This is particularly valuable for providing data 
for previously unmapped areas.

Fig. 12 illustrates the estimated global feasible 
WKB area based on the GEBCO 2024 bathymetry 
–50 m contour line, excluding reefs and atolls and 
regions with an average SWH of less than 1 m. 
Validation of a global data set can be carried out on 
a global scale or sample based. Validation against 
global data includes soundings of nautical charts 
(which need to be licensed) and the GEBCO bathym-
etry layer. Sample-based validation can be carried 
out for single sites, using the bathymetry points of the 
green active LiDAR IceSat-2 satellite in clear waters 
and the available hydrographic survey data in turbid 
waters. The processing of this global WKB dataset is 
already in progress and will support a wide range of 
applications, from survey planning to coastal hydro-
dynamic modeling (Gawehn et al., 2022).

4.5 Applications
The spatial resolution, depth coverage and uncer-
tainties of the WKB model define its potential use for 
coastal applications. While the spatial resolution and 
uncertainties will forbid its use in nautical charting of 
safety of navigation it is of value for regional to global 
hydrodynamic models. This value is especially high 
when other bathymetric data do not exist, are not 
available or are interpolated. Its spatial resolution 
aligns with the Nippon Foundation-GEBCO Seabed 
2030 Project, which aims to provide a global 100m 
bathymetry grid by 2030. It also supports the objec-
tive of Copernicus Marine to potentially include this 
dataset in the European Copernicus Marine Service. 
The latter funds this research and upscaling and the 
final datasets are aimed to be released in the data 
portal and contribute to Seabed2030 and the global 
GEBCO datasets.

5 Conclusion and outlook
This study successfully demonstrates the full au-
tomation and scalability of a standardized and 
harmonized WKB workflow, encompassing satellite 
scene selection, WKB processing, and post-pro-
cessing at a 100 m spatial resolution. We identified a 
scene quality score as a reliable proxy for WKB result 
quality. This quality score is the basis of the new and 
effective satellite scene selection approach, enabling 
a feasibility analysis before processing. The WKB 
processing was improved by taking multiple peaks 
of the Fourier spectrum into account, making results 
more robust. Incorporating advanced fully automatic 
post-processing mechanisms significantly improved 
the accuracy of results, minimizing errors and false 
positives in very shallow and very deep waters. The 
degree of automation and scalability was showcased 
on a regional basis but enables the extension of this 
method globally, which is already ongoing. A compre-
hensive global WKB dataset will substantially enhance 
the utility of the SDB dataset for coastal applications 
like survey planning or hazard modeling. It will provide 
critical bathymetric insights in areas currently lacking 
data. WKB-derived data still falls short in accuracy 
when compared to optical physics-based SDB 
methods in shallow waters. Therefore, integrating 
WKB with optical physics-based techniques has the 
potential to harness the strengths of both methods, 
thereby minimizing their individual limitations and 
achieving the best possible global coverage and 
accuracy.

While this study focused on developing a fully au-
tomated and scalable WKB approach to derive one 
WKB dataset, it did not explore the applicability for 
monitoring areas characterized by high seabed dy-
namics. Investigating WKB's monitoring capabilities 
in such dynamic environments could significantly en-
hance our understanding of coastal processes and 
dynamics. This, in turn, would support more effective 
coastal management strategies, ultimately strength-
ening coastal resilience in the face of environmental 
changes.
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