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%Z" Abstract

Satellite-Derived Bathymetry (SDB) methods have found their way into the
hydrographers’ toolbox and are part of integrated survey concepts, nautical charts
and support global and European programs such as Seabed2030 or EMODnet
Bathymetry. The concept of the ‘physics-based’ SDB describes the calculation of
bathymetry by modelling the sunlight path from the sun to the seafloor to the satellite
sensor. It is a highly sophisticated model which enables the calculation of shallow
water depth in the absence of any other survey or ground-truth data. Thus, bathy-
metric data can also be retrieved for remote and inaccessible areas - in contrast to
empirical SDB approaches. Key questions which arise for SDB results are vertical
accuracy, potential and feasibility for different sites and the methods to upscale SDB
solutions.
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These questions are addressed in the current European innovation project 4S. With-
m in the project SDB-Online was developed, a fully physics-based SDB concept which
& is installed in a cloud and accessible via a web user interface. The backend is paral-

| lelised and can be accessed via application programming interface (API) which
| allows a fully scalable and automatic SDB processing. In this study SDB-Online re-
m sults are validated at ten sites, ranging from the higher latitudes of Canada to turbid
® UK waters to the Caribbean. Furthermore, a relationship between the Secchi Disc
m Depth and the cutoff depth of the SDB results is established and a global map of
B water-clarity potential of the SDB solution is presented.
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- u Résumé

B |Les méthodes de bathymétrie dérivée par satellite (SDB) ont trouvé leur place dans
W |a boite a outils des hydrographes et font partie des concepts de levés intégrés, des
A cartes marines et soutiennent des programmes mondiaux et européens tels que
W Seabed2030 ou EMODnet Bathymetry. Le concept de SDB « basé sur la physique »
| décrit le calcul de la bathymétrie en modélisant le trajet de la lumiere du soleil au
m fond marin jusqu’au capteur satellitaire. Il s’agit d'un modéle trés sophistiqué qui
8 permet de calculer la profondeur des eaux peu profondes en I'absence de tout autre
M levé ou de toute autre donnée de terrain. Ainsi, les données bathymétriques peu-
s vent également étre récupérées dans des zones éloignées et inaccessibles — con-
i trairement aux approches empiriques de SDB. Les questions clés qui se posent
pour les résultats de SDB sont la précision verticale, le potentiel et la faisabilité pour
W différents sites et les méthodes pour améliorer les solutions de SDB.
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Ces questions sont abordées dans le projet européen d’innovation actuel 4S. Dans
le cadre du projet, SDB-Online a été développé, un concept de SDB entierement
basé sur la physique qui est installé dans le cloud et accessible via une interface
utilisateur Web. Le backend est parallélisé et accessible via une interface de pro-
grammation d’application (API) qui permet un traitement SDB entiérement évolutif et
automatique. Dans cette étude, les résultats de SDB-Online sont validés sur dix
sites, allant des latitudes plus élevées du Canada aux eaux turbides du Royaume-
Uni jusqu’aux Caraibes. En outre, une relation entre la profondeur du disque de
Secchi et la profondeur de coupure des résultats de SDB est établie et une carte
mondiale du potentiel de clarté de I'eau de la solution de SDB est présentée.

Mots-clés: Bathymétrie dérivée par satellite, hydrospatial, observation de la Terre,
levé bathymétrique, science des données

. Resumen

m Los métodos de Batimetria Derivada por Satélite (SDB) se han convertido en una
M herramienta de los hidrografos, y forman parte de los conceptos integrados de
x levantamientos, cartas nauticas, y apoyo a programas europeos y globales como
@ Seabed2030 o Batimetria EMODnet. El concepto de SDB ‘con base fisica’ describe
m el calculo de batimetria mediante el recorrido de la luz del sol desde el sol al fondo
® marino al sensor por satélite. Es un modelo muy sofisticado que permite el calculo
m de profundidades de aguas someras en ausencia de otros datos de levantamiento o
* de fondo verdadero. Asi se pueden recoger datos batimétricos de areas remotas e
j inaccesibles — a diferencia de los enfoques empiricos de SDB. Las cuestiones clave
@ sobre los resultados de SDB son la exactitud vertical, potencial y viabilidad para
m diferentes lugares y métodos para escalar las soluciones SDB.
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El actual proyecto de innovacion europeo 4S aborda esas cuestiones. Dentro del
proyecto SDB-Online se desarrollé un concepto de SDB con base completamente
W fisica, que esta instalado en una nube y al que se accede mediante un interfaz de
I usuario web. El backend va en paralelo y se puede acceder mediante un inferfaz de
il programacion de la aplicacion (API), lo que permite el procesado SDB automatico y
M completamente escalable. En este estudio los resultados de SDB-Online se validan
m en diez lugares, que van desde las latitudes altas de Canada, pasando por las
aguas turbias del Reino Unido, hasta el Caribe. Ademas, se establece una relacién
W entre la Profundidad por Disco Secchi y la profundidad limite de los resultados de
L SDB, y se presenta un mapa global de potencial claridad del agua de la solucién
| SDB.

M Palabras clave: Batimetria Derivada por Satélite, hidroespacial, Observacion
| de la Tierra, levantamiento batimétrico, ciencia de datos
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1. INTRODUCTION

A high-resolution bathymetric survey is a critical prerequisite to modern coastal zone planning
and engineering projects. In the shallow nearshore area, bathymetric information are often adopt-
ed from coarse or outdated soundings on published charts, due to high costs, risks and pose lo-
gistical challenges of traditional survey techniques. Ship-based acoustic measurements that uti-
lize single- or multi-beam systems require both, equipment and staff on the vessel and the access
to the nearshore is limited by the vessel's draft and areas deemed safe to navigate. An alternative
to these shallow water survey methods is Satellite-Derived Bathymetry (SDB) which provides rap-
id, cost effective and high-quality bathymetric surveys for worldwide applications. This technology
has evolved considerably since the 1970s with the public availability of the first optical satellite
images. Today it is frequently used to support hydrographers and other stakeholders in their
work.

In early 2021, an online questionnaire performed as part of the European Commission’s ‘4S’ inno-
vation project on the usage of shallow water survey techniques, showed that 28 % of the 213
stakeholders identified the ability to map inaccessible locations as the main reason to use SDB
technology. Other notable statistics from the survey include: access to historic and recent infor-
mation (22 %), better/more accurate data than currently accessible/available (18 %), reduced lo-
gistic effort (18 %) and less dependencies on weather (4S, 2021). This demand has impact on the
SDB method which can be applied as it requires to be independent on local survey data to map
in-accessible regions and to allow for mapping historic morphology.

There are three main SDB concepts: (a) the ‘photogrammetric approach’ in which matching points
are identified in two or more satellite images of varying recording geometry. The elevations
(depths) are then triangulated from the orbit patterns correlated with the matching points (Chénier
et al., 2018). It is depending on the availability of commercial clear water stereo VHR imagery,
very smooth water surface and a heterogeneous seafloor. (b) The ‘ratio approach’ applies the ra-
tio of the green and blue light with an empirical relationship to match pixel colour with known sur-
vey data (International Hydrographic Organization, 2018). This method requires existing high-
quality survey data as a prerequisite. Machine Learning procedures such as a random forest re-
gressor or SVM, can be applied to train multispectral satellite images with known depth
(Niederjasper et al., 2020). However, the transferability of such models to other satellite images is
limited. (¢) The ‘physics-based’ SDB quantifies depth by inversion of the radiative transfer model
that describes the modulation of the sunlight as it passes through the atmosphere, water surface,
water column and is reflected from the seafloor back to the satellite sensor. The benefit of this
approach is that quantification of water depth does not require on-site survey data, is sensor-
agnostic, and can provide a range of ancillary outputs such as seafloor reflectance and model-
based confidence envelopes on a per-pixel basis. This method is more computationally intensive
but due to its benefits, it has found uptake in the Seabed2030 project and is integrated into nauti-
cal charts in the Pacific and Caribbean.

All described SDB methods are passive measurements and are limited to depth zone where the
sunlight is reflected by the seafloor. The depth of approx. 1 time Secchi Disc Depth at time of sat-
ellite image recording is often used as maximum mapping depth (e.g. Hartmann et al., 2017).
They depend on the users’ skills on satellite image- and bathymetric data interpretation and re-
quire data manipulation which is a potential source of uncertainties. It also limits the ability to up-
scale SDB concepts to a pan-national or global scale. These gaps were identified in the recent
Horizon2020 innovation project ‘4S’, a consortium of eight industry and academia partners,
Fugro, QPS, Hellenic Centre for Marine Research, Lansstyrelsen Vasterbotten, CNR ISMAR, In-
stituto Hidrografico, Smith & Warner International and led by EOMAP. Within the project, SDB-
Online was developed, a fully physics-based SDB solution, installed in the cloud with parallel pro-
cessing capabilities.
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2. MATERIALS AND METHODS
2.1 Sites and bathymetric survey data

The validation of SDB-Online’s SDB results was conducted for ten focus areas. These sites were
selected to represent different environmental and geographic conditions and are located in areas
with freely accessible bathymetric survey data. The following sites were selected: Céte d'Azur,
FR, Dublin Bay, IE, Hooper Inlet, CA, Lake Michigan, US, Miami, US, Moray Firth, UK, O’Reilly,
CA, Sint Maarten, NL, Thames estuary, UK and Hastings, UK (Figure 1).
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Figure 1. Location of the ten study areas.

The bathymetric survey data which have been used for the validation of SDB results are
described in the Table 1. The sites represent different tidal regimes from very high water level
variations (Hastings, UK) to very little (O’'Reilly, CA and Lake Michigan), different water level con-
ditions from turbid waters (Thames estuary, UK) to clear waters (Sint Maarten, SX) and different
latitudes from the equator (Sint Maarten, SX) to the polar region (Hooper Inlet, CA).

The survey data were reprojected from the original coordinate system to the UTM/WGS84 coordi-
nate system and resampled to a 10 m spatial resolution grid using the Nearest Neighbour
resampling method to match the spatial resolution of the SDB data.

2.2 Satellite data

The study is based on European Space Agency’s Sentinel-2 satellite data, while the methodology
applied and described below is sensor-generic and often applied also to very-high resolution sen-
sors such as Worldview-2/-3. The recording sensor aboard the Sentinel-2 satellites, the Multi-
Spectral Imager (MSI) features four separate spectral bands in the visible and near-infrared re-
gion with a spatial resolution of 10 m and a further nine bands in the visible to short wave infrared
bands in 20 m to 60 m resolution. The constellation of two Sentinel-2 satellites so far (2A and 2B)
record the earth in a frequency of 3-5 days depending on latitude, with the data being freely avail-
able to the general public’. SDB-Online is linked to these data archives and thus can directly
access one or multiple of those datasets.

The selection of satellite data for the analysis is a crucial prerequisite for the SDB process. Envi-

"https://sentinel.esa.int/web/sentinel/missions/sentinel-2
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ronmental impacts such as cloud cover, haze, sunglint, wave activity and turbidity can negatively
impact the SDB derivation. This needs to be considered in the satellite scene selection. Accord-
ingly, for each site satellite imagery with the lowest possible environmental impacts was selected.

The dates of the satellite data which have been used for the SDB analysis are listed in Table 1.

Table 1. Site characterisation, survey details and accessed satellite record.

Site description Survey description
Site ﬁ?'t;r /-\Sveecrzgie Survey Survey Vertical da- D:ﬁ‘iet:‘::;t'
name Lat Lon |dynamic| “n, date method Source tum ord (UTC)
(HAT to Debth**
LAT)* P
Cote Airborne . Lowest
d'Azur, |43.06962| 6.15111 05|  17.3[50P00% || idar ohow Lt Iastronomical (20171007
FR Bathymetry Tide T
Dublin Multibeam 2017-07-12
Bay, IE 53.33881| -6.13750 4.6 5.1|12010-2011 echosounder GSlI Chart Datum 11:33:19
Hatings, Echosounder 2020-07-30
UK 50.85805| 0.61336 8.3 2.712013 survey UKHO Chart Datum 1117:00
Bathymetric
rface CHS
Hooper Survey oW ; 2019-08-14
Inlet, CA 69.33032(-81.68091 2.8 13.9 mosaic (Alrborne NONNA Chart Datum 17:34:26
Lidar data
Bathymetry)
Lake Airborne 176 meters
Michgan, | 45.79779]-85.47680 4 130 §°¥|22%11%‘ Lidar NOAA above foenaree
us P Bathymetry IGLD85 Y
L Single-beam
Miami, Jun—=Jul Mean Lower [2021-02-04
Us 25.72082(-80.15813 1.2 10.3 2017 echo NOAA Low Water  116:06:12
sounder
Moray Nov 2019- |Multibeam 2021-07-01
Firth, UK 57.63733| -3.79206 46 6.1 Mar 2020 |echosounder UKHO Chart Datum 11:35:12
Bathymetric
N surface CHS,
O'Reilly, | 65 06969|-98.68307 03  112[3UVeY  lAibome  [NONNA  |Chart Datum |2921-09-22
CA mosaic . 18:25:02
Lidar data
Bathymetry)
. Bathymetry
Sint Royal Lowest
Maarten, | 18.00769|-63.06196 05|  23pfsurface |EChosoUNder|yieineriands |Astronomical [5g.cr s
SX rom multi- [surveys Navy Tide 14:57:15
ple surveys
Thames Single-beam 2018-07-08
estuary, [51.59954| 1.18468 5.9 3.5/2013-2014 |echo UKHO Chart Datum 11:02:15
UK sounder T

* Water levels were accessed using the nearest predicted tidal station of Admiralty Total Tide.
** 10 years average of global Secchi Disc Depth analysis of Copernicus Marine.

2.3 SDB-Online

The processing of the bathymetric surface in the webapp SDB-Online is based on an algorithm
package developed by EOMAP, which quantifies bathymetry by the inversion of the radiative
transfer equation, often referred to as “physics-based” method. It is a standardized data analysis
independent of additional survey data. However, it also offers the possibility to assimilate survey
data (or Satellite-Lidar Bathymetry (SLB) data, not part of this paper) for quality-control and auto-
matic fine tuning of the model. The core element of this algorithm package is the Modular Inver-
sion and Processing System (MIP) for shallow-water and SDB applications (Heege et al., 2003;
Heege et al., 2004). The MIP development started in 1996 by a team of physicists, mathemati-
cians and IT experts at the German Aerospace Center (DLR) within various research programs. It
has continued to evolve since 2006 as proprietary EOMAP technology. Within the MIP, the radia-
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tive transfer model of the coupled atmosphere-water systems is based on the Finite Element-
Method (FEM) reference model of Dr. Kiselev, EOMAP. This method was refined and further
developed over the last 30 years (Kisselev and Bulgarelli, 2004; Kisselev et al., 1995), featuring
the state-of-the-art algorithms as listed below. In order to support efficient production workflows
and automated processing, MIP modules and EOMAP pre-/post processors are orchestrated
within the Earth Observation Workflow System (EWS). Furthermore, MIP algorithms form the ba-
sis of the physics-based, stand-alone desktop SDB software ‘WATCOR-X’, which is licensed to
Hydrographic Offices worldwide (e.g. Royal Australian Navy or Pushidrosal at the SDB Day
20212 In the past years the ‘full’ physical implementation of the atmosphere, the water column
and the seafloor system was completed and enabled mapping bathymetry independent of any
ground truth data availability, while reducing analysts’ effort for fine-tuning parameters. As part of
EOMAP’s Research & Development program, this system is continuously updated and improved.

Within the current Horizon2020 innovation program 4S, this solution was installed on the AWS
cloud. A web user interface and an API interface allow to activate the cloud-backend and SDB
data are produced on demand (Figure 2, access to SDB-Online at sdb-online.eomap.com).

.........

Figure 2. Web-User Interface of SDB-Online. Area and satellite data definition (leff) and online data visualisation and
access (right).

SDB-Online is directly coupled with the satellite data archives of ESA’s Sentinel-2 multispectral
satellites, so that an upload or data transfer to the system is not required. The workflow of SDB-
Online is explained in the following and illustrated in Figure 3:

1) Initialisation: User defines an area of interest via the online webapp and identifies a
specific satellite record which meets the requirements for SDB. A separate webapp (eolytics
SWIFT3) supports the user with the identification of the most meaningful
satellite image records.

2) Core data analytics: The full SDB workflow contains a number of processes and correc-
tions applied to the multispectral satellite imagery, including the inversion of the radiative transfer
equation:

1. Import of selected satellite data and access of all relevant metadata

2. ldentification of all water areas within the area of interest

3. Correction of satellite data for effects of adjacency of the nearby land (Kiselev et al., 2015)
4

. Correction for atmospheric and sea surface impacts using a coupled retrieval of in-water
optical properties (IOP’s) and atmosphere (Heege et al., 2014)

5. Minimization of effects of sunglint on the water surface

2https://sdbday.org/conference-materials/ (video records of the SDB Day conference 2021)
®swift.eolytics.com/
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6. Retrieval of spatially resolved information on water depth and seafloor albedo

7. Correction for water level heights using Aviso water level model*; SDB-Online has integrat-
ed a global water level model, correcting SDB data to Lowest Astronomical Tide (LAT) as
default.

8. Creation of standardized geodata formats for SDB, ISO conform metadata and a real colour
image of the satellite record(s).

3) QA and download: The SDB results can be accessed via the webapp. Functions such as
a 3D view, transects and overlays of real colour imagery or colour palette enable an initial check
of the SDB. All data can be downloaded and are fully compatible to any GIS system, hydrograph-
ic software or geo-libraries. The mandatory check which follows the data analytics is the definition
of the cutoff depth. This is the depth boundary between the areas where light is reflected by the
seafloor and areas where the light is reflected by the water column. Any area deeper than the cut-
off depth needs to be masked from the SDB data by the user. The cutoff depth can be heteroge-
neous across an area of interest, varies with the season and depends onwater clarity and seabed
colour.

The described process was performed for all 10 study sites. All data analytics were processed
without any kind of local data or information. All results represent the direct outcome of the
physics-based SDB calculation of SDB-Online. The additional survey data have only been used
for validation purposes.

SDB-online, sdb-online.eomap.com

b
Satellite

archive(s)

i

Al/manual
image
selection

I meta
data
Physical SDB |

—»  (RTE
inversiong;}

fitell
definition

Figure 3. Concept of SDB-Online, the user defines an area of interest (a), selects satellite data manually or guided by
the image selection tool eolLytics SWIFT (b), start the physics based SDB processor and access the bathymetric sur-
face and deliverables (c).

*aviso.altimetry.fr
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3. RESULTS

SDB-Online created bathymetric surfaces in 10 m spatial resolution for all of the ten sites and in-
dependent on local survey or ground truth data.

The following figures illustrate the SDB results (top right), the survey data which have been used
for the validation (top left), the combined dataset where survey data overlays the SDB result
(bottom left) and the scatterplot of SDB vs. survey data (bottom right). A detailed summary of the
validation statistics are provided in Table 2, following the figures.

For Hooper, CA (Figure 4) and O’Reilly, CA (Figure 5), SDB data were mapped from shoreline
down to approx. 12—15 m (LAT). The SDB in the very shallow waters allows to fill data gaps of the
acoustic survey. On the Hooper site, a shoal could be identified and mapped in the SDB data
(centre) whose spatial dimension was not present in the single beam echo sounder surveys.
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Figure 4. Hooper, CA site. SDB results (top right), the survey data (top left), the combined dataset (bottom left)
and the scatterplot of SDB vs. survey data.
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Figure 5. O’'Reilly, CA site. SDB results (top right), the survey data (top left), the combined dataset (bottom left) and the
scatterplot of SDB vs. survey data. The transect illustrates the topography of the SDB and survey data.
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Figure 6. Dublin Bay, IE site. SDB results (top right), the survey data (top left), the combined dataset (bottom
left) and the scatterplot of SDB vs. survey data. The transect illustrates the topography of the SDB and survey data.
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Dublin Bay’s water clarity allowed to map the seafloor down to 7.8 m at time of satellite image
recording, which equals 5 m below LAT, whereas the MBES survey data did not cover the inter-
tidal depth (Figure 6). The combination of both surveys allows for a seamless bathymetric grid

from +3 m LAT down to deeper waters.

The single beam echosounder surveys of the Thames estuary site provide depth data for the
vessel survey lines and contain data gaps between those lines (Figure 7). SDB-Online was able
to provide depths down to 4 m (LAT) and provided details of the morphology of the sandbanks.
Although the selected satellite image represents — for this location — relatively clear water condi-
tions, the turbidity impacted the SDB results and led to a slight underestimation of depth.
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Figure 7. Thames estuary, UK site. SDB results (top right), the survey data (top left), the combined dataset

(bottom left) and the scatterplot of SDB vs. survey data.
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Sint Maarten, SX represented the water conditions with the clearest waters and allowed for SDB
mapping down to 20 m depth (Figure 8).
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Figure 8. Sint Maarten, SX site. SDB results (top right), the survey data (top left), the combined dataset (bottom left)
and the scatterplot of SDB vs. survey data.

64



THE INTERNATIONAL HYDROGRAPHIC REVIEW

NOVEMBER 2022

SDB data were created down to approx. 8 m (LAT) for the Scottish site ‘Moray Firth’ and can fill
data gaps of the echo sounder surveys (Figure 9). Moray Firth site’s water conditions were mod-
erately turbid which can be identified in the greater difference between survey and SDB data.
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Figure 9. Moray Firth, UK site. SDB results (top right), the survey data (top left), the combined dataset (bottom
left) and the scatterplot of SDB vs. survey data.
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The Lake Michigan site represents the only lake bathymetry which has been used in this study
(Figure 10). The vertical datum of Lake Michigan is 176 meters above IGLD85 and both, the
survey and SDB data use this reference datum. The satellite data was recorded at a time of ex-
cellent water conditions and SDB data were calculated down to a depth of approx. 15 m and in
some areas exceeded the depth of the airborne lidar bathymetry data collection.
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Figure 10. Lake Michigan, US site. SDB results (top right), the survey data (top left), the combined dataset
(bottom left) and the scatterplot of SDB vs. survey data.
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The Miami, US site includes more turbid waters in the western parts and less turbid coastal
waters to the east (Figure 11). This also impacts the cutoff depth of SDB which is variable within
this site. The cutoff depth at the eastern, coastal site has not been reached.

Survey data Miami, US SDB data Miami, US
z z
4 by
z z
& A A
2 b3
80.2°W 80.15°W 80.2°W 80.15° W
Combined survey and SDB data Miami, US
5 - - - - -
— y=1.17*x+0.17 Rsquare = 0.85 n = 379600 ,/
-- 1l:lline .7
z ol
oo
2 =
4 E
=
S
5 31
o
¢
£
o
~ -10f R4
> ’
[ ’
z e
2 -
w -,
-15| s
= - 4
] _20 . . . .
I -20 -15 -10 -5 0 5
SDB, 10m resolution (m)
+4
0 -5 -10 -20 -25
i ——  below LAT

Figure 11. Miami, US site. SDB results (top right), the survey data (top left), the combined dataset (bottom left)
and the scatterplot of SDB vs. survey data.
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The French Cbte d’Azur site was surveyed by very high resolution topographic-bathymetric lidar
(Figure 12). SDB-Online created depth data down to approx. 18 m. Very dark seabed of Posido-
nia Oceanica impacted the potential of the SDB performance and resulted in higher uncertainties
in depth below -10 m. A combination of survey and SDB data does not provide any added-value
for this site, because the lidar data provide a full coverage.
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Figure 12. Céte d’Azur, FR site. SDB results (top right), the survey data (top left), the combined dataset (bottom left)
and the scatterplot of SDB vs. survey data.
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The Hasting, UK site was the most turbid of all selected sites and has the most dynamic water
levels (Figure 13). SDB data could be retrieved for depth down to 2.2 m which represent only a
portion of the intertidal heights. No significant coverage nor benefit in combination with the survey
data could be achieved for this complex environment.

Survey data Hastings, UK SDB data Hastings, UK

50.9°N
50.9°N
}
+
+
|

50.85° N

K

50.8° N
50.8°N

50.75° N
50.75° N
|
+
+
|

0.45°E 05°E 0.55°E 06°E 0.45° E 05°E 0.55°E 0.6°E

— y=1.81*x+-1.64 Rsquare = 0.59 n = 20439 /’
-- 1l:lline 2
ot 4 1

Combined survey and SDB data Hastings, UK

50.9° N
-
J
+
i
N
N

-10} L7

50.85° N
Survey, 10m resolution (m)
\

-15¢ /,’

50.8°N
+
\
|
+

-20 L L L L
=20 =15 -10 =5 0 5
SDB, 10m resolution (m)

+4

0 -5 -10 -20 -25
o ——  below LAT

50.75° N

0.45° E 05°E 0.55°E 0.6°E

Figure 13. Hastings, UK site. SDB results (top right), the survey data (top left), the combined dataset (bottom
left) and the scatterplot of SDB vs. survey data.

The SDB results were compared with survey data using the linear regression parameters of R?,
slope and intercept and analysed the percentage of the SDB data within four different IHO cate-
gories on vertical uncertainties. The statistics are provided for all ten sites (Table 2). Overall the
SDB data and survey data are within a 1:1 linear relation with a variable slope of 0.79 (Dublin
Bay, IE) to 1.29 (Thames estuary, UK) and high R? values from 0.69 to 0.96 and 0.28 to 0.54 for
more turbid water conditions (Dublin Bay, IE and Thames estuary, UK). The site Hastings, UK
has the smallest cutoff depth, highest turbidity and highest water level dynamics. Because of
these circumstances, such areas are typically defined as not feasible for SDB techniques.
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Table 2. Statistics of the validation of the automatic SDB-Online SDB results with the bathymetric survey data.

S_Iope and %% within £0.5 m % within IHO | % within IHO | % within IHO SDB
Site name | ninK | R? intercept and 1% depth *1 mand 2% | ¥2 m and 5% |*1 m and 10%| cutoff
(survey =m (Bc8, Bd7*) depth depth depth depth in
x SDB+b) ’ (Bc7, Bd5*) (Bc6, B3*) (Bc7, B2¥) m**
cote dAzur, | 203 |09 | 095 233 44.6 74.0 49.1 18.0
Dublin Bay, m=0.79
IE 52 0.28 b=-0.50 52.9 85.9 98.3 90.7 7.8
Hastings, m=1.8 Tk _— -
UK 20 |0.59 b=—-16 52.8 2.2
Hooper Inlet, m=1.1x
CA 68 |0.90 b=-0.2 38.2 62.3 85. 80.2 11.9
Lake _
Michigan, 1.109 |0.96 Ln—_:)% 456 84.4 98.7 95.1 15.0
us s
Miami, US | 379 [0.85| P17 35.9 85.0 99.8 95.2 8.0
Moray Firth, m=1.14
UK 43 |0.81 b=096 40.8 73.4 98.9 85.7 9.3
OReily, CA | 98 [091] 105 67.4 85.2 96.4 91.0 11.9
Sint m=0.89
Maarten, SX 126 |0.92 b=-1.02 343 62.8 93.9 86.7 20.0
Thames m=1.29
estuary, UK 1.8 [0.54 b=-0.22 30.2 54.7 89.6 65.5 4.0

* JHO definition of vertical uncertainties®

**values in meters below water level at time of satellite image recording

*** Hastings, UK represent a very turbid environment with a SDB cutoff depth of 2.2 m. The vertical accuracies classes
would indicate a high quality which is not correct for this environment.

Speed performance

The speed performance of SDB-Online was measured for 100 separate SDB results with different
area S|zes and locations. As a rule of thumb SDB-Online provided the bathymetric outcome of a
50 km? site within one hour after start on two cores and 16 GB RAM. Multiple hundreds of pro-
cesses can be initialised in parallel so that a significant amount of area can be processed within
short turn-around time. An analyst is mandatory for the final QA/QC and cutoff depth definition
which adds to the total turn-around time.

Global potential of SDB

The maximum mapping depth/cutoff depth of the SDB results were depending on the local water
conditions of the site and varied across them. The Secchi Disc Depth (SDD) values from Coperni-
cus Marine observation (Copernicus-GlobColour) were assessed for the nearest location and re-
cording date and compared to the cut-off depth of the SDB results. The comparison shows a rela-
tionship between the mapping depth and the SDD (Figure 14). Waters with SDD below 4 m are
known to be very challenging if not feasible which expresses in a none-linear relationship for the
selected sites. Miami, US site was excluded in this study because the final SDB cutoff depth was
not reached.

This relationship allows to provide a global map on the cutoff depth and thus water clarity poten-
tial of SDB. The following map shows the cutoff depth of SDB, which is based on the described
relationship and Secchi Disc Depth® of a 10 years average of the month with the clearest water
conditions (Figure 15). The greatest SDB cutoff depth are found in the Pacific, Caribbean, Medi-

°|HO, S44. https://iho.int/uploads/user/pubs/standards/s-44/S-44_Edition_6.0.0_EN.pdf
Global Ocean Colour (Copernicus-GlobColour), Bio-Geo-Chemical, L4 from Satellite Observations (1997-ongoing).
https://resources.marine.copernicus.eu/product-detaill OCEANCOLOUR_GLO_BGC_L4_MY_009_104/INFORMATION
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terranean Sea, followed by the Red Sea and offshore islands in the Indian Ocean and Canadian
higher latitudes. The cutoff depth in these regions exceed 15 m depth, which is in line with the
outcomes of the SDB results of Sint Maarten and Cote d’Azur. Exceptions in these regions are
found in mainland coastal regions of e.g. Indonesia, Brunei or Cuba where low Secchi Disc Depth
reduces the SDB potential. Areas where water clarity strongly limits the SDB potential are fund in
mid latitudes of east coast USA, the North Sea and China and where river inflows impact the wa-
ter clarity such as the Amazonas delta. Other aspects which might influence SDB results, such as
seabed type or ice coverage are not considered in this map.
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Figure 14. Scatterplot of the SDB cutoff depth (Y) and the Copernicus-GlobColour Secchi Depths r.
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might influence SDB results, such as seabed type or ice coverage are not considered in this map.
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4. DISCUSSION AND CONCLUSIONS

In this section different aspects of this study and the global potential of SDB are discussed and
concluded.

SDB-Online’s physics-based SDB solution for accessing bathymetric data for un-surveyed
areas

The study demonstrated the results, performance and accuracy of SDB-Online’s bathymetry
across different environmental conditions. All SDB results were created without using local train-
ing or bathymetric data. As such, it represents a solution which can be applied globally and at dif-
ferent environmental conditions. This capability represents a significant advantage compared to
empirical or semi-empirical SDB approaches which are depending on local on-site survey data
and their vertical and horizontal accuracies and/or empirical relationships to transfer from one to
another region.

Potential of combining SDB and survey data

It was demonstrated that the combination of SDB and additional bathymetric survey data is a
powerful tool to fill data gaps in the shallow water zones inaccessible to survey as well as to verify
SDB results. The benefits of this combination were demonstrated especially for Dublin Bay, IE,
Moray Firth, UK, Hooper, CA and Thames estuary, UK. The example of the Thames estuary,
where single beam surveys provided depth data across the survey lines showed that the combi-
nation with SDB data results in a better spatial understanding on the seabed morphology.

In this study the SDB process was not trained with any local survey data. However, such a com-
bined survey of SDB and echosounder surveys is possible with SDB-Online and will reduce the
vertical uncertainties of SDB. This refinement and the impact on vertical uncertainties was not
part of the study.

Vertical accuracies and precision

The vertical accuracies were evaluated by comparing the survey data with the SDB
results in the overlapping areas. Overall, the vertical accuracies can be classified as moderate in
more turbid water conditions to good in clear water conditions. Besides of water clarity, the impact
of very dark bottom of Posidonia Oceanica in the Cote d’Azur site on vertical accuracies and
maximum mapping depth of SDB was identified.

The dynamic changes in seabed morphology (e.g. Thames estuary, UK and Dublin Bay, IE) were
not quantified in this study and most likely resulted in a higher discrepancy between bathymetry at
the date of the survey and at the date of the satellite image recording.

A detailed analysis on the precision and sensitivity analysis of SDB-Online’s SDB, methods to fur-
ther improve vertical uncertainties, such as the integrated mulit-image processing or the use of
very-high resolution satellite data were not part of is study, and will be published in upcoming
publications.

Limitations and requirements

Certainly, the accuracy of specific runs with the physics-based SDB solution is dependent on the
environmental conditions of the selected satellite image records. Therefore, particular care needs
to be taken in order to access the most suitable satellite record(s) for the sites. ‘Most suitable’ typ-
ically represents record(s) with the highest water clarity, little to none impact of cloud, haze, sun-
glint and seastate, however also most recent or close to the use-case requested dates. The user
of SDB-Online therefore needs to be able to interpret the suitability of the input satellite imagery
prior to the SDB processing. The SDB-Online solution will provide outputs for all locations which
are covered by water at time of satellite image recording. The cutoff depths of the single results
need to be defined and might vary spatially with water clarity within the sites. This task is also an
interpretation task which requires basic understanding on image interpretation.
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The spatial resolution of SDB-Online’s results is currently at 10 m, which means that each pixel
covers 100 m?. Smaller obstructions or objects cannot be identified by this resolution. SDB based
on very-high resolution commercial satellite sensors provides results of 1-2 m spatial resolution
and allow for a more detailed characterisation of the seabed morphology and obstructions. These
sensors are supported by the MIP processor already, but currently not yet implemented in SDB-
Online and included in future.

The relationship between the cutoff depth of SDB and Secchi Disc Depth could be identified and
provide global estimate on the SDB cutoff depth. The map does not consider other aspects such
as ice and cloud cover, seasonality, intensities of sunglint or local seabed colour which further
impact the SDB potential locally. However, it identifies areas with the highest SDB potential, many
of which are not accurately surveyed or charted.

5. CONCLUSION AND OUTLOOK

This study shows the potential and limits of bathymetry processing using SDB-Online for ten sites
spread over Northern America, Caribbean Sea and Europe, covering different water types and
environmental conditions. The underlying physics-based SDB approach enables a fully automat-
ed SDB processing independent of on-site survey data. The cloud environment, the parallelised
workflow and programmatic integration of ESA’s Sentinel 2 data archive lead to a fully scalable,
highly time-efficient and derivation of bathymetry surfaces.

The fully physics-based SDB approach can quantify and reduce uncertainties which arise from
environmental impacts such as atmospheric conditions, sunglint or varying turbidity on an image-
pixel level. This is most relevant, as its strength of SDB is the data provision over the large areas
with unknown water depth. So far, the complexity to increasing accurately calculate the interfering
environmental impacts still challenges the evolving SDB technology. Also, a detailed analysis and
evaluation of the input satellite data is an indispensable prerequisite for the bathymetry derivation.
To provide a regional assessment of feasibility for SDB, the Secchi Disc Depth is a suitable
measure. Further limiting factor is e.g. a very dark seafloor coverage. Locally occurring impacts
which are temporally limited can be reduced by using multiple satellite records to base the ba-
thymetry derivation on. Such a multiple scene approach is already implemented in SDB-Online
(not part of this study). Furthermore, additional individual depth measurements from e.g. lidar sat-
ellites such as IceSat-2, reduce uncertainties and already provide external quality controls (not
part of this study). To recap, in this study we investigated the capability of the completely inde-
pendent, automated SDB-online approach.

The combination of SDB with survey data shows a very high potential particularly with regard to
filling gaps in survey data. Currently, the optional use of own survey data for a comparison with
the SDB-Online results as well as for the refinement of this model is not integrated into the sys-
tem and is accordingly the next essential step of further development.

The refinement of the spatial resolution by using very high resolution satellite image is already
standard within the none online SDB software version. The integration of those data in SDB-
Online is another important future development.

SDB-Online can be accessed at sdb-online.eomap.com.
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