Centre for Geo-Information

Thesis Report GIRS-2016-24

Comparison, harmonization and integration of
bathymetric datasets from multiple sources
Finding the most accurate method to create an improved bathymetric dataset by integrating
datasets from different sources for the BASE-Platform

July 2016

Maarten van Doornik

II

III

Comparison, harmonization and integration of
bathymetric datasets from multiple sources
Finding the most accurate method to create an improved bathymetric dataset by
integrating datasets from different sources for the BASE-Platform

Maarten van Doornik
921023193090

Supervisors:
Prof. Dr. Arnold Bregt
Laboratory of Geo-Information Science and Remote Sensing, Wageningen UR

Dr. Sytze de Bruin
Laboratory of Geo-Information Science and Remote Sensing, Wageningen UR

Dr. Martin Verlaan
Department of Environmental Hydrodynamics, Deltares

A thesis submitted in partial fulfilment of the degree of Master of Science
at Wageningen University and Research Centre,
The Netherlands.

12-07-2016
Wageningen, The Netherlands
Thesis code number:
GRS-80436
Thesis Report:
GIRS-2016 - 24
Wageningen University and Research Centre
Laboratory of Geo-Information Science and Remote Sensing

IV

V

Acknowledgements
At the end of September, I started a cooperation with Deltares without really knowing what to expect.
There was just a thesis topic provided by Deltares on our topic list that sounded nice to me. Because I’m
very interested in all kinds of water issues and I admire the work of Deltares, I decided to take this
opportunity. For a period of more than nine months, I have been making the journey between Wageningen
and Delft two or three times a week, taking me two hours each way. However, the opportunity of being
involved in a real work project of several big companies funded by the European Union convinced me that
this was an opportunity I couldn’t refuse.
For this opportunity, I want to give special thanks to Martin Verlaan, my supervisor at Deltares. He has
been guiding me from the beginning of my project and paid a lot of time and effort to help me out in a
topic that was completely new to me. A topic that is actually unknown within the whole GIS department at
the Wageningen University. I got impressed by his extended knowledge and experience in all kinds of
hydrographic issues. I hope that with the work I did I have been of added value for the setup of the BASEPlatform and wish Martin and all the other people working at the project good luck with the completion of
this project.
Furthermore, I want to thank my supervisors of the Wageningen University Arnold Bregt and Sytze de Bruin
for guiding me during my thesis work. They have helped me a lot when I got stuck at certain issues and
contributed a lot to the work I did. Without their help, I wouldn’t have been able to do what I did to
complete my thesis. They were able to put me back on track when I seemed to get lost and helped me to
fulfill my thesis within the study year.
After all, I think I have learned a lot from the research I did. I got to know a study area that I wasn’t familiar
with yet and extended my knowledge about research methodologies and statistical techniques. I think this
project has contributed a lot to my knowledge which I will carry to the labor market after graduation.

VI

VII

Abstract
There are many applications that require information about the water depth of oceans, seas and lakes. The
study of water depth is called bathymetry. Bathymetry measurements are mainly done by echo sounding
from ships. However, because this is very time and cost consuming, Earth Observation (EO) data is
becoming increasingly important. This approach, called Satellite Derived Bathymetry (SDB), is an innovative,
rapid and cost effective approach to determine bathymetry from space. There are different techniques for
measuring bathymetry from space that are useful at different depths and which all have their own
opportunities and limitations. The challenge is to combine these different techniques in such a way that a
complete bathymetry dataset is generated extending from coast to deep ocean that takes advantage of the
benefits of every single technique. That is what Deltares, an institute for applied research in water and
subsurface, is aiming to achieve in the BASE-Platform project, of which this thesis research is part. The
main objective of this thesis research is to compare and harmonize different bathymetric datasets and to
test methods for integration to create an improved bathymetric dataset. The data that were used are the
open low-resolution grids from GEBCO and EMODnet, together with SDB data from Landsat 8 and some
ship measurement data collected by Crowd Sourced Bathymetry (CSB) and the Indian Navy. Five different
methods for integration were tested: averaging, weighted averaging on pixel level based on the variance of
the prediction error, weighted averaging on layer level based on the variance-covariance matrix, multiple
regression and Regression Kriging. It was found that Regression Kriging produced the highest accuracy. This
can be explained by the fact that bathymetry is a spatially distributed variable with spatially correlated
residuals. By predicting these residuals using a simple Kriging interpolation and adding these to a prediction
done by a multiple linear regression, an output result is generated which is more accurate than each of the
input datasets. The techniques were tested in two totally different study areas: one shallow coastal area
and one deep ocean area with some shallow part and rapid changes in depth. However, only in the shallow
coastal study area a reliable result was obtained, because there was a lack of data in the other study area.
Still, the results are promising and are of interest for the BASE-Platform project.
Keywords: Bathymetry, Deltares, BASE-Platform, Satellite Derived Bathymetry, Accuracy, Regression
Kriging
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1. Introduction
1.1 Context and background
Many different work fields and researches require information about the water depth of oceans,
seas or lakes. Examples are ship navigation, port and offshore construction, security, coastal zone
management, fishery, cruising and tourism (Hell et al., 2012). The study of water depth is called
bathymetry, sometimes also referred to as underwater topography. Bathymetric measurements are
mainly done by surveying from ships using echo sounding and GPS. Sound pulses are transmitted
into the water and the time interval between emission and return is recorded. This is used with the
speed of sound in water to calculate the depth (Dierssen & Theberge, 2012). However, these
methods are costly and time consuming. Therefore, large areas of water are not mapped with
sufficient accuracy.
To overcome this lack of data, Earth Observation (EO) data is becoming increasingly important. This
approach is called Satellite Derived Bathymetry (SDB), which is an innovative, rapid and cost
effective approach to determine bathymetry from space (Sandwell et al., 2002). With this approach,
the underwater topography of the ocean can be mapped in a short amount of time. There are
different techniques to determine bathymetry from space, each having its own opportunities and
limitations. There is no single technique that is ideal for measuring the diversity and complexity of
the underwater landscape and coastline (Dierssen & Theberge, 2012). The challenge is to combine
the different datasets to take advantage of the opportunities of every single technique.
This research has been conducted in collaboration with research institute Deltares and is part of the
Bathymetry Service (BASE) platform project (Hartmann et al., 2015). Deltares is an independent
institute for applied research in the field of water and subsurface (Deltares, n.d.).The BASE-platform
project is part of the Horizon Research and Innovation 2020 programme of the European
Commission (2014-2020) (European Commission, n.d.). Goal of the project is to provide an
innovative service for satellite derived bathymetric data for a broad range of users through a
commercial platform. The BASE-Platform has to provide easy and online access to up to date
bathymetric data. Its impact is expected to significantly influence the current market for bathymetry
data, its survey methodologies and the way bathymetric data can be accessed and used (Hartmann
et al., 2015).
1.2 Problem definition
The main problem in this research is the question how to combine different bathymetric data
sources to get the most accurate and up to date bathymetric data for a specific area of interest. To
achieve this, the different layers have to be combined in such a way that the method takes
advantage of the benefits of every single acquisition technique. The most suitable acquisition
technique is likely to depend on water depth (Dierssen & Theberge, 2012). By combining the
different layers, a merged grid can be produced by using overlapping depth regions of the different
bathymetric products. In this way a complete underwater topography can be created, extending
from coast to deep water.
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One of the techniques to measure bathymetry from space is by using optical remote sensing. Optical
remote sensing takes advantage of shortwave radiation in the blue and green spectrum that has
strong penetration capabilities (Jawak et al., 2015). Bathymetry is not directly measured, but is
inferred and as such the bathymetry is predicted. The measurements are not reliable enough for
applications that need highly detailed data, like navigation, but it is a cost effective option for
measuring bathymetry over large areas. Satellites are already in space and images from Landsat 8
and Sentinel 2 are freely available. The drawback of this method is that it is only useful in shallow
coastal waters, up to 25-30 meters depth, depending on water clarity. Therefore it is not possible to
map the complete ocean with this method. Another disadvantage is that this shortwave radiation is
disturbed by environmental conditions like cloud cover, haze, waves and water turbidity. Therefore
the weather conditions need to be in favour to acquire useful data.
Another technique to measure bathymetry from space is by Synthetic Aperture Radar (SAR). SAR
derived bathymetry is a technique that infers water depth by assessing the behaviour of the ocean
waves. The technique is based on the observation of hydrodynamic processes and uses the effect of
modification of surface currents and ocean waves by bathymetry (Pleskachevsky et al., 2011). The
acceleration of currents in shallow water is connected to underwater structures and their change
produces a change of surface roughness. This effect can be imaged by remote sensing and in this
way depth maps can be derived. Brusch et al. (2011) describe the algorithms that are used to derive
underwater topography from images of the TerraSAR-X satellite. Depth estimation from SAR covers
the domain of about 10-70 meter depth and is thus partly complementary to the optically derived
bathymetry. A drawback of this technique is that it cannot be used during calm weather conditions,
because it uses long wave refraction (Pleskachevsky et al., 2011). Also, this technique is not useful in
deep water areas that cover large parts of the oceans.
A third technique that is used to measure bathymetry from space is altimetry. Altimetry is a
technique that can be used to determine the gravity field of the oceans on a global scale.
Bathymetric features, such as ridges and troughs, create changes in earth’s gravity field that produce
small fluctuations in the height of the sea surface. Altimetry can measure these slight variations in
the sea by sending out radio wave pulses at high frequencies for determining sea surface height
variations (Dierssen & Theberge, 2012). These variations can be converted to gravity by using a
mathematical equation (Smith & Sandwell, 1994). By exploiting the correlation between gravity and
bathymetry, uniform resolution bathymetric maps can be produced by combining this gravity data
with available acoustic sounding data (Smith & Sandwell, 2004). This is a technique that is especially
useful in deep ocean basins, where sediments are thin and geological features can be mapped at
coarser resolution. Errors arise in areas with sparse ship soundings and where thick sediments can
bury the underlying “basement” topography (Dierssen & Theberge, 2012). Drawback is that these
maps have a comparatively low accuracy and resolution and thus are not useful to assess hazards to
navigation. However, they can be used for a variety of other applications, like tsunami path
forecasting or the detection of plate boundaries (Jawak et al., 2015).
There are some bathymetric datasets publicly available that cover large ocean areas, however with
low resolution. The biggest one is the General Bathymetric Chart of the Ocean (GEBCO) (Ward,
2010). This is a dataset that is prepared from bathymetric contours of the world’s oceans that were
originally available as a series of paper maps at 1:10 million scale, and later as digital contours in the
2

GEBCO Digital Atlas (Marks & Smith, 2006). The latest version of GEBCO, the GEBCO_2014 Grid, is a
continuous terrain model for ocean and land with a spatial resolution of 30 arc seconds
(approximately one kilometre). It is largely generated by combining quality-controlled ship depth
soundings with interpolation between sounding points guided by satellite-derived gravity data
(BODC, 2015). Another existing dataset is the European Marine Observation and Data Network
(EMODnet). EMODnet is a consortium of organisations assembling European marine data, data
products and metadata from diverse sources in a uniform way (Schaap, 2015). The data are
produced from survey and aggregated datasets and cover all European sea regions. It has a
resolution of 7.5 arc seconds (approximately 230 meter) (Schaap, 2015). GEBCO data is used within
EMODnet for areas without survey coverage.
The challenge is to combine satellite derived bathymetry and existing data sources (GEBCO and
EMODnet) to produce a complete bathymetric grid which is the most accurate one. Therefore it is
very important to explore the characteristics of every single layer. Because the explained bathymetry
techniques apply to different depth ranges, they can be considered partly complementary to each
other. Overlapping regions could be used to merge the bathymetric data and form a gridded dataset
and data measured by ship soundings could be used for validation purposes (Cooper, 2013). To
integrate the data also with the land elevation data to create a seamless transition from land to
water, data of the Shuttle Radar Topography Mission (SRTM) could be used (Farr et al., 2007).
However, difficulties have to be overcome to deal with for example differences in horizontal and
vertical reference system, resolution and data format. Therefore extended research is needed to
find the most accurate way to combine the different layers to create a complete topography of the
ocean floors.
1.3 Research objectives and research questions
The general objective of this research is to compare and harmonize different bathymetric datasets
and to test methods for integration to create an improved bathymetric dataset. A few different
methods have been tested to see what leads to the highest accuracy. For this objective it is very
important to look closely at the characteristics of every single dataset. Ideally, the methods are or
can be automated and are applicable in different type of areas. The following research questions will
be answered to reach the general objective:
-

What are the characteristics and quality aspects of the different available datasets?
Which harmonizations are necessary to make the data comparable?
Which datasets are of sufficient quality to be selected for integration?
Which integration method leads to the highest accuracy?

The purpose of doing this research is to advice Deltares about potentially suitable methods for
integrating datasets from multiple sources for generating an improved bathymetric layer within the
BASE-Platform project. In the next chapter, two areas that were chosen as test cases are presented.
Chapter 3 provides a detailed description of the datasets used in this research. In chapter 4 the
methodology is outlined, chapter 5 presents the results of the analysis and in chapter 6 the results
are discussed. Finally, chapter 7 provides a conclusion with the answers on the research questions
and some recommendations for Deltares and for further research.
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2. Study areas
This chapter describes the study areas that were chosen to compare and harmonize the data and to
test different integration methods. Two areas were selected for these purposes. Figure 1 presents
the maps of these areas. The areas that are selected are real use cases where bathymetry
information is needed for a specific purpose, as referred to below. They are very different from each
other, in terms of geographic location, depth, tidal behaviour and geology of the seafloor. Different
types of areas were chosen as a first check whether a certain approach works in different types of
oceanic regions.
2.1 The Xynthia area
The first area is a part of the Bay of Biscay at the Southwest coast in France, and will be referred to in
this research as the “Xynthia area”. It is the area between 45.5 and 46.5 degrees North and 0.7 and
1.7 degrees West. It owes its name to the Xynthia storm that took place in 2010 and caused
floodings. At Deltares there is a flooding model being developed for this area, which needs accurate
bathymetry information as input. Because this model can be improved if a more accurate
bathymetric dataset is used, this area was selected as test area. The ocean in this area is relatively
shallow with depths up to around 60 meter and a sandy seafloor. The tidal range in this area is
around 6 meters, which is a relatively large tidal range.
2.2 The Rodrigues area
The second area is located in the Indian Ocean, around 1500 kilometres east of Madagascar,
surrounding the Island Rodrigues. It is the area between 19 and 20 degrees South and 63 and 64
degrees East. The area was chosen, because Deltares is working on an early warning system for
storm surges for the Rodrigues Island. Bathymetry information is of crucial importance for this
system. The area includes a very shallow coral reef around the island Rodrigues, but it is mostly deep
water with depths up to 4 kilometres. The tidal range in this area is around 0.5 metres, which is
relatively low compared to the Xynthia area. It has a coral seafloor with abrupt changes in water
depth.

Figure 1: Study area Xynthia (left) and study area Rodrigues (right)
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3. Datasets
In this chapter the data that were used in this research are described in detail. The data have been
retrieved from multiple sources and were generated with different acquisition techniques.
Unfortunately, some datasets (i.e. SAR and altimetry data) were not delivered in time to be used
within the time scope of this research. General characteristics of the used datasets are presented in
table 1. These characteristics are part of the ‘lineage’ of the datasets, as will be explained in
paragraph 3.1. Knowing these characteristics is important to know which conversions and
transformations are necessary to make the data compatible with each other.

Table 1: General characteristics of the used datasets

Name of
Type of
Resolution Unit
dataset
measurement
GEBCO_2014 Compiled grid 30 arc
Negative
Grid
seconds
meters
(926.1
meter at
the
equator)
EMODnet
Compiled grid 1/8 arc
Negative
minutes
meters
(231.53
meter at
the
equator)
EOMAP
Optical
15 meters Negative
optical
Remote
meters
bathymetry
Sensing
(Landsat 8)
TeamSurv’s
Ship tracks
In the
Positive
Crowd
range 2 –
meters
Sourced
16 meter
Bathymetry
(mostly
between 4
and 8)
*Will be explained in paragraph 4.1.3

Horizontal Vertical
datum
datum
WGS84
Undefined,
mostly
interpreted
as Mean Sea
Level

Disturbing
factors
None

WGS84

Lowest
None
Astronomical
Tide

WGS84

Chart datum
(LAT)*

WGS84

Chart datum
(LAT)*

Turbidity,
cloud
cover,
haze
-

3.1 Data quality elements
Information about the quality of spatial data is vital in the process of choosing a dataset that best
fulfills the requirements of the user. Describing the quality of spatial data is done to facilitate the
comparison and selection of the dataset. To compare different datasets, the data quality description
should be done in a consistent manner. Therefore International Standards have been developed by
the International Organization of Standardization (ISO): the ISO standards. The guidelines for
5

describing quality of spatial data are formulated in the standard ISO 19157 (ISO, 2010). The objective
of this standard is to provide principles for describing the quality for geographic data and concepts
for handling quality information for geographic data, and a consistent and standard manner to
determine and report a dataset’s quality information. For the complete quality assessment of the
available datasets, five key elements for describing data quality are used: lineage, positional
accuracy, attribute accuracy, completeness and temporal information (Guptill & Morrison, 2013).
These elements were chosen because they are considered to be the most relevant quality elements
regarding the use of bathymetric data.
Lineage
The lineage of a dataset includes a description of the source material from which the data were
derived and the methods of derivation, including all transformations involved in producing the final
dataset. Ideally it should contain the dates of the source material and the dates of ancillary
information used for update, reference to the specific control information used, and the
mathematical transformations of coordinates used in each stage from the source material to the
final dataset (Guptill & Morrison, 2013).
Positional accuracy
Positional accuracy represents the nearness of the value of an entity in an appropriate coordinate
system to the entity’s “true” position in that system (Guptill & Morrison, 2013). Often it consists of
the horizontal and vertical accuracy of the dataset. Horizontal accuracy refers to the accuracy of the
geographic position of the entity and vertical accuracy refers to the accuracy of the elevation or
depth values presented in the dataset (Oort, 2006). Root Mean Square Error (RMSE) is often used as
a measure of positional accuracy. This is the root of the average of squared deviations between
values in a dataset and an assumed “truth” (Guptill & Morrison, 2013). Position is always stored in a
certain coordinate reference system. Often, transformations are performed on the data from one
coordinate system to the other. These transformations introduce error in the dataset (Guptill &
Morrison, 2013). Therefore, the transformations performed and the effects on the quality of the
data should be reported.
Attribute accuracy
Attribute accuracy is the accuracy of all attributes other than the positional and temporal attributes
of the spatial dataset (Oort, 2006). It represents the difference between a measurement, or
attribute, and some comparable measurement that is known to be of higher accuracy and is
therefore assumed as “truth”. In elevation models, the vertical accuracy is often treated as attribute
accuracy, since it has height or depth as attribute (Guptill & Morrison, 2013). Therefore, for the
bathymetry datasets, the accuracy of the depth values was treated as the attribute accuracy.
Completeness
Completeness is a measure of the absence of data and the presence of excess data. The
completeness consists of the error of omission and the error of commission. The error of omission is
the name for incompleteness of the data, while error of commission is the name for overcompleteness of the data (Oort, 2006). For the detection of these errors it is important to know
what does and what does not belong to the complete set that the producer intended to include in
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his dataset. Ideally, selection criteria, definitions used and other relevant mapping rules should be
included in the quality report.
Temporal information
Temporal information describes the date of observation, type of update and validity periods for
spatial data records. Information such as when a data element was collected or revised is an
important factor in judging data quality. The temporal information is also often referred to as
temporal accuracy or “currentness”. Temporal accuracy is the agreement between encoded and “
actual” temporal coordinates. Currentness is more application-specific and refers to the degree to
which a database is up to date (Guptill & Morrison, 2013). For this research, the temporal
information provided are the date at which the data is measured and/or published and the update
history of the data.
3.2 General Bathymetric Chart of the Oceans (GEBCO)
The General Bathymetric Chart of the Oceans (GEBCO) is a publicly available global bathymetry
dataset of the world’s oceans. The data are maintained and distributed by the British Oceanographic
Data Centre (BODC) and consist of terrain models for ocean and land. The latest version is the
GEBCO_2014 Grid, a global 30 arc-second interval grid published in 2014 (BODC, 2015). It is an
updated version of the GEBCO_08 Grid, which was published in January 2009. The quality
information provided with the GEBCO data is far from being complete. Therefore, an own
investigation of the quality was necessary. This paragraph provides the information that was
provided with the data.
Lineage
The GEBCO_2014 grid is generated by combining quality-controlled ship depth soundings with
interpolation between sounding points guided by satellite-derived gravity data. Datasets developed
by other methods are included where they improve the existing grid to create a continuous terrain
model for ocean and land. It is an updated version of the GEBCO_08 Grid. The GEBCO_08 Grid was
originally derived from v5.0 of the SRTM30_plus dataset, released in 2008 (Becker et al., 2009). This
grid was produced by combining the Smith and Sandwell global topographic grid (Smith & Sandwell,
1994) between latitudes 80˚ N and 81˚ S with a database of over 290 million ship soundings. The
depths in the Smith and Sandwell grid are based on v16.0 of the Smith and Sandwell gravity anomaly
from Geosat and ERS 1 satellite altimetry (Smith & Sandwell, 2009), created in March 2007.
Since the release of the original GEBCO grid, the data has been updated with a number of
bathymetric measurements (BODC, 2015). For updates in the form of bathymetric grids or
multibeam surveys, in most cases the ‘remove-restore’ procedure has been applied, which is a two
stage process of computing the difference between the new data and the existing grid, then
gridding the difference and adding the difference back to the existing base grid (Hell & Jakobsson,
2011). The aim is to achieve a smooth transition between the old and new data with a minimum
disturbance of the existing base dataset. New datasets that are supplied in the form of isolated
soundings are converted to a grid using an adjustable tension continuous curvature surface gridding
algorithm (Smith & Wessel, 1990).
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The land data in the GEBCO grid are based on the one kilometre averages of topography derived
from version 2.0 of the US Geological Survey SRTM30 gridded digital elevation model data product
(Farr et al., 2007), with exception of the polar regions. The Arctic region north of 64˚ N in the GEBCO
Grid is based on International Bathymetric Chart of the Arctic Ocean (IBCAO) version 3 (Jakobsson,
2012). This dataset uses land data taken from the Global Multi-Resolution Terrain Elevation Data
2010 (GMTED2010) (Danielson & Gesch, 2011). For the Southern Ocean area (south of 60˚ S), land
data are taken from Bedmap2 (Fretwell et al., 2013) as included in the International Bathymetric
Chart of the Southern Ocean (IBCSO) (Arndt et al., 2013).
Besides the global bathymetry grid, GEBCO also provides the Source Identifier (SID) grid. This is a
dataset that identifies which of the corresponding grid cells are based on measured depth values
from soundings or bathymetric grids and which contain interpolated or predicted depth values. A
coding is used to identify the source of every cell in a grid. Descriptions of the coding and the
different data sources are provided in the data documentation on the website of the BODC (BODC,
2015).
The GEBCO data are provided in the WGS84 coordinate system. It contains cell averages at a
resolution of 30 arc-seconds, which is around 1 kilometre at the equator. For the vertical reference,
GEBCO assumes that all the datasets used are referred to mean sea level. However, some grids
include data from sources that have another vertical datum than mean sea level. GEBCO didn’t apply
vertical datum conversions to create a common reference for all the input data sources.
Positional accuracy
Information about the horizontal accuracy of the data is not provided in the documentation, but
since the data are generated from multiple sources, this will vary through the dataset.
Attribute accuracy
The exact accuracy of the depth values in the GEBCO grid is not defined, but on their website there
are some aspects mentioned that will have consequences for the accuracy. First of all, the fact that
no vertical datum conversions are applied worsens the vertical accuracy in coastal areas.
Furthermore, GEBCO states the following in the disclaimer of the product: “The GEBCO_2014 Grid is
essentially a deep ocean product and does not include detailed bathymetry for shallow shelf waters.
Even to the present day, most areas of the world's oceans have not been fully surveyed and, for the
most part, bathymetric mapping is an interpretation based on random tracklines of data from many
different sources. The quality and coverage of data from these sources is highly variable. Although
the GEBCO_2014 Grid is presented at 30 arc second intervals of latitude and longitude, this does not
imply that knowledge is available on sea floor depth at this resolution — the depth in most 30 arc
second squares of the world's oceans has yet to be measured.” (BODC, 2015) This statement
confirms that the quality varies over the area and that large parts are not measured but interpolated
from surrounding measurements, which worsens the accuracy on those locations. Where the values
are interpolated exactly can be found in the SID grid.
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Completeness
In both study areas, the complete area is covered by the GEBCO grid. However, values at many
locations are coming from interpolation of surrounding values and are not directly measured.
Temporal information
The original GEBCO-08 grid was published in January 2009. After that, the data have been updated
several times. The update history of the data can be found in BODC (2015). On December 1st, 2014,
the latest GEBCO_2014 grid was published.
3.3 The European Marine Observation and Data Network (EMODnet)
The European Marine Observation and Data Network (EMODnet) is a consortium of organisations
assembling European marine data, data products and metadata from different sources in a uniform
way. The main purpose of this initiative is to unlock fragmented and hidden marine data resources
and to make these available to individuals and organisations, and to facilitate investment in
sustainable coastal and offshore activities through improved access to quality-assured, standardised
and harmonised marine data which are interoperable and free of restrictions on use (EMODnet
official web page, n.d.). EMODnet has seven sub-portals that provide access to marine data from the
following themes: bathymetry, geology, physics, chemistry, biology, seabed habitats and human
activities. New data, products and functionality are added regularly while portals are continuously
improved to make the service more fit for purpose and user friendly with the help of users and
stakeholders. The EMODnet bathymetry portal provides single survey datasets from 27 data
providers from 14 countries as well as a medium resolution composite DTM for all European sea
regions generated from these surveys. This composite grid is used within this research.
Lineage
The EMODnet composite DTM is generated from the available survey data and composite datasets
in gridded form provided by Hydrographic Offices and is supplemented with GEBCO_2014 data for
missing parts (EMODnet Lot 1 bathymetry, 2015). No new data are collected for this project. Usually
the most recent surveys are assumed to be the most accurate. However, this is not always the case,
for example, where a different acquisition technique has been used. EMODnet has done manual
inspection to decide which soundings are used and which are rejected (EMODnet Lot 1 bathymetry,
2015). Usually, the acquisition technique is the primary factor for deciding which soundings are used
and age is the secondary factor, where multi-beam data is preferred over single beam and ship track
data. Detailed information about how the composite DTM has been generated can be found in the
QA/QC manual (EMODnet Lot 1 bathymetry, 2015). The DTM provides the average depth at a
resolution of 7.5 arc second, which is around 230 meters at the equator. The horizontal datum is
WGS84. The vertical datum is Lowest Astronomical Tide (LAT). (EMODnet Lot 1 bathymetry, 2015).
EMODnet covers the Greater North Sea and Kattegat, the English Channel and Celtic Seas, the
Western and Central Mediterranean and Ionian Sea, the Iberian Coast and the Bay of Biscay, the
Adriatic Sea, the Aegean – Levantine Sea, Madeira and Azores, the Baltic Sea, the Black Sea and the
Norwegian Sea. The geographical boundaries of the area are set to N69 W36 and N25 E42 (EMODnet
official web page, n.d.).
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Positional accuracy
EMODnet accepted that the accuracy and precision of the gridded data varies over the area
(EMODnet Lot 1 bathymetry, 2015). The accuracy of the position of the soundings varies as a
function of the source and also as a function of the conditions during acquisition. Data collected with
a positioning system accuracy less than 500 meter are not taken into account when better located
data are available (EMODnet Lot 1 bathymetry, 2015). When no other data exist, datasets of
significant and continuous coverage with position accuracy between 500m and 1km (ie better than
the resolution of the GEBCO grid) are used. These datasets are compared with the GEBCO grid first
to ascertain that they are superior to it (EMODnet Lot 1 bathymetry, 2015). I they are not, GEBCO
was used.
Attribute accuracy
The exact vertical accuracy is not defined and varies over the area. Also here, there are locations
where the values are measured and locations where the values are interpolated. Also, at some
locations the values are derived from the GEBCO grid. This can be identified through the sources
reference layer. The data used within the composite grid are collected from several years, where
more recent data is usually assumed to be more accurate than older data.
Completeness
For this research, the EMODnet composite grid covers the complete water area in the Xynthia area.
Because the Rodrigues area is outside of Europe, it doesn’t have any data in that region.
Temporal information
The data infrastructure of EMODnet is being constructed in three major phases, which started in
2009. In Phase I (2009-2013), the EMODnet bathymetry portal was built. Currently, we are in Phase
II, in which the organisation is enhancing and expanding existing services to move, together with the
six other EMODnet sub-portals, towards an operational service with full coverage of all European
sea-basins, a wider selection of parameters and higher resolution data products (EMODnet official
web page, n.d.).
3.4 EOMAP optical bathymetry
The optical derived bathymetry data that is used in this research is derived from Landsat 8 images
and is provided by EOMAP. EOMAP is a company that provides satellite-derived aquatic information
in maritime and inland waters for the commercial offshore industry and for government agencies
(EOMAP official web page, 2015). It was founded in 2006 as a spin-off of the German Aerospace
Center (DLR) and is headquartered in Castle Seefeld, just outside of Munich. Their services rely on
standardized physical models which are, as is stated on their website, independent of scale, sensor
type and geographic location (EOMAP official web page, 2015). The key services include seafloor,
coastal environment and infrastructure mapping worldwide. EOMAP derives bathymetry at high
resolution in shallow waters from open satellites like Landsat 8 or Sentinel 2 as well as from
commercial satellites like Worldview 2.
Lineage
The data provided by EOMAP are processed by the Modular and Inversion System (MIP) (Müller,
2016). MIP is designed for the physically based assessment of hydro-biological parameters for multi10

and hyperspectral remote sensing data. The method relies on the reflected light energy which is
measured at the satellite sensor in space. In order to measure the water column thickness, the sea
bottom reflectance must be separated from all other simultaneously measured portions of light.
Other contributors of light scattered to the sensor are atmospheric molecules and aerosols, adjacent
scattering from land, the water surface reflection and light scattered and absorbed due to particular
properties of water constituents and the pure water itself (Müller, 2016). The pure water itself also
absorbs light in a spectrally specific manner and therefore leaves unique signatures in the signal
while the light passes through the water column and returns after reflection at the sea bottom. This
property is relevant to estimate water depth from optical satellite imagery. The maximum depth
that the system is able to sense is related to the complex interaction of radiance of bottom material,
incident sun angle and intensity, and the type and quantity of organics or sediments in the water
column (Müller, 2016). As a rule-of-thumb, satellite derived bathymetry should be capable of
sensing bottom to depths equal to one to one point five times the Secchi depth, which is a
conventional measure of the transparency of water (see Bledzki, 2013).
The horizontal resolution of the data depends on the satellite from which the image is derived. The
data used in this research was derived from Landsat 8 images and have a resolution of 15 meters.
The horizontal datum is WGS84 and the data are projected in UTM projection. For both areas, the
units are negative meters and refer to Chart Datum. Chart Datum in these areas corresponds to the
lowest astronomical tide (LAT) (see paragraph 4.1.3 for explanation) (Müller, 2016).
Positional accuracy
The horizontal accuracy of the bathymetry derived from Landsat 8 is expected to be +/- 30 meters
for the image obtained in the Xynthia area and 45-60 meters for the image obtained in the
Rodrigues area with a 95% confidence interval (Müller, 2016). In both cases there are no ground
control points accessed to improve the horizontal accuracy.
Attribute accuracy
The vertical accuracy of the bathymetry derived from Landsat 8 in both areas is expected to be 0.5
meter offset + 10% of depth at the 95% confidence level (Müller, 2016).
Completeness
Optically derived bathymetry only works in shallow waters with a maximum depth of around 30
meters, depending on water clarity. That means that data can only be collected in coastal areas.
Furthermore, optical images cannot be acquired when there is cloud cover or haze in the air. Third,
high turbidity in the water is a disturbing factor for deriving bathymetry from optical images. Areas
with a high turbidity cannot be measured accurately. In the Xynthia area, only a few parts of the
coastal regions could be measured due to high water turbidity. In the Rodrigues area, the water is
much clearer, so data is available for most of the shallow parts.
Temporal information
Satellites are constantly orbiting the earth making images of the earth surface. New images come
available very frequently. For Landsat 8, images are weekly available and can be used if there is not
too much cloud cover or haze. For the Xynthia area, an image obtained at the 3 rd of September 2013
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at 10:56:01 has been used. For the Rodrigues area, the image was taken on the 8th of August, 2015
at 05:24:57.
3.5 TeamSurv’s Crowd Sourced Bathymetry (CSB)
TeamSurv is a platform created by Smartcom that provides Crowd Sourced Bathymetry (CSB) data.
CSB data is measured by people who measure the water depth for their daily activities (like
fishermen) and log their position and depth data. In this way the people are helping to create better
charts of coastal waters. The TeamSurv platform has a fleet of almost 300 vessels of its own, plus
other vessels such as many of the world’s research fleet (Hartmann et al., 2015). For the BASEplatform, the CSB component can add value in two ways: it is a means of validating the SDB products
as well as an opportunity to merge SDB with an additional bathymetric data layer. TeamSurv doesn’t
have any data available for the Rodrigues area, but it has some data for the Xynthia area.
Lineage
The method that TeamSurv uses to generate data is as follows. A mariner or who subscribed himself
as a TeamSurv logger is provided with a data logger that automatically records data from the
instruments that the mariner is using. During each trip a log file is automatically created, and once
ashore the mariners upload the data to the TeamSurv website, where it will be processed and
combined with the other data and made available for viewing (TeamSurv official web page, n.d.).
The platform gathers the data and corrects the vessel tracks for factors such as tide heights and
variations in the speed of sound in water. Those tracks are then combined, using a statistical process
specifically developed to optimize data quality from the relatively noisy crowd sourced data. The
output is an adaptive grid with both depth and data quality measures associated with each grid cell
(Hartmann et al., 2015). The horizontal datum of the Teamsurv data is WGS84 and the data is
projected in UTM projection.
The data are provided as a sparse grid of square cells of various cell sizes according to the data
quality in an area. Cell sizes vary from 16 meter down to 2 meter, but are generally in the range of 4
to 8 meter (Hartmann et al., 2015). Attributes that the data contain are the calculated depth (to the
local chart datum), the number of data points, the average deviation and a quality measure. A
systematic approach is used to create the best possible overall gridding of the area, with grid cells
chosen as appropriate from each grid level. This gives a higher resolution grid where the data is
dense and consistent and the sea bed is changing shape and a lower resolution where either the
data quality is poor or the sea bed is flat and a higher resolution grid just introduces random noise
(Thornton, 2016).
Positional accuracy
Information about the horizontal accuracy of the data is not provided with the data. This will
probably vary for different tracks, depending on the accuracy of the GPS system that is used to
collect the data.
Attribute accuracy
TeamSurv provides a quality measure Q for every grid cell. For the quality measure, a high value of Q
indicates good data, and data with a Q value of less than 1 is discarded. Thornton (2016) vaguely
describes Q as being approximately proportional to 1/Standard Error, and mentions that the value is
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non-linear, which means that a Q of 4 is less than twice as good as a Q of 2. The Q metric takes into
account both the data density and the consistency of the data. A minimum quality threshold of 1
excludes grid cells where the data is too sparse and inconsistent. Unfortunately, a more detailed
definition of how the Q value is calculated was not provided in the data description.
Completeness
The TeamSurv data doesn’t provide a complete coverage of the bathymetry in the study areas. Since
it provides depth measurements from ship tracks, data is only available in places where ships that
joined TeamSurv have been measuring. Until now there are not so many TeamSurv loggers yet, so
not many areas are covered by these data. In the Xynthia area there are some tracks available, but in
the Rodrigues area there is no data yet available. Most of the available data are gathered around the
United Kingdom. Outside Europe there is almost nothing available. An overview of the data that
TeamSurv has available can be found on the TeamSurv official web page (TeamSurv official web
page, n.d.). More data will come available in the future.
Temporal information
In the set of data that was provided for this research, temporal information was unfortunately not
provided. The data will probably consist of measurements that are taken at different moments in
time.
Tables 2 and 3 list the data quality aspects explained in paragraph 3.1 till 3.5 for the Xynthia area and
the Rodrigues area respectively.
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Table 2: Overview quality elements of bathymetry datasets used for the Xynthia area

Lineage
GEBCO

Combination
of EMODnet
2013 and
interpolated
ship
soundings.

EMODnet

Created from
hydrographic
surveys,
supplemented
with GEBCO.

EOMAP
optical
bathymetry
(Landsat 8)

Derived from
Landsat 8
optical
imagery by
applying the
MIP
algorithm.
Ship sounding
data collected
by mariners
(crowd
sourcing).

CSB
TeamSurv

Positional
accuracy
Varies over
the area,
exact
accuracy
not defined.

Attribute
accuracy
Varies over
the area,
exact
accuracy
not defined.

Completeness Temporal
information
100%
Grid has
coverage in
been
this area
published at
December
1st, 2014,
but consists
of the
merging of
many multitemporal
datasets.
Not defined. 100%
Grid
coverage in
generated
this area
between
2009 and
2013 from
multiple
surveys.

Varies over
the area,
generally
higher than
500 meters,
otherwise
compared
with GEBCO
first.
+/- 30
meters
(95%
confidence)

Vertical
accuracy 0.5
meter offset
+ 10% depth
(95%
confidence)

No
information
provided.

Quality
measure for
each cell
provided.
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Only shallow
waters, just
few parts of
the shallow
areas covered
due to high
turbidity.
Least
complete,
only few ship
tracks
available.

September
3rd, 2013.

No
temporal
information
provided.

Table 3: Overview quality elements of bathymetry datasets used for the Rodrigues area

Lineage
GEBCO

EOMAP
optical
bathymetry
(Landsat 8)

Mostly
interpolated
from ship
track
soundings,
partly based
on data from
the LamontDoherty Earth
Observatory
(LDEO) of
Columbia
University,
Global MultiResolution
Topography
Synthesis.
Derived from
Landsat 8
optical
imagery by
applying the
MIP
algorithm.

Positional
accuracy
Varies over
the area,
exact accuracy
not defined.

Attribute
accuracy
Varies over
the area,
exact accuracy
not defined.

Completeness

45-60 meters
(95%
confidence)

Vertical
accuracy 0.5
meter offset +
10% depth
(95%
confidence)

Only shallow
waters, most
of the shallow
areas covered
with data.
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100%
coverage in
this area.

Temporal
information
Grid has been
published at
December 1st,
2014, but
consists of the
merging of
many multitemporal
datasets.

August 8th,
2015.

4. Methods
This chapter describes the methodology of the research. The flowchart of the research methodology
is presented in figure 2. The first step was applying the necessary conversions and transformations
to make the datasets compatible. Next, it was decided which data should be used as “reference
data” representing the ground truth and comparisons were made to select the data that are of
sufficient quality to include in the integration. Subsequently, bias and gain corrections were applied
using a linear regression model. Then the different integration methods were applied in both study
areas and finally a validation was done to see which integration method leads to the highest
accuracy. Most of the research steps were implemented in the statistical package R, only some basic
pre-processing steps were done in the GIS package ArcGIS.

Figure 2: Flowchart of the research methodology

4.1 Harmonization
This paragraph describes the conversions and transformations that were necessary for harmonizing
the datasets presented in tables 2 and 3.
4.1.1 Units and no-data-values
Bathymetry can use either positive or negative numbers for expressing water depth. For this
research, it was decided to use negative meters to specify the depth. Datasets that specified the
depth in positive meters were multiplied by -1 to create negative meters.
Another issue was how the data deals with locations where no data is available. Mostly these cells
were treated as “NA-values” or “NoData”, but sometimes a certain value was given to indicate that
no data was available. If that was the case, these values had to be converted to “NA-values”,
because otherwise these values would be treated as absolute depth values, which is not the real
case.
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4.1.2 Coordinate system, extent and resolution
All the datasets used in this research have the WGS84 horizontal datum, but some of them were
stored in geographic coordinates (decimal degrees) while others were projected to UTM projection,
using metric unit. Because the study areas were defined in decimal degrees in the beginning of this
project, it was decided store all the data in geographic coordinates. This was done by exporting the
data in the new coordinate system using ArcGIS.
One of the difficulties in this research was the difference in extent and resolution between the
different available datasets. For comparing and combining datasets, it was necessary to generate a
common extent and resolution. The extent was already defined by the study area, so datasets could
just be cropped to the study area. For the resolution, it was necessary to decide what resolution
would be suitable for the purpose of this research. It was decided to use a medium resolution of
0.001 decimal degrees, which is approximately 100 meters at the equator. A new grid with the
desired extent and resolution was created and all the datasets were resampled to that grid by using
the bilinear interpolation technique, which is a resampling technique that uses the distance
weighted average of the four nearest pixel values to estimate a new pixel value (Chang, 2009). This
technique generates smaller cell sizes for some datasets and thus creates more cells. However, the
cell values are just derived from the neighbouring cells, so it doesn’t really create more detailed
information about the real water depth on a particular location. However, for current application
this was assumed to be suitable enough for creating a common resolution. Bilinear interpolation was
chosen because it is the most commonly applied resampling technique for variables with ratio scale.
4.1.3 Vertical datum transformation
Probably the most complicated issue regarding the comparability of the datasets was how to deal
with the vertical datum. The vertical datum is the reference plane to which the depth values refer.
Depth is always measured as the difference between the ocean surface and the ocean bottom.
However, the water level of the ocean is dynamic because of tidal behaviour, especially in coastal
areas, so you will measure different depths at different moments in time. Therefore, bathymetry
data is always corrected for the tidal height and a certain reference plane is chosen as the “zero
depth surface”. The reference plane that is chosen can be different for data coming from different
sources. A reference plane that is very often used in nautical charts is the lowest astronomical tide
(LAT). LAT is the lowest water level which is predicted to occur under average meteorological
conditions and under any combination of astronomical conditions (Elema & Kwanten, 2006). This is
always calculated over a period of 19 years, because in this period all possible astronomical
conditions have taken place. The practical reason that this is used as reference plane is that mariners
on a ship can see if a certain area is deep enough to pass, even during the lowest water level.
Another reference plane that is often used is mean sea level (MSL), which is the average sea level in
the same period. This reference plane is more useful if the data is used as input for numerical
models that predict for example flooding or storm surges.
Very often, the metadata of a bathymetry dataset refers to “Chart Datum” as the vertical datum (see
Chapter 3). Chart datum is the plane below which all depths are published on a navigational chart. It
is also the plane to which all tidal heights are referred, so by adding the tidal height to the charted
depth, the true depth of water is determined. Not every country is using the same level as Chart
Datum. Because there are a variety of tidal characteristics, the way Chart Datum is implemented is
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different over the world (SeaZone, 2006). By international agreement, Chart Datum is a level so low
that the tide will not frequently fall below it. Until recently, many charts referred to Mean Lower
Low Water Spring (MLLWS). This is the mean lowest water level of a month during a period of 5
years. In the early 1980’s, the International Hydrographic Organisation (IHO) and International
Marine Organisation (IMO) already stated that countries should consider adopting an astronomical
level as Chart Datum (Elema & Kwanten, 2006). At the end of the 90’s, the IHO stated that from 2000
onwards countries have to adopt LAT as their Chart Datum. A water level lower than LAT can only
occur due to meteorological circumstances and as such LAT is generally lower than MLLWS, as is
illustrated in figure 3. In this figure it is also illustrated that the actual depth is equal to the charted
depth relative to LAT plus the tide relative to LAT. Because nautical charts are not published every
year, it takes some time to convert all products to LAT. Therefore, in some countries the products
are still in transition of converting all products to LAT as Chart Datum.

Figure 3: Relation between charted depth and actual depth (Elema & Kwanten, 2006)

If two datasets have a different vertical datum, it means that a certain value in one dataset means
something else than the same value in another dataset. Mistakes are made if this would not be
taken into account when the datasets are compared or combined. Therefore conversions had to be
done. For current research it was chosen to convert all the datasets to the MSL. The complicated
issue in this conversion is that LAT and MSL are different over the world and the exact level is often
not properly defined. To overcome this problem, the BASE-Platform makes use of hydrodynamic
modelling (Slobbe et al., 2013). Hydrodynamic models were used to compute accurate and seamless
sea-level corrections. The level of LAT was calculated relative to MSL and a grid was generated,
which created the opportunity to make the conversion.
For the Xynthia area, LAT calculations resulting from the Dutch Continental Shelf Model version 6
(DCSMv6) were used. The DCSMv6 is a new generation tide–surge model for the northwest
European Shelf. For detailed information about DCSMv6, reference is made to Zijl et al. (2013). With
this model, a period of 20 years (from 2005 till 2025) has been calculated by taking into account only
the tidal force (so without meteorological forces). LAT was determined by subtracting the lowest
water level in this period from the average water level for every grid cell. The DCSMv6 grid has a
resolution of 1/40 degrees in east-west direction and 1/60 degrees in north-south direction. Because
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the DCSMv6 model covers only the northwest European Shelf, it couldn’t be used for the Rodrigues
area. For this area, LAT calculations resulting from the FES 2012 model were used. FES 2012 is a
global tide model with a resolution of 1/16 degrees. Detailed information about the FES 2012 grid
can be found in Carrère et al. (2012). The procedure to derive LAT from this model was the same as
for the DCSMv6 grid. The LAT grids were resampled to the same resolution as the bathymetry layers.
Then the LAT values were added to the bathymetry values to get the bathymetry relative to MSL.
One of the difficulties in the generation of the LAT grids is how to calculate values along the coast at
places that fall dry during low tide. Here, the LAT value is lower than the land height, which cannot
be calculated by the model. In the models a filter has been applied to filter out the erroneously
calculated pixels along the coast. However, in the LAT grid that was used in the Xynthia area, some
of these erroneous pixels remained, as will be visible later in chapter 5. To overcome this, for this
research it was decided to remove all pixels with a value higher than -2.2 meter, since the tidal range
in this area is generally larger than that. This filtered out most of the erroneous pixels. In the
Rodrigues area, there were no such erroneous pixels, because the FES 2012 grid has a much coarser
resolution. The LAT grids were resampled to the same resolution as the bathymetry grids to be able
to add the LAT values to the bathymetry values. After that, the places where the LAT values were
filtered out were interpolated to generate complete coverage of the water surface.
For most of the datasets it was known that they use LAT as their vertical datum. These had to be
transformed to MSL. For the GEBCO data however, the vertical datum is unknown and is only
assumed to be MSL. Because this is considered to be a very important aspect, the GEBCO data was
investigated more in depth first by looking at the Source Identifier Grid (see paragraph 3.2 under
“lineage”). This was done to see if the real vertical datum could be derived by looking at underlying
source of the data used within GEBCO. If this would show that LAT was used as vertical datum
instead of MSL, also the GEBCO data was transformed by adding the LAT values to the data.
4.2 Selection
To get the most accurate bathymetric data for a certain area, it first had to be determined whether a
dataset should be used or not. If the quality of a dataset is very bad it could be better not to use it
because it would only introduce noise. To make a good decision about using a certain dataset, the
quality had to be judged. Information about the characteristics and quality aspects of the data was
already given in chapter 3. However, the accuracy was often very poorly described. Therefore, selfassessment of the data quality was necessary. To be able to do this, some data was used as
“reference data”: data that is assumed to have the highest quality and which is therefore treated as
reference. By comparing the data with the reference data, an estimation of the accuracy was
obtained. The data that was treated as reference data is the Crowd Sourced Bathymetry (CSB) data.
These are direct ship measurements, which are assumed to be more accurate than interpolations or
satellite products. In the Rodrigues area, there are no CSB data yet available, unfortunately. To
overcome this, ship measurement data collected by the Indian Navy were used. The reference data
were divided in two subsets: one to calibrate a model and one to validate the results. 80% of the
points were used for calibration and 20% of the points were used for validation. The subsets were
randomly selected and are both spread out over the area. This was repeated five times, each time
with different subsets.
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The investigation and comparison of the data was done by visual interpretation of the maps and by
making scatterplots to compare the values in every dataset with each other. In the scatterplots, both
the regression line and the one on one line were drawn. Relating the dots to the regression line gives
an indication of the correlation between datasets and relating the dots to the one on one line gives
an indication about how much the datasets deviate from each other. The degree to which the
datasets correlate has been presented by the coefficient of determination, also known as the Rsquared value. This is a number that indicates the proportion of the variance in the dependent
variable that is predictable from the independent variable. It is calculated by taking one minus the
total sum of squares divided by the residual sum of squares. The total sum of squares is calculated
as:
(1)

where Zi is the observed value and
residuals is calculated as:

is the mean of the observed values. The sum of squared

(2)

where Ẑi is the value predicted by the regression function. The R-squared is then calculated as:

(3)

The R-squared was calculated from the regression line as well as the one on one line. Note that in
the latter case SSres can be greater than SStot so that R2 acquires negative values.
In the Rodrigues area, the range of depth values is very large. There is a very shallow part, but there
are also very deep parts with depths up to 4 kilometres. For that reason, it was decided to make
separate scatterplots for comparing GEBCO with the Indian Navy measurements. One scatterplot
was made for shallow water up to 100 metres depth and one for water deeper than 100 metres
depth. The 100 metres boundary was chosen because there was a dense cloud of points in the
scatterplot for depths up to around 100 metres. The GEBCO data is claimed to be essentially a deep
ocean product, so the assessments in the deep parts are the most relevant here. Making separate
scatterplots for deep and shallow parts shows if there is a difference in the accuracy for deep and
shallow water. The Landsat 8 optical bathymetry data is intended for shallow waters, so that data
have to be judged for those parts only.
The metadata of the optical bathymetry data provided by EOMAP gave detailed information about
horizontal and vertical accuracy of the data (see chapter 3). As a means to verify the claims, the 95%
confidence interval was compared in a scatterplot of EOMAP and reference data. If the confidence
interval is correct, 95% of the points should lie within these boundaries.
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4.3 Correction
If the regression line is not equal to the one on one line, there is a certain bias and/or gain in the
dataset. Bias refers to a difference in the means of the datasets; gain refers to the slope of the
regression line. If the gain diverges from 1 and in case of bias, the data should be corrected before
using them in a model. Otherwise, the bias and gain would be taken into the model and the errors
would propagate through the model, resulting in errors in the output. The correction of the data was
done by using linear regression. Linear regression is an approach for modelling the relationship
between a scalar dependent variable and one or more explanatory variables. If only one explanatory
variable is used, the approach is called simple linear regression. The relationships are modelled using
linear predictor functions whose unknown parameters are estimated from the data. These are called
linear models. A linear model looks as follows:

(4)

where Z is the dependent or response variable, fi stands for the independent or predictor variable(s),
β0 stands for the regression intercept, βi stands for the regression coefficient(s) and ε stands for the
residual, also called the error term. The regression intercept is the expected mean value of Z when
all fi are zero. The regression coefficients represent the mean change in the dependent variable for
one unit of change in the independent variable while holding other predictors constant. When
presented in a graph, the intercept is the value at which the regression line crosses the y-axis and
the regression coefficient is the slope of the regression line. The residual is the difference between
the observed value and the value predicted from the regression model.
The dependent variable in this research is presented by the reference data: the Crowd Sourced
Bathymetry. Values have been extracted from the other datasets, which are gridded datasets and
which are treated as independent variables, and have been added to the CSB points. Separate linear
models were generated by using simple linear regression. After the linear models were generated,
new cell values for the different datasets were predicted by applying the generated linear model to
the raster layer. Every cell value was used as the f parameter in equation 4 to calculate the new cell
values. This resulted in the expected depth values corrected for a certain bias and gain in the data.
What remains is a zero-mean, normally distributed stochastic residual with constant variance 𝜎2.
4.4 Integration
Once the necessary transformations and corrections were done, the data became available for
integration. To find the most accurate integration method, five different integration methods were
tested and compared. The techniques represent a variety of choices concerning the use of the input
datasets. These include methods based on simple statistics but also more advanced geostatistical
methods taking into account map accuracy, prediction error and/or spatial correlation. Some of the
methods are based on methods that are applied in similar researches, applied in different
application fields. Ge et al. (2014) developed a method for integrating biomass maps based on
weighted averaging. This is one of the methods that were tested in this research. Another study,
from Tsendbazar et al. (2015), tested different integration methods for land cover maps and found
that Regression Kriging produced the most accurate result. This is also one of the methods that were
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tested. The following subsections describe all the integration methods that were tested in this
research.
4.4.1 Averaging
The first method that was tested only uses the gridded bathymetry layers as input and doesn’t use
the reference data at all. It just takes the average of the grids that were selected to include in the
model. This technique doesn’t take into account the accuracies of the input layers. This wasn’t
expected to be the most accurate technique, but was primarily tested for demonstration purposes.
4.4.2 Weighted averaging at pixel level based on the variance of the prediction errors from the
regression model
The second method uses both the gridded bathymetry data and the reference data to assign certain
weights. A new bathymetry layer was generated by taking a weighted average for every bathymetry
dataset in every pixel. The weights for the different layers are based on the variance of the
prediction error in every single pixel. This method can be especially useful if the variance per
location is known. In this case, that could be derived from the linear regression models. The
equation for calculating the variance of the prediction error of a linear regression model is presented
in equation 5:
(5)

where ε is the prediction error, σ2 is the residual standard deviation and f is the explanatory variable
(Ott & Longnecker, 2008). Weights were calculated as the scaled inverse of the variance of the
prediction error in every grid cell. This gives more weight to datasets where the variance of the
prediction error is low.
4.4.3 Weighted averaging at layer level based on the variance - covariance matrix
The third method is based on the approach that was used by Ge et al. (2014) for combining biomass
maps and uses a variance–covariance matrix associated with the accuracies of the source maps for
assigning weights. The advantage of this method compared to the second method is that it takes
into account the correlation between the independent variables for assigning the weights. In
contrast to method two, a weight is calculated for a total layer and not for every pixel separately.
For this research, the method first takes the residuals of every individual predicted bathymetry layer
in the reference points (calculated from the reference data) and calculates the variance – covariance
matrix from these residuals. The formula for calculating the covariance between two variables X and
Y is as follows:

(6)

where Xi represents a value for variable X and X represent the mean of variable X. The same is true
for variable Y. In the variance – covariance matrix, the variances of the independent variables are
presented on the diagonal and the covariances between all possible pairs of variables are presented
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off the diagonal. The covariance is a measure of how much two variables change together. If the
covariances are zero and only variances are known, this method is identical to the second method
that uses the variance of the prediction error. The covariance matrix is symmetric, because the
covariance between X and Y is the same as the covariance between Y and X. The vector of weights
w(s) that minimizes the variance of the estimation error were calculated by applying equation 7:
(7)

where C(s) is the variance – covariance matrix, 1 = [1, . . ., 1]T is a p-dimensional unit vector (if there
are p source maps) and where T means transpose (Ge et al., 2014). This method allows the
assignment of different weights to different bathymetry layers based on the accuracies of the layers
and it can handle missing values in some of the layers. This means that when one or more (but not
all) source maps have missing data at some location, then the output result at that location is
obtained by integrating the remaining source maps, with weights derived from the reduced
variance–covariance matrix.
4.4.4 Multiple linear regression
The fourth method predicts the new bathymetry values from a multiple linear regression model. The
equation was already shown in equation 4, but this time more than one explanatory variable is used
in the model. The advantage of this method is that it doesn’t require prior harmonization. Multiple
linear regression attempts to model the relationship between two or more explanatory variables
and a target variable by fitting a linear equation to observed data (Ott & Longnecker, 2008). The
selected input bathymetry layers are used as explanatory variables to predict the bathymetry values
of the reference data. The multiple regression model estimates the regression intercept,
representing the mean predicted value when the independent variables are set to zero, and the
regression coefficients, representing the difference in the predicted value yi for each one-unit
change in xi, if the other predictors remain constant. What remains is a zero-mean, normally
distributed stochastic residual with constant variance 𝜎2 (Ott & Longnecker, 2008). The regression
coefficients are estimated from paired observations of the reference data and the selected
bathymetry layers. This is done by minimising the sum of squared deviations between observed and
predicted depth values. The regression coefficients are then used for the prediction of the
bathymetry value in every grid cell.
4.4.5 Regression Kriging
The last method that was tested is an extension of the multiple linear regression method. In a
multiple regression, the assumption is that the stochastic residual is statistically independent
(Heuvelink & De Bruin, 2015). Regression Kriging is a technique that exploits potential spatial
correlation of regression residuals to locally improve predictions. In a Regression Kriging model, the
dependent and independent variables are made spatially explicit and the spatial correlation of the
regression residual is modelled with a variogram (Heuvelink & De Bruin, 2015). In a variogram, the
degree of spatial correlation is described by the semivariance, which is presented in a graph against
the distance between two locations. The equation of the semivariance is as follows:
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(8)

where E stands for the mathematical expectation, the letter 𝑥 is used for geographic location and ℎ
is the distance vector. Thus, the semivariance (γ) is half the expected square difference between the
value of 𝑍 at two locations separated by the distance vector ℎ (Heuvelink & De Bruin, 2015). Taking
into account the spatial correlation of the stochastic residual transforms equation 4 into the
following equation:
(9)

where the letter 𝑥 is used for geographic location, 𝑍 is the target variable and 𝑓i are spatially
distributed explanatory variables (Heuvelink & De Bruin, 2015). After the regression map has been
generated, the geostatistical interpolation technique Kriging is applied to the regression residuals.
Then the map with the Kriged residuals is added to the map of the regression predictions (Heuvelink
& De Bruin, 2015). This shows that Regression Kriging is a combination of regression and Kriging,
which has the opportunity of taking into account both the information from the explanatory
variables and the interpolation of the regression residual.
4.5 Validation
To estimate the error in the datasets, the Root Mean Square Error (RMSE) was calculated for every
input dataset as well as every output dataset by using the 20% validation subset that was taken from
the reference data as the ground truth. The RMSE is a measure of the differences between values
predicted by a model or an estimator and the values actually observed (Ge et al., 2014). The formula
is presented by equation 10:
(10
)

where n is the number of observations, Zi is the value in the reference dataset and Ẑi is the value in
the dataset that is validated (Ge et al., 2014). The RMSE was calculated from point observations
where the value in the gridded dataset is extracted to the particular point and then compared to the
observed value at that location.
To estimate if a bias has remained in the datasets, the Mean Error was calculated (ME). The ME
represents the mean value of deviations between prediction and observed values. The ME is a
measure for the bias of the predictions (Ge et al., 2014). It is defined by the following equation:

(11)

Notation of the equation is the same as in the RMSE calculation in equation 10.
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The 20% subset that was taken from the reference data for validation was selected randomly.
However, it could be that the way that the points were selected influences the validation result. To
achieve a reliable result, the process should have the same result every time that it is repeated. To
test the effect of sampling the reference data, the subsets that were selected for calibration and
validation were not selected one time but five times, and the process chain has been repeated for
every selected subset. This should produce validation results where the absolute numbers are
slightly different, but where the general pattern is the same for every subset.
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5. Results
This chapter presents the results of the analysis described in chapter 4 in both study areas. For both
areas, the available datasets are first visualized in maps to get an idea about how the datasets look
like. Then the results of the most important transformations and conversions that were necessary
are explained with special attention to the vertical datum conversion. After that, scatterplots are
shown for comparison of the datasets and the model coefficients of the linear regression models
used for bias and gain correction are shown. Finally, the validation results of every applied
integration method show which techniques produces the most accurate bathymetry map.
5.1 The Xynthia area
Figure 4 shows map plots of the different available datasets in the Xynthia area. GEBCO and
EMODnet cover the full water surface in this area. The Landsat 8 optical bathymetry data only has
limited coverage of the coastal areas. The Crowd Sourced Bathymetry (CSB) data consist of 3280
points along several transects, where ships with a single beam echo sounder have been measuring
the depth.

Figure 4: Map overview of the available datasets in the Xynthia area
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5.1.1 Harmonization
An investigation of the datasets made clear that there were some aspects treated differently in the
datasets. In the CSB dataset, the depth was specified in positive meters, while negative meters were
used in the other datasets. In the Landsat 8 optical bathymetry dataset, specific values were used to
indicate that no data was available instead of “NA values”. A value of -9999 was used to indicate that
the depth couldn’t be properly measured at that location and a value of -9998 was used to indicate
that there is land instead of water at that location. Also, the Landsat 8 data was projected in UTM
projection, while the other datasets were projected in WGS84 geographic coordinates.
For the vertical datum transformation, the LAT grid that was generated by Deltares from the
DCSMv6 field appeared to show some unrealistic values in the coastal regions (see paragraph 4.1.3).
These pixels are visualized as the red pixels in figure 5. They occur in the coastal parts. Apparently
not all erroneous pixels were filtered out by the filter that was applied within the DCSMv6 model.
These pixels had to be removed before using the grid.

Figure 5: LAT relative to MSL calculated with the DCSMv6 model (Zijl et al., 2013).

An investigation of the GEBCO SID grid, shown in figure 6, showed that in the GEBCO data in this
area, most of the data in the grid is based on the EMODnet dataset. GEBCO didn’t convert this to
another vertical datum. Thus, also the GEBCO bathymetry in this area is in fact referring to LAT. For
the other datasets it was already known that they refer to LAT from the metadata. Therefore
transformations of the vertical datum were necessary for all the data.
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Figure 6: GEBCO’s Source Identifier Grid in the Xynthia area

5.1.2 Comparison and selection
Scatterplots made for comparison of the bathymetry datasets against the reference data are
presented in figure 7. It can be seen that the EMODnet data are close to the 1:1 line, while the slope
of the regression line is also close to 1. It shows a very high correlation with an R-square value of
0,964 from both lines. The GEBCO data are also close to the 1:1 line and the slope of the regression
line is also close to 1. It has an R-square value of 0.9104 from the regression line and 0.9028 from
the 1:1 line. For the Landsat 8 optical data, however, this is not the case. Almost all data points are
below the 1:1 line, indicating some kind of bias in the dataset. Also the slope of the regression line is
different than the slope of the 1:1 line. There is not much overlap between the Landsat 8 data and
the reference data, so this comparison is based on less data points than the comparison of the other
datasets.
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Figure 7: Scatterplots for comparing the bathymetry grids with the reference data in the Xynthia area
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Scatterplots of the comparison of the datasets with each other are presented in figure 8. GEBCO and
EMODnet show a high correlation, especially in the deep parts of the ocean. However there are
some outliers where EMODnet has values around 0 and where GEBCO has values around -30.
Looking at the comparison with the Landsat 8 optical bathymetry, there seems to be no correlation
at all. The R-square values are very small and the points are spread out over the graph. Also, the
regression line and the 1:1 line are completely different.

Figure 8: Scatterplots for comparing the bathymetry grids with each other
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Figure 8 (extended): Scatterplots for comparing the bathymetry grids with each other

Figure 9 presents the scatterplot between the Landsat 8 optical bathymetry data and the CSB data
with the confidence interval that was provided by EOMAP. 95% of the points should lie between the
two green lines. As can be seen, this is not the case in the Xynthia area. Therefore the vertical
accuracy information provided by EOMAP seems to be incorrect. Based on the above results it was
decided to exclude the Landsat 8 optical bathymetry data from the data integration analysis.

Figure 9: 95% confidence interval as stated in the metadata provided by EOMAP (Xynthia)
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5.1.3 Correction
The development of the linear regression models for correcting the GEBCO and EMODnet datasets
resulted in the model coefficients presented in tables 4 and 5. In both cases there is a strong
influence of the explanatory variable, indicated by the three stars. The slope coefficients for these
variables are close to 1. For GEBCO, the regression intercept also has a significant influence. For
EMODnet the influence of the intercept is much less. Furthermore, the probability of the null
hypothesis (zero correlation between the explanatory and the target variable) is very low for both
variables, so it was rejected. This is shown by the Pr value, which is much smaller than the 0.05
significance level for both variables.
Table 4: Linear regression model coefficients for GEBCO (Xynthia)

(Intercept)
GEBCO

Estimate
-0.989785
0.968261

(Intercept)
EMODnet

Estimate
-0.060253
0.998682

Std. Error
0.094374
0.005932

Pr
<2e-16
<2e-16

***
***

Table 5: Linear regression model coefficients for EMODnet (Xynthia)

Std. Error
0.061633
0.003769

Pr
0.328
<2e-16

***

5.1.4 Integration and validation
Figure 10 presents a plot of the integrated maps generated with different methods for the Xynthia
area. The scale bar presents the depth in meters. From the maps, it is difficult to see clear
differences by visual interpretation of the colours. The differences are too small to recognize them.

Figure 10: Map plots of integrated maps generated with different techniques in the Xynthia area (R plot)
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The results of the validation that was done five times are presented in table 6. It includes a
validation of the corrected available bathymetry datasets as well as a validation of the results of the
different integration methods.
Table 6: Validation results in the Xynthia area

RMSE
GEBCO
1.83
EMODnet
1.21
Landsat 8
0.61
Average
1.38
Weighted average per pixel 1.26
Weighted average per layer 1.21
Multiple regression
1.22
Regression Kriging
0.72

ME
-0.13
-0.08
0.36
-0.10
-0.09
-0.08
-0.11
-0.05

RMSE
GEBCO
1.83
EMODnet
1.14
Landsat 8
1.13
Average
1.32
Weighted average per pixel 1.19
Weighted average per layer 1.15
Multiple regression
1.15
Regression Kriging
0.68

ME
-0.03
-0.01
0.24
-0.02
-0.02
-0.01
-0.03
-0.01

RMSE
GEBCO
1.75
EMODnet
1.25
Landsat 8
0.90
Average
1.37
Weighted average per pixel 1.28
Weighted average per layer 1.25
Multiple regression
1.25
Regression Kriging
0.74

ME
0.01
0.05
0.12
0.03
0.04
0.05
0.04
0.03

RMSE
GEBCO
1.72
EMODnet
1.20
Landsat 8
0.49
Average
1.31
Weighted average per pixel 1.22
Weighted average per layer 1.20
Multiple regression
1.20
Regression Kriging
0.66

ME
-0.17
-0.04
-0.10
-0.10
-0.08
-0.04
-0.06
0.00

GEBCO
EMODnet
Landsat 8
Average
Weighted average per pixel
Weighted average per layer
Multiple regression
Regression Kriging

RMSE
1.68
1.04
0.68
1.17
1.06
1.05
1.06
0.62

ME
0.00
-0.12
-0.22
-0.06
-0.09
-0.13
-0.16
-0.13

The validation shows that Regression Kriging is the technique that produces the lowest error every
time. This is also the only technique that generates an output where the error is lower than in all of
the input bathymetry datasets. The overall pattern looks the same for every sampling result. That
shows that the pattern that is found is a structural pattern which is not caused by the sampling of
the reference points for calibration and validation. Therefore Regression Kriging seems to be the
technique that leads to the highest accuracy when combining bathymetry data.
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5.2 The Rodrigues area
Figure 11 shows map plots of the different available datasets in the Rodrigues area. The only dataset
that covers the complete area is GEBCO. There are a few optical data from Landsat 8 available
around the island Rodrigues. Also close to this island, some ship measurements from the Indian Navy
were available which could be used as reference data. GEBCO has depth values up to 4 kilometres,
while the depths for the optical Landsat 8 bathymetry did not extend beyond 20 metres.

Figure 11: Map overview of the available datasets in the Rodrigues area

5.2.1 Harmonization
Also here, some things were treated differently in the datasets. In the Landsat 8 optical bathymetry
data, the same conversions were needed as for the same data in the Xynthia area. So again, a value
of -9999 was used to indicate that the depth couldn’t be properly measured at that location and a
value of -9998 was used to indicate that there is land instead of water at that location. Also, the data
was again projected in UTM projection, while the other datasets were projected in WGS84
geographic coordinates. The units were the negative meters in both datasets.
Figure 12 presents the LAT grid generated from the FES 2012 model that was used to convert the
vertical datum of every dataset to LAT. It can be seen that the tidal range in this area is less than 1
meter, which is a lot smaller than in the Xynthia area. Obvious is that the resolution of the LAT grid is
much courser than that of the DCSMv6 grid that was used in the Xynthia area. This grid doesn’t have
the erroneous pixels in the coastal area like the DCSMv6 grid had in the Xynthia area. However,
some small water parts in that area are not covered by the grid due to the coarse resolution.
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Figure 12: LAT grid generated from FES 2012 (Carrère et al., 2012).

For all the datasets available in this area it was known that they refer to LAT, except for the GEBCO
dataset. The investigation of GEBCO’s SID grid showed that most of GEBCO’s bathymetry values in
this area are coming from interpolation from ship soundings (see figure 13). Also, a large part is
based on data from the Lamont-Doherty Earth Observatory (LDEO) of Columbia University, Global
Multi-Resolution Topography Synthesis. From this investigation, no use of another vertical datum
than MSL in the area was found.

Figure 13: GEBCO’s Source Identifier Grid in the Rodrigues area
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5.2.2 Comparison and selection
Figure 14 shows the scatterplots for comparing the bathymetry grids with the reference data. For
the comparison of GEBCO separate scatterplots are presented for shallow water up to 100 metres
depth and water deeper than 100 metres. The differences between the values in the datasets are
big. In the deep water, a correlation is visible but there is a large spread around the regression line.
Most of the values are below the 1:1 line, so there also seems to be a bias in the GEBCO data. In the
shallow water, there seems to be less correlation, looking at both the lines and the R-squared values.
There are many points left of the 1:1 line, showing that GEBCO overestimates the depth in many
parts. The comparison of the Indian Navy measurements with the Landsat 8 data shows no
correlation at all. However, there is very limited overlap between the datasets, so only a few points
are suitable for comparison.

Figure 14: Scatterplots for comparing the bathymetry grids with the reference data in the Rodrigues area
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Figure 14 (extended): Scatterplots for comparing the bathymetry grids with the reference data in the Rodrigues area

The scatterplot shown in figure 15 presents the comparison of the bathymetry datasets with each
other. There seems to be almost no correlation between the datasets. The Landsat 8 data shows
many depths of almost zero, where the depths in GEBCO at the same locations are much more
variable with depths up to almost 100 metres. Still, there seems to be some sort of correlation along
the 1:1 line in the parts where the Landsat 8 bathymetry has deeper values, however with some
bias.

Figure 15: Comparison of the GEBCO and Landsat 8 bathymetry data in the Rodrigues area
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Figure 16 presents the scatterplot between the Landsat 8 optical bathymetry data and the Indian
Navy data with the confidence interval that was provided by EOMAP. 95% of the dots should lie
between the two green lines. Just like in the Xynthia area, this is not the case in the Rodrigues area.
There is not even one dot that lies between these lines. Therefore the vertical accuracy information
provided by EOMAP seems to be not correct.

Figure 16: 95% confidence interval as stated in the metadata provided by EOMAP (Rodrigues)

5.2.3 Correction
The coefficients of the linear regression models used for bias correction are presented in tables 7
and 8. For GEBCO, it can be seen that the explanatory variable has a significantly strong influence
and that the probability of the null hypothesis (indicated by the Pr value) is very low. This is not the
case for the model coefficients of the Landsat 8 optical bathymetry dataset. The intercept has a
much more significant influence than the explanatory variable and the probability of the null
hypothesis for the explanatory variable is very high.
Table 7: Linear regression model coefficients for GEBCO (Rodrigues)

(Intercept)
GEBCO

Estimate
23.22648
1.26864

Std. Error
9.23744
0.01427

Pr
0.0122
<2e-16

*
***

Table 8: Linear regression model coefficients for Landsat 8 (Rodrigues)

(Intercept)
Landsat 8

Estimate
-21.65334
-0.01803

Std. Error
0.56157
0.04839
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Pr
2.25e-10
0.719

***

5.2.4 Integration and validation
Figure 17 presents a plot of the integrated maps generated with different techniques in the
Rodrigues area. Differences are again too small to recognize them by a visual interpretation of the
map colours. The range of depth values is very large in this area, as can be seen from the scale bar
(presenting the depth in meters).

Figure 17: Map plots of integrated maps generated with different techniques in the Rodrigues area (R plot)

The validation results in the Rodrigues area are presented in table 9. This time the validation was
done only one time, due to the lack of data. The error in the Landsat 8 data seems very low, but that
is because this validation was based on only 2 data points and the dataset only covers the shallow
parts. The results show that there are almost no differences between the results of the different
integration methods.

Table 9: Validation results in the Rodrigues area

RMSE
GEBCO
164.02
Landsat 8
0.34
Average
164.01
Weighted average per pixel 164.01
Weighted average per layer 164.01
Multiple regression
164.01
Regression Kriging
164.01
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ME
12.70
-0.07
12.63
12.56
12.56
12.55
12.55

6. Discussion
The results showed that of the integration methods that were tested for the integration of different
bathymetry layers, Regression Kriging was the method that led to the highest accuracy, at least in
the Xynthia area. By using reference data, this method produced an output that was more accurate
than every single input dataset. In the Rodrigues area, a proper testing of integration methods was
impossible due to the lack of both reference and input data. This made clear that a good set of
useful reference data is crucial for an evaluation of integration methods. It is a promising result that
one of the integration methods really seems to be able to improve the bathymetry data in one of the
areas. Finding a way to improve the bathymetry is after all the purpose of this research. A more
detailed interpretation of the results as well as some discussion about the data availability and
related studies is presented in this chapter.
6.1 Results in the Xynthia area
6.1.1 Comparison and selection of the datasets
The comparison of the datasets with the reference data and with each other made one thing clear:
the Landsat 8 optical bathymetry data has a very bad quality in the Xynthia area. For that reason it
was decided not to include this dataset in the integration of the data. Including a dataset with such a
bad accuracy would only introduce noise in the output instead of improving the accuracy. Therefore
the integration methods have been tested purely with the GEBCO and the EMODnet data and by
using the CSB data as reference. The reason that the quality of the Landsat 8 bathymetry data is so
bad could be caused by the relatively high turbidity of the water in this area. This is a disturbing
factor for optically derived bathymetry data. Therefore it was interesting if the technique would
work in the Rodrigues area, where the water turbidity is much lower. The analysis also showed that
the statement about the vertical accuracy that EOMAP provides in the metadata seems to be
incorrect. That is a striking result which shows that metadata information can be wrong.
It was also obvious that there were some strange outliers when comparing the GEBCO and the
EMODnet data. The outlier that was found where EMODnet has values around 0 can be caused by
how the coastline is defined in the two datasets. The outlier that occurs where GEBCO has values
around -30 seems to be caused by the difference in resolution between the two datasets. These
seem to appear in the transition zones where depths increase fast.
6.1.2 Integration and validation of the results
In table 6, it looked like the error in the Landsat 8 optical bathymetry dataset is very low. However,
this low RMSE value is caused by the fact that the data is only available in shallow water and the
range of values is only a few meters here, while the other datasets have values up to 60 metres. It
can also be seen by the fact that although a bias and gain correction has been done, still a relatively
large mean error remains in the dataset. Third, because there is only limited overlap between the
CSB data and the Landsat 8 data, and only 20% of the points were selected for validation, the
validation for this dataset is based on only a few points, making the results less reliable.
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There were two methods tested that are actually very similar in this case, namely the weighted
averaging based on the variance-covariance matrix and the multiple linear regression. The
covariance matrix contains the information that is needed to find the regression coefficients.
However, the particular situation can make one method more useful than the other. The advantage
of the multiple linear regression method is that it doesn’t require prior harmonization of the data.
The weighted averaging based on the variance-covariance matrix is especially useful if the
covariance matrix is known beforehand. In this research, the data were already harmonized before
the methods were tested, so the methods do basically the same. That could also be seen from the
validation results, where these two methods resulted in almost the same RMSE every time.
Differences are just caused by rounding issues.
The fact that Regression Kriging produces the most accurate result isn’t surprising if the regression
residuals, calculated by using reference data, are spatially correlated. If this is the case, the residuals
in the reference points contain information about the residual in the surroundings of these points,
which creates the opportunity to more accurately predict these residuals using a simple Kriging
interpolation. The residuals calculated from the reference points are in this case definitely spatially
correlated. That’s the reason that this integration method leads to the highest accuracy in this area.
6.2 Results in the Rodrigues area
6.2.1 Comparison and selection of the data
For the Rodrigues area, there is no EMODnet data available, because EMODnet only covers the
European oceans. That was expected to make a difference, because EMODnet was the most
accurate input dataset in the Xynthia area. Unfortunately, the amount of available data was very
limited in this area. It was expected that more datasets would come available within the time of this
research, but unfortunately that wasn’t the case. Therefore the research had to be done with only
the GEBCO and the Landsat 8 data and by using the Indian Navy measurements as reference. That
was a severe limitation in this area. It would have been interesting to have the altimetry data in this
area, which is known to be useful in deep water. That would have made the results much more
interesting.
Just like in the Xynthia area, the Landsat 8 optical bathymetry showed many differences with the
other datasets and it looks like this dataset has again a very bad quality. Also here, the vertical
accuracy information provided in the metadata by EOMAP seemed to be not correct. However, in
this area also GEBCO showed quite big differences with the reference data. It is therefore more
difficult to say that one specific dataset is worse than the others. Also, it is known that the area
where the Landsat 8 optical bathymetry data is available has a large coral reef and is for that reason
very shallow. GEBCO, however, retrieved its depth values in that area by interpolating from ship
measurements. These ships have not sailed over the coral reef, because that’s not possible, and thus
depths in this area are probably interpolated from measurements in much deeper water. That
makes it very likely that GEBCO overestimates the depths on those parts. Also the Indian Navy could
not measure in these shallow parts for the same reason. The Landsat 8 optical bathymetry doesn’t
have this problem, since it is obtained from remote sensing. Therefore, the Landsat 8 data may be
not so bad and could be useful for the parts where this coral reef exists. For that reason, and also
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because otherwise there is only GEBCO available, it was decided to still use the Landsat 8 optical
bathymetry data in the integration methods that have been tested.
From the coefficients of the linear regression models, it could be seen that GEBCO had a significant
influence, while the Landsat 8 optical bathymetry data had not. However, since there is very few
overlap between the Landsat 8 and the Indian Navy data, this model was based on only a few data
points. This made the resulting model coefficients less reliable. This also has effect on most of the
integration methods that are used, since they use these model coefficients. It illustrates the problem
you get when there are no sufficient reference data to test the added value of a certain bathymetry
dataset.
6.2.2 Integration and validation of the results
Integration of the bathymetry datasets was in this area only possible in a very small part. Because
the Landsat 8 data is only available in the shallow small part of the study area, the integration
occurred only in this small part. In the rest of the area, only GEBCO was available, so the grid cells
here have just been filled with the GEBCO values. That is the reason that the RMSE and ME values
presented in table 9 are almost the same for every technique that is applied. This makes it
impossible to derive conclusions from this analysis.
The analysis also makes clear that for a good analysis, an appropriate set of overlapping reference
data has to be available. If that is not the case, it is very difficult to test the performance of different
integration methods. Because the validation didn’t give useful results in this case, it has been applied
only once instead of multiple times like was done in the Xynthia area. Because there were too few
data available, it was not considered to be useful to do this multiple times.
6.3 Data availability
For this research two different areas were chosen. These areas were selected to see if conducting
the same analysis in two totally different areas would produce a similar result. This comparison
wasn’t possible, because in one of the areas there wasn’t enough data available. Therefore, it is still
relatively uncertain if Regression Kriging would also be the most accurate technique to improve
bathymetry data in a total different type of area. Although it was expected that more data would
come available on time, it could be better next time to select the study areas by assessing the data
availability. In that case the problem of not being able to derive useful conclusions from the analysis
could be avoided.
After all, it is very unfortunate that the SAR and the altimetry data didn’t come available within the
time scope of this research. Having these data available would make the research much more
interesting. The research in the Rodrigues area could have been done properly when for example
altimetry data was available for the deep ocean parts. Now the research depended largely on the
open GEBCO and EMODnet data, while the BASE-Platform will be especially based on the Satellite
Derived Bathymetry and is aiming to use these two datasets only as supplemental data. Having other
types of data could also lead to different conclusions. Not having these data makes the advice to
give to Deltares about what to use in their BASE-Platform less reliable than when exactly the same
type of data was used.
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6.4 Related work
The fact that Regression Kriging produced the most accurate result is not surprising looking in earlier
researches regarding data integration. The method was taken from research done by Tsendbazar et
al. (2015) where this method was found as the most accurate integration method. However, they
tested the method for land cover data, which is a completely different variable. Land cover is a
variable with a nominal scale, while bathymetry is a variable with a ratio scale. This can have
influence on the usability of certain method, so it was interesting to find out if the method would
also be useful for bathymetry data. Also the method developed by Ge et al. (2014) appeared to be
useful for bathymetry data. This method can be especially useful if the covariances between the
explanatory variables are known beforehand. In that case, it could be used even without having
reference data available. It is promising to see that researches that are done in different types of
application fields also seem to be useful for bathymetry data. In some fields a lot of research about
data integration is already done. People working on bathymetry data can probably learn a lot from
research that is done in different fields, such as soil sciences and land cover studies.
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7. Conclusion and recommendations
The research objective was to compare and harmonize different bathymetric datasets and to test
methods for integration to create an improved bathymetric dataset. The conclusion is that
Regression Kriging produced the most accurate result from the methods that were tested in the
Xynthia area, while a proper testing wasn’t possible in the Rodrigues area. The analysis made clear
that for an accurate integration of data it is of crucial importance that enough useful reference data
is available. Without using some kind of ground truth values it is impossible to apply most of the
integration methods and to validate the results. Therefore the Crowd Sourced bathymetry data will
probably play a very important role in the BASE-Platform for validating the Satellite Derived
Bathymetry datasets and to calibrate models for integration of these data. This conclusion resulted
from the answers on the different sub questions. These answers as well as some recommendations
for Deltares and for further research are given in this chapter.
7.1 Answers on the subquestions
What are the characteristics and quality aspects of the different available datasets?
This has been investigated by looking into the metadata, the data documentation and the literature
about these data. A detailed description of these characteristics and quality aspects was given in
chapter 3. There are two datasets that were generated by merging many different datasets. GEBCO
is available worldwide and is generated by the assimilation of ship sounding data guided by altimetry
and by adding other bathymetry datasets where they improve the existing GEBCO grid. It has a
resolution of 30 arc-seconds, which is around 1 kilometre at the equator. This data was available in
both study areas. EMODnet is only available in Europe and is generated from a large database of
ship sounding data and by implementing GEBCO data for missing parts. This dataset has a resolution
of 7.5 arc-seconds, which is around 230 metres at the equator. This was only available in the Xynthia
area. Because these datasets were generated from different sources, it was difficult to derive
information about the accuracy. The most important advantage of these datasets is that they
provide a full coverage for the bathymetry in the study areas.
The third dataset that was used is the optically derived bathymetry data, in these cases derived from
Landsat 8. Optical remote sensing suffers from disturbing environmental conditions like cloud cover
and haze and from water turbidity. These data were available in both study areas, but only in the
very shallow parts along the coast. It is high resolution data with a resolution of 15 metres. Chart
Datum was used as vertical datum, corresponding to LAT in both areas. The metadata of these
datasets provide detailed information about the horizontal and vertical accuracy. However, later it
became clear that the quality was a lot worse than was expected.
The last dataset is the Crowd Sourced Bathymetry (CSB), which consists of single beam ship
measurements collected by people on ships who measure the bathymetry for their own purposes
like, fishing or navigation. These data consist of measurements along several transects. The data
were considered to be useful as reference data for both calibration of the models and validation of
the other bathymetric datasets. In the Xynthia area there is some data available, but in the
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Rodrigues area not (yet). For that reason, in the Rodrigues area some measurements collected by
the Indian Navy were used. Both use LAT as vertical datum.
Which harmonizations are necessary to make the data comparable?
First, some aspects were treated differently in the datasets, so there were some conversions
necessary. In the CSB data, the depth was specified in positive meters, while in the other datasets it
was specified in negative meters. Values in the CSB data were multiplied by -1 to get negative
meters. In the Landsat 8 data, specific values were used to indicate that no data was available at the
particular location while NA values were used in the other datasets. These specific values in the
Landsat 8 data were converted to NA values.
There were also some transformations necessary. First, the Landsat 8 data was projected in meters
in WGS84 UTM projection, while the other datasets use the WGS84 geographic coordinate system.
The Landsat 8 data were transformed to the WGS84 geographic coordinate system. Also, the extent
of the different datasets was slightly different, so the datasets had to be cropped to the extent of
the study areas. Third, the resolution of the datasets was different. To overcome this, it was decided
to resample the datasets using bilinear interpolation to a resolution of 0,001 degrees, which
corresponds to around 100 metres.
The most complicated necessary transformation was the transformation of the vertical datum. Most
of the datasets used Lowest Astronomical Tide (LAT) as vertical datum. All the dataset used in this
research have been transformed as such that the depth values refer to the Mean Sea Level (MSL).
This was done using conversion data generated by people from Deltares, who applied hydrodynamic
modelling. The conversion data are grids that contain the values of LAT relative to MSL. These values
have been added to the values in the bathymetry grids (relative to LAT) to get the bathymetry
relative to MSL.
Last, a bias and gain correction using a linear regression model was necessary to improve the
datasets and to be able to use the standard error of the prediction and the residuals later in the
integration methods.
Which datasets are of sufficient quality to be selected for integration?
In the Xynthia area, the scatterplots showed that the Landsat 8 optical bathymetry data deviates a
lot from the other data and the reference data. It showed no correlation at all with some of the
other datasets. This is a very striking outcome, since the Landsat 8 data is high resolution data which
was considered to be very accurate. Also, the metadata information about this dataset gave very
detailed information about the horizontal and vertical accuracy of the data. The analysis, however,
showed that the truth is different from what is told in the metadata information. The quality of both
the data and the metadata information appeared to be extremely bad. For this reason it was
decided to exclude these data from further analysis. The other datasets in this area were very similar
and were thus considered to have a sufficient accuracy to include in the integration.
In the Rodrigues area, there were so few datasets available that excluding one dataset would mean
that there would be only one dataset left and integration would not be necessary. The comparison
showed that both the GEBCO and the Landsat 8 bathymetry deviate a lot from the Indian Navy
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measurements. However, the GEBCO data still showed a significant correlation. Because the Landsat
8 bathymetry had only very little overlap with the Indian Navy measurements and the accuracy of
the GEBCO data in the same region was also doubtful, it was decided to still use all the available
datasets in this area.
Which integration method leads to the highest accuracy?
In the Xynthia area, Regression Kriging was the technique that produced the highest accuracy every
time after the calibration and validation process was repeated five times. The technique is useful,
because the regression residuals are spatially correlated. That means that the residuals in the
measured data points tell something about the residuals in the surrounding area. Kriging is in that
case useful to predict the residuals and add these to the regression prediction.
From the Rodrigues area, no conclusions could be derived due to a lack of both input data and
reference data. The only conclusion that can be derived from the analysis in this area is that a good
set of reference data is necessary for a proper integration of different bathymetry datasets.
Therefore, the ship measurements are very important, also when satellite data is used to measure
the bathymetry. Without having some reference, it is not possible to assess the accuracy of the
gridded bathymetry data and to apply most of the integration methods. The integration method
based on the variance covariance- matrix could theoretically still be used, but the problem would be
how to get that matrix. The same counts for the integration method based on the variances of the
prediction error.
7.2 Recommendations
This research was done to help Deltares finding the most accurate method to integrate different
bathymetry layers. Deltares should definitely consider using the Regression Kriging method for their
BASE-Platform. Besides the fact that this method led to the highest accuracy in this research, prior
harmonization of the different layers isn’t even necessary. That makes it possible to accurately
integrate the data even without performing the complicated vertical datum transformation, in which
they spend a lot of time and effort. The limitation of this method is that point reference data is
necessary. If there is no point reference data available, the weighted averaging methods could
sometimes still be used. If the variance per location is known, the weighted averaging on pixel level
could be applied. If the variance-covariance matrix is known, the weighted averaging method
developed by Ge et al. (2014) could be used. However, without having reference data the problem
will be how to get this variance-covariance matrix.
For the Xynthia area, the EMODnet data appeared to be very accurately already. The question is
whether SDB data will have added value for locations where EMODnet data is available. This
question is difficult to answer now, but can be interesting to investigate when all the SDB data
sources become available. One reasonable aspect that it can add is resolution. EMODnet has a
resolution of approximately 230 metres, while for some applications, like navigation, higher
resolution data is asked. The SDB data from optical remote sensing and SAR were claimed to have a
much higher resolution. If those techniques can really acquire bathymetry information at this
resolution, a more detailed profile of the seafloor can be obtained. However, this research already
showed that the bathymetry derived from Landsat 8 was very inaccurate, so that should be
investigated first. Another aspect that SDB data could add is the ability to update the data more
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frequently. Since satellites are constantly orbiting the earth, images can be acquired frequently and
the bathymetry information can remain up to date. For many parts of the world there is no
EMODnet data available. For those areas, SDB data are likely to have added value anyway, because
GEBCO is known to be inaccurate in most shallow coastal areas.
For further research, it could also be interesting to take more variables into account that are known
to influence specific type of bathymetry measurements. In that case, Regression Kriging could for
example be combined with a stratification of the area of interest based on for example geological
features, depth ranges or water parameters. Also the SID grid of GEBCO could for example be used
to make strata based on the underlying source. Separate models could be generated for different
strata in the area of interest. But before this is possible, it should be known first what variables have
what kind of influence on specific types of bathymetry measurements. This gets interesting
especially if all the types of SDB datasets become available, which all have their own limitations and
disturbing factors. Then it could for example be better to give the optical data more weight in clear
water, if it would have been proven that this technique works best in clear water. Including this in
the integration method can lead to an advanced integration method that takes the advantages of
every single bathymetry measurement to generate an improved bathymetric dataset.

47

References
Arndt, J. E., Schenke, H. W., Jakobsson, M., Nitsche, F. O., Buys, G., Goleby, B., ... & Greku, R. (2013).
The International Bathymetric Chart of the Southern Ocean (IBCSO) Version 1.0—A new bathymetric
compilation covering circum‐Antarctic waters. Geophysical Research Letters, 40(12), 3111-3117.
Becker, J. J., Sandwell, D. T., Smith, W. H. F., Braud, J., Binder, B., Depner, J., ... & Ladner, R. (2009).
Global bathymetry and elevation data at 30 arc seconds resolution: SRTM30_PLUS. Marine Geodesy,
32(4), 355-371.
Bledzki, L.A. (2009) Secchi disk. The Encyclopedia of Earth, October 15, 2009
British Oceanographic Data Centre (BODC) (2015) The GEBCO_2014 Grid. Retrieved February 2,
2016, from https://www.bodc.ac.uk/data/documents/nodb/301801/.
Brusch, S., Held, P., Lehner, S., Rosenthal, W. & Pleskachevsky, A. (2011) Underwater bottom
topography in coastal areas from TerraSAR-X data, International Journal of Remote Sensing, 32(16),
4527-4543, DOI: 10.1080/01431161.2010.489063.
Carrère, L., Lyard, F., Cancet, M., Roblou, L., & Guillot, A. (2012, September). FES 2012: a new tidal
model taking advantage of nearly 20 years of altimetry measurements. In Ocean Surface Topography
Science Team 2012 meeting, Venice-Lido, Italy.
Chang, K. T. (2009). Computation for bilinear interpolation. Introduction to Geographic Information
Systems (5th ed.), New York, McGraw-Hill.
Cooper, P. (2013) Crowdsourcing the Ocean Floor: How Mariners Can Gather Valuable Information
for
Better
DecisionMaking,
Retrieved
October
23,
2015,
from
http://blog.oceanconservancy.org/2013/02/21/crowdsourcing-the-ocean-floor-how-mariners-cangather-valuable-information-for-better-decision-making/
Danielson, J. J., & Gesch, D. B. (2011). Global multi-resolution terrain elevation data 2010
(GMTED2010) (No. 2011-1073). US Geological Survey.
Deltares (n.d.) Retrieved October 21, 2015, from https://www.deltares.nl/en/areas-of-expertise/
Dierssen, H. M. & Theberge A.E. (2012) Bathymetry: Assessing methods, Encyclopedia of Ocean
Sciences, Taylor & Francis.
Elema, I. A., & Kwanten, M. C. (2006). Introduction of vertical reference level Lowest Astronomical
Tide (LAT): in the products of the Netherlands Hydrographic Service. Special Publication
(Hydrographic Society).
EMODnet Lot 1 Bathymetry (2015) Guidelines for metadata, data and DTM QA/QC. Retrieved
February 3, 2016, from http://www.EMODnetbathymetry.eu/documents/EMODnet_hydrography/html_page/qa_qc_dtm_specifications_0402201
5.pdf.
EMODnet official web page (n.d.) EMODnet Central Portal. Retrieved February 2, 2016, from
http://www.EMODnet.eu/.

48

EOMAP official web page (2015) About EOMAP. Retrieved February 4, 2016, from
http://www.eomap.com/expertise/.
European
Commission
(n.d.)
What
is
Horizon
2020?
http://ec.europa.eu/programmes/horizon2020/en/what-horizon-2020

Retrieved

from

Farr, T. G., Rosen, P. A., Caro, E., Crippen, R., Duren, R., Hensley, S., ... & Seal, D. (2007). The shuttle
radar topography mission. Reviews of geophysics, 45(2).
Fretwell, P., Pritchard, H. D., Vaughan, D. G., Bamber, J. L., Barrand, N. E., Bell, R., ... & Catania, G.
(2013). Bedmap2: improved ice bed, surface and thickness datasets for Antarctica. The Cryosphere,
7(1).
Ge, Y., Avitabile, V., Heuvelink, G. B., Wang, J., & Herold, M. (2014). Fusion of pan-tropical biomass
maps using weighted averaging and regional calibration data. International Journal of Applied Earth
Observation and Geoinformation, 31, 13-24.
Hartmann, K., Lehner, S., Wiehle, S., Escorihula, M.J., Martinez, B., Lewis, S., Coleman, J., Thornton,
T., Verlaan, M., Schaap, D.M.A. (2015) Bathymetry Service Platform, Participant Portal Submission
Service.
Hell, B., Broman, B., Jakobsson, L., Jakobsson, M., Magnusson, Å., and Wiberg, P. (2012). The Use of
Bathymetric Data in Society and Science: A Review from the Baltic Sea. Ambio, 41(2), 138–150.
http://doi.org/10.1007/s13280-011-0192-y
Hell, B., & Jakobsson, M. (2011). Gridding heterogeneous bathymetric data sets with stacked
continuous curvature splines in tension. Marine Geophysical Research, 32(4), 493-501.
Heuvelink, G. & De Bruin, S. (2015) Chapter 3 – Geostatistics. In: Heuvelink, G. & De Bruin, S. (2015),
Spatial Modelling and Statistics, Wageningen: Laboratory of Geo-Information Science and Remote
Sensing, Wageningen UR.
ISO (2010) ISO/CD 19157 Geographic information – Data quality. ISO/TC 211/WG 9/PT 19157,
published 16 October, 2010.

Jakobsson, M., Mayer, L., Coakley, B., Dowdeswell, J. A., Forbes, S., Fridman, B., ... & Schenke, H. W.
(2012). The international bathymetric chart of the Arctic Ocean (IBCAO) version 3.0. Geophysical
Research Letters, 39(12).
Jawak, S.D., Vadlamani, S.S. and Luis, A.J. (2015) A Synoptic Review on Deriving Bathymetry
Information Using Remote Sensing Technologies: Models, Methods and Comparisons. Advances in
Remote Sensing, 4, 147-162. http://dx.doi.org/10.4236/ars.2015.42013
Marks, K. M., and Smith, W. H. F. (2006). An Evaluation of Publicly Available Global Bathymetry
Grids. Marine Geophysical Researches, 27(1), 19-34.
Müller, A. (2016) Metadata, XML file describing the data provided by EOMAP. Retrieved February 4,
2016.
Oort, P.A.J. van (2006) Spatial data quality: from description to application (PhD degree).
Wageningen University, the Netherlands.
49

Ott, R., & Longnecker, M. (2008). An introduction to statistical methods and data analysis. Cengage
Learning.
Pleskachevsky, A., Lehner, S., Heege, T., & Mott, C. (2011). Synergy and Fusion of Optical and
Synthetic Aperture Radar Satellite Data for Underwater Topography Estimation in Coastal Areas.
Ocean Dynamics, 61(12), 2099-2120.
Sandwell, D.T., Gille, S.T. & Smith, W.H.F. (2002) Bathymetry from Space: Oceanography,
Geophysics, and Climate, Geoscience Professional Services, Bethesda, Maryland, 24 pp.
Sandwell, D. T., & Smith, W. H. (2009). Global marine gravity from retracked Geosat and ERS‐1
altimetry: Ridge segmentation versus spreading rate. Journal of Geophysical Research: Solid Earth,
114(B1).
Schaap, D.M.A. (2015) EMODnet Bathymetry – Building and Providing a High Resolution Digital
Bathymetry for European Seas, Geophysical Research Abstracts, vol. 17, EGU2015-6071.
SeaZone (2006) Brief introduction to vertical datums and tidal Levels, October 2016.
Slobbe, D. C., Klees, R., Verlaan, M., Dorst, L. L., & Gerritsen, H. (2013). Lowest astronomical tide in
the north sea derived from a vertically referenced shallow water model, and an assessment of its
suggested sense of safety. Marine Geodesy, 36(1), 31-71.
Smith, W.H. & Sandwell, D.T. (1994). Bathymetric prediction from dense satellite altimetry and
sparse shipboard bathymetry. Journal of Geophysical Research-All Series, 99, 21-803.
Smith, W. H. & Sandwell, D. T. (2004) Conventional Bathymetry, Bathymetry from Space and
Geodetic Altimetry, Oceanography, 17(1), 8-23
Smith, W. H. F., & Wessel, P. (1990). Gridding with continuous curvature splines in tension.
Geophysics, 55(3), 293-305.
TeamSurv official web page (n.d.) Teamsurv, community sourcing and sharing of navigational data.
Retrieved February 16, 2016, from http://www.teamsurv.eu/.
Tsendbazar, N. E., de Bruin, S., Fritz, S., & Herold, M. (2015). Spatial Accuracy Assessment and
Integration of Global Land Cover Datasets. Remote Sensing, 7(12), 15804-15821.
Guptill, S. C., & Morrison, J. L. (Eds.). (2013). Elements of spatial data quality. Elsevier.
Thornton, T. (2016) Teamsurv Data Description. Document describing the data provided by
Teamsurv. Retrieved January 22, 2016.
Ward, R. (2010) General Bathymetric Charts of the Ocean, Hydro International, Geomares Publishing.

50

Zijl, F., Verlaan, M., & Gerritsen, H. (2013). Improved water-level forecasting for the Northwest
European Shelf and North Sea through direct modelling of tide, surge and non-linear interaction.
Ocean Dynamics, 63(7), 823-847.

51

