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Summary

In order to update the 1985 atlas of Bonaire’s coral reefs (Van Duyl, 1985), a hyperspectral mapping
campaign was performed in October 2013 using the Wageningen UR Hyperspectral Mapping System
(HYMSY) with 101 spectral channels. In June 2016, with the help of STINAPA Bonaire, Sander Micher
and Erik Meesters were able to perform an extensive diving campaign to collect in-situ information in
20 transects perpendicular to the coastline across the western coast. Detailed photographs of the sea
bottom were taken by diving to a depth of 20-30 meters, then progressing shallower towards the coast.
Photographs were geotagged by another person snorkelling exactly above the diver with a GPS in a
waterproof box and making overview pictures of the sea bottom as well.

This in-situ information was used to interpret the hyperspectral imagery made by the HYMSY camera.
In order to interpret the data more consistently, the hyperspectral data were corrected for the water
depth into at-ground-reflectance factor units. A bathymetric model was used for the calibration of the
hyperspectral imagery based on a former field campaign by measuring water depth at specific locations
along the western coast. The final bathymetric model was based on extrapolation of the terrestrial digital
elevation model by fitting the DEM with additional in-situ bathymetric measurements at sea. A more
detailed bathymetric model may improve the calibration of the hyperspectral data with a 1-meter spatial
resolution.

Due to the limited penetration of green and red light through the water, it was decided to use only the
first 15 hyperspectral bands in the violet-blue -cyan till green range (Band 1 = 450.0 nm to Band 15 =
520.0 nm). This means that spectral measurements can be made to a maximum depth of 20 to 30
meters.

The hyperspectral reef classification defines 12 classes including sand, pavement, rubble, soft and hard
corals, and various mixtures of these at a pixel level of 1-meter spatial resolution. Due to their spectral
similarity, corals and algae remain difficult to separate.
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1 Introduction

The Dutch Caribbean island Bonaire has
protected its marine resources for more than 35
years and has been ranked as one of the
Caribbean’s top dive destinations much due to its
wide range of easily accessible diving sites, clear
waters and a relatively healthy coral reef
ecosystem. The importance of coral reefs is
multifunctional. They provide many ecosystem
services, not only to attract tourism and
therefore income, but they also act as a natural
barrier to protect the coast, and they form
habitat for many species, providing food as well.
The total economic value of Bonaire’s nature
including its coral reef has been estimated at
more than 100 milion dollar per year (WKICS
2013).

The general consensus is that the extent and
biodiversity of Bonaire’s coral reef is decreasing
due to local and regional anthropogenic and
global climate pressures (Bak et al. 2005,
Newman et al. 2015, De Bakker et al. 2016, de
Bakker et al. 2017). However, the last extensive
study of the coral coverage of the whole reef
ecosystem was performed in 1985 by Van Duyl
who created an underwater atlas of Bonaire and
Curagao (Duyl 1985). In order to update this
atlas of Bonaire’s coral reefs, a hyperspectral
mapping campaign was performed in October
2013 using the Wageningen UR Hyperspectral
Mapping System (HYMSY) with 101 spectral
channels.

Figure 1. Hyperspectral mapping campaign from airplaine and by using a kite.

Several additional research activities were
necessary before the hyperspectral data could
be processed into maps. First bathymetric data
needed to be collected to make a bathymetric
model for the west side of the island. With this
model the colour bands of the hyperspectral
data needed to be corrected as water depth
greatly influences the colours that the camera
recorded. Next an extensive ground-truthing
campaign was necessary to classify the
hyperspectral data into useful categories.

In June 2016, with the help of STINAPA Bonaire,
Sander Mucher and Erik Meesters were able to
perform an extensive ground-truthing
campaign to collect in-situ information in 20
transects perpendicular to the coastline across
the western coast of the island. Detailed
photographs of the sea bottom were taken by
diving from a depth of 20-30 meters towards
the shore. Photographs were geotagged by
another person snorkelling exactly above the
diver with a GPS in a waterproof box and
making overview pictures of the sea bottom as
well. This in-situ information was used to

interpret the hyperspectral imagery made by
the HYMSY camera.

The HYMSY camera consists of a custom
pushbroom spectrometer (range 450-950nm,
FWHM 9nm, ~20 lines/s, 328 pixels/line), a
consumer camera (collecting 16MPix raw image
every 2 seconds), a GPS-Inertia Navigation
System (GPS-INS), and synchronization and
data storage units (Figure 1). The weight of the
system at take-off is 2.0kg allowing it to be
mounted on varying platforms. On Bonaire the
system was flown on two platforms: 1) on a
Cessna airplane to provide a coverage for the
whole coastline, and 2) on a kite pulled by boat
or car at lower altitude than the Cessna to
provide a subset coverage in higher resolution.
With the Cessna the whole west coast of the
island was mapped. The Aerial images were
collected at 15 cm ground sampling distance
(GSD) and the hyperspectral data in 1m GSD.
The data were mosaicked and geo-rectified to
form hyperspectral maps of the western and
southern coastal area of Bonaire (Figure 2).
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Figure 2. The hyperspectral data were recorded on 11th October 2013 by the HYMSY camera mounted
on a Cessna airplane and were mosaicked and georectified to form a hyperspectral image of the coastline
of Bonaire. Data were processed in 5 hyperspectral dataset blocks.

In order to interpret the data more consistently,
the hyperspectral data were corrected for water
depth into at-ground-reflectance factor units. A
bathymetric model was used for the calibration
of the hyperspectral imagery based on a former
field campaign by measuring water depth at
specific locations along the western coast. The
final bathymetric model that we used was based
on extrapolation of the terrestrial digital
elevation model through fitting with additional
in-situ bathymetric measurements at sea. A
more detailed bathymetric model would of
course have been preferred to calibrate the
hyperspectral data with a 1-meter spatial
resolution. Due to the limited penetration of

green and red light through the water, it was
decided to use only the first 15 hyperspectral
bands in the violet-blue -cyan till green range
(Band 1 = 450.0 nm to Band 15 = 520.0 nm).
This means that spectral measurements can be
made to a maximum depth of 20 — 30 meters.
The hyperspectral Coral Reef Classification
(HCRC) is divided into simple classes such as
sand, pavement, rubble, soft and hard corals
and various mixtures of these classes at 1-
meter spatial resolution (Figure 4). A real
validation of the HCRC is unfortunately not
included in this report, due to lack of
comparable data.
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Figure 3 HYMSY hyperspectral spectral imagery (RGB: 520 nm, 480 nm, 476 nm) with green dots
showing the most northerly diving transect. Image (mainly the land section) behind the hyperspectral

image is a Pleiades satellite image (brown to greyish colours) with 50 cm resolution.
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- 01 Pavement and sand

l:l 02 Pavement, rubble, sand, corals
|:| 03 Pavement and corals

| |ossand

- 05 Sand and soft corals

:] 06 Sand and hard corals

- 07 Hard corals dead and living

- 08 Hard corals dead
- 09 Hard corals living
|:| 10 Hard coral staghorn
- 11 Hard and soft corals
l:l 12 Hard, soft corals, sand

[ ] 13 Unclassified

Figure 4. Detail of the Hyperspectral Coral Reef Classification (HCRC) near Playa Benge on the Northern

coast of Bonaire.
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2 Hyperspectral data processing

2.1 Hyperspectral Mapping System (HYMSY)

The remote sensing sensor used in Bonaire’s
airborne campaign in 2013 was the HYMSY
system that has been developed at the
Unmanned Aerial Remote Sensing Facility of the
Wageningen University & Research
(www.wur.eu/uarsf). Suomalainen et al. (2014)
describes in detail the HYMSY and the standard
processing chain. In short, HYMSY is a
pushbroom spectrometer system capable of
producing reflectance factor spectrum maps in
a range of 450-950nm at 9nm spectral

resolution. In practice it means that you have a
hyperspectral camera with 101 spectral
channels. The pixel size depends on the flight
altitude and varies typically between 10cm and
1m. Additional to the hyperspectral sensor, the
HYMSY has also a normal Red-Green-Blue
(RGB) photo camera. The RGB images can be
used to produce high resolution (1-15cm)
orthophoto maps and photogrammetric 3D
models of the mapped area.

2.2 Airborne hyperspectral campaign

The mapping campaign in Bonaire was
performed in October 2013. The primary
dataset was collected on 11™" of October 2013
by mounting the HYMSY system on a Cessnha
airplane and flying at 400m altitude along the
coastlines on the whole western half of the
island. This area contains practically the main
coral reefs on Bonaire. Since the east coast is
subjected to heavy waves the development of
extensive reef platforms appears much less
developed than on the leeward side. This flight
allowed us to map the reefs with a hyperspectral
pixel size of 1m. In practice this means that the
size of the smallest separable object is

approximately 2m. The RGB orthophoto was
generated with 15cm pixel size. In addition to
this airplane based imagery, other higher
resolution datasets were collected as well by
hanging the HYMSY on a kite, and pulling it
behind a car along the coastal road or on a boat
on the water. These datasets proved to be
challenging to geoprocess due to water
refraction distortions in the imagery and
instability of the kite platform. Thus they were
not processed completely and the efforts on
data analysis were concentrated on utilizing the
airplane based data.
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Figure 5. Large scale view of the orthophoto from the airplane based main dataset. The hyperspectral
data covers a slightly narrower swath than the orthophoto. The numbers on edges refer to the separate
image blocks in which the high-resolution data was stored in.

2.3 HYMSY processing and products

2.3.1 Reflectance calibration

As a first processing step, the intensities in the
raw hyperspectral imagery were calibrated to
reflectance factors using an empirical line
method. For this purpose, we measured the
reflectance factor spectrum of a concrete pier
near the centrum of the town. Using the known
reflectance of the pier, we converted the
airborne radiances to reflectance factors. In
good conditions the accuracy of such
methodology is approximately +10%.
Unfortunately on all flights some clouds were
present and thus some parts of the coastline
were shadowed, while most of the coastline was
mapped in good sunlit conditions. The
shadowed areas had lower reflectance factors
than expected. In these areas, the effect is
estimated to be between -10% and -50%

change to normal spectrum level. With available
methods, it is not possible to correct for these
shadows and we had to accept them as a
feature in some subset areas of the data (Figure
6).

2.3.2 Georectification

After the basic radiometric processing, the
dataset was georectified using first Agisoft
Photoscan to georectify the photos and then
using the ReSe PARGE module to georectify the
hyperspectral data. Due to water refractions
“moving” the underwater targets, it proved to
be difficult for the Agisoft Photoscan to create a
sensible 3D model of the terrain. The resulting
orthophoto (Figure 7) was visually adequate but
had in some parts of the island offsets of up to
hundreds of meters in absolute coordinates.
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Even with such problems, we were able to
produce in PARGE the hyperspectral map
spatially matching well to this distorted
orthophoto.

{3 #1 (RiBand 71,G:Band 21,B:Band 7)iDataCube_geobsq loos = 3 D &y #1 Spectral Profile:Datacube_ geobsq =&
File Edit Options

File Overlay Enhance Tools Window

Plot Function Help
5 tral Pro

&y #1Zoom [5x] = |8

Figure 6. Example of the hyperspectral data at full resolution. The image shows also a shadow of a cloud
present at lower part of this image. The upper right image shows the reflectance values over the
complete electromagnetic spectrum from 450 — 950 nm for the indicated location at sea, also shown at
the lower right image. No water column corrections have been performed at this stage.
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Figure 7. Example of the RGB orthophoto at full resolution of 15 cm pixels.

Due to these distortions, it was necessary to
perform additional manual geo-rectification
steps. The additional georectification was
performed in ARCGIS with the Georeferencing
Tool (Figure 8) and using the ARCGIS online
georeferenced basemap (World Imagery
Source: Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS,
AEX, Getmapping, Aerogrid, IGN, IGP,
swisstopo, and the GIS User Community),
which looks like google maps. Identical
locations were identified on the ortho-mosaic as
well as on the ARCGIS basemap, along with the

entire coast of Bonaire. The final transformation
of the ortho-mosaic was performed as first
order polynomial with an RMS error of 0.45 m.
The output spatial resolution of the RGB ortho-
mosaic was set to 1-meter resolution using the
Transverse Mercator projection:
WGS_1984 UTM_Zone_19N.

In a next step, the RGB ortho-mosaic was used
as the basemap for the georecftification of the
5 hyperspectral mosaics (B1, B2, B3, B4 and
B5, see also Figure 2). Also in this stage a first
order polynomial transformation was performed
with an RMS error of approximately 0.58.

Georeferencing~|masctoyee vl RS AABBAL__ )
Update Georeferencing (A Rotate
Rectify... & Shift
Fit To Display | 7% Rotate Right San Scale
Update Display A°  Rotate Left

Auto Adjust Ak Flip Horizantal
Flip or Rotate » S Flip Vertical
Transformation * Zero Order Polynomial (Shift)

Delete Links 15t Order Polynomial (Affine)
Reset Transformation 2nd Order Polynomial
Options... 3rd Order Polynomial

Adjust

Splhine

Projective Transformation

Figure 8. The ARCGIS georeferencing tool
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2.4 Water column corrections

This section concerns the further processing of
the hyperspectral imagery from at-ground-level
reflectance factors to seafloor reflectance
factors to enable a better classification of the
coral reef system. The section starts with a
general introduction followed by the theory, the
used water depth data (bathymetric model), the
deep water spectrum and the final seafloor
hyperspectral reflectance data.

When light penetrates water its intensity
decreases exponentially (attenuates) with
increasing depth because of two processes,
absorption and scattering (Figure 9). The
degree of attenuation differs with the
wavelength of the electromagnetic radiation. In
the region of visible light, the red part of the
spectrum attenuates more rapidly than the
shorter-wavelength blue part (Nieto, 2013;
Mumby et al., 2004).

Absorption is wavelength-dependent and
involves the conversion of electromagnetic
energy into other forms such as heat or
chemical energy. In clear waters of Bonaire, the
main absorber is the water itself, which strongly
absorbs red light and has a smaller effect on
shorter wavelength blue light. Also on the minor
scale the algae, particulate matter in
suspension, and dissolved organic compounds
affect the absorptions. Scattering is when the
electromagnetic radiation interacts with
suspended particles in the water column and
changes direction. This process increases with
the suspended sediment load of the water, so in
more turbid waters more scattering occurs. The
spectra of a benthic habitat thus change with
increasing depth. As depth increases, the
separability of habitat spectra declines, as
shown in Figure 10 with the example of
seagrass.

Scattering at
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Figure 9. Factors influencing the amount of radiance
elaboration based on Edwards (1999).

Figure 10 also shows how the spectra of the
same stratum at a depth of 5 m, for example,
will be very different to that at 15 m. Similarly,
the spectral signature of one substrate at one
depth could be very similar to the profile of
another stratum at a different depth. The
spectral radiances are therefore influenced both
by the reflectance of the substrata and by depth
(as well as by scattering by the sediment load
of the water), and will create confusion when
attempting to use visual inspection or

reaching the sensor over a water mass (own

multispectral classification to map habitats.
Therefore, for benthic habitat mapping it is
important to remove the influence of water
depth. Camera capabilities are also important.
The used hyperspectral camera measures from
450 nm to 950 nm. And as can been seen in the
figure below, mainly bands in the violet-blue-
cyan till green range (Band 1 = 450.0 nm to
Band 15 520.0 nm) are useful for
measurements at deeper depths to a maximum
of 20 - 30 m depth.
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Figure 10. Spectra for a benthic habitat, in this
case seagrass (Green et al., 2000).

As found in literature, there are various
techniques to correct for depth. Nevertheless,
the removal of the influence of depth on bottom
reflectance would require two main variables, a
measurement of depth for every pixel, and a
knowledge of the attenuation characteristics of
the water column (e.g. concentrations of
dissolved organic matter). As these two
variables are difficult to obtain in most areas,
Lyzenga (1981) proposed a simple image-based
approach to compensate for the effect of
variable depth when mapping bottom features
(water column correction). This method was
then expanded by Mumby et al. (1998).

The main idea of this water column correction
method is that instead of predicting the
reflectance of the seabed, the method produces
a ‘depth-invariant bottom index’ from each pair
of spectral bands. This method is only truly
applicable to clear waters. However, where
water properties are moderately constant
across an image, the method strongly improves
the visual interpretation of imagery and should
improve classification accuracies (Green et al.,
2000).

2.4.1 Theory?

The original HYMSY data we have calibrated to
be at-ground-reflectance factor units following
the definition:

Ltarget

R=m
Etarget

Where L;4rg4.: i the radiance reflected from the
target and E,4. is the irradiance originally
illuminating the target. In practice it is
impossible to retrieve irradiance information for
every pixel in the imagery separately. Thus it is
usually practical to assume a constant
irradiance over the whole imaged area.

With HYMSY data the irradiance in the scene has
been defined using a reference panel method:

Lyefer
reference

E=——

nR}'l?ft’)'l?H('(’

Using this irradiance, the reflectance factor
equation becomes:

Ligr
target
I Rref{eren(‘y 3

reference

R =

Where L.ference IS the radiance reflected from

the reference target (grey concrete dock in the
city) and RycferenceiS the reflectance factor of the

reference target. This method assumes that:

e the target is illuminated the same way as
the reference target, and

e the radiance detected by the sensor equals
the radiance that left the target

1 Following Suomalainen et al. (2014)

These assumptions are decently valid for all
targets on dry ground (atmospheric correction
ignored) but with underwater targets both
assumptions are compromised.

The first disturbing effect is transmittance (T)
through the water body. Both the down-welling
irradiance and upwelling radiance reflected from
target get weakened by absorption of water:

Eseafloor = T(d)Esquace 4

Lsurface = T(d)Lseaflom" 5

Where d is the water depth (length of average
optical path).

In addition to this water transmittance, the
observed radiance reading also includes a glare
(Lgiare) component from water surface. Thus the
total detected radiance is:

Lu/)servyd = L‘qlm‘z’, + T(d‘ A)Lsz%afluor 6

In these terms, the reflectance factor equation
for remote sensing of targets on sea floor would
be:

L :

seafloor
=T 7

bseaflom‘

R

seafloor

While, the standard HYMSY data product (Rsq)
has been calculated as:

L :

observed

Rsld =T 8
bsm‘fu(:e
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Equation 8 can be expanded further to:

L‘qlm‘y + T(d, A)Lseafluor

Reg =1 i
std Esurface
L lare Lseafloor
Rseq :n9—+’[‘(d,/'l)27'[— 10
St Esurface Eseafloar

To find the glare the following procedure was
used. If we find in the imagery pixels which
have [T(d,A)*Lseasioor =01 the equation 10
simplifies to format:

Rsm,l(}lm‘e only = R‘qlm‘e =T E
surface

11

This is practically the case for all deep water
pixels in the imagery as with those is can be
assumed that the Ly =0. Thus we can
retrieve Rgqr. Dy taking the average spectrum
from a group of deep water pixels.

If the equations 7 and 11 are placed in equation
10 we get:

Rstd = R‘qlm‘e + T(d‘ A)steafluor 12

From this equation we can derive the basic
correction equation for retrieving the seafloor
reflectance factors:

Rstd - R‘qlm‘e

Rseafluor = W 13

Unfortunately, for a proper glare correction, the
glare spectrum should be separately known for

each pixel as the intensity of the glare varies
with the view angle, waves, and cloud situation
for every pixel separately. Thus using a simply
a constant Ry, spectrum for all pixels gives
bad results. However we can get around this. In
NIR bands (>750nm) the water transmittance
is close to zero on all relevant water depths.
Thus the NIR bands on every pixel effectively
contains the pure Ry, component for that
pixel. By assuming that the glare spectrum has
constant spectrum shape, but varying intensity,
the mean reflectance factor of each pixel in NIR
(Rs:4(750 — 850nm)) can be used to scale the
standard deep water glare spectrum shape
(Rgiare) to intensity level correct for that pixel..
Thus the final practical equation for retrieving
seafloor reflectance factor is:

RSH(L] loor (A)
— R4 (750 — 850nm)
R,sL(l (/1) Rylm»y (l) R‘(]l(“’é‘(750 _ 85071771)

T(d,1)?

Where
e Ry, is the uncorrected reflectance factor

spectrum of the pixel from standard HYMSY
processing,
* Ry is the average glare spectrum shape
acquired from some deep water pixels, and
e T is the one-way transmittance of water
with depth d

2.4.2 Water column depth data

The first requirement for water transmittance
correction is to have the water depth at every
pixel. So what is needed is a bathymetric model
with a 1-meter spatial resolution (x,y,z) of the
coastal zone of Bonaire. But unfortunately no
such bathymetric model was available or
foreseen on a short term. What was available,
was the ASTER DEM with a 30-meter spatial
resolution for only the terrestrial part of the
globe, including Bonaire. Additional sea point
depth measurements were made by Erik
Meesters and students at specific locations.
Below we describe the method that has been
used to derive a bathymetric model of Bonaire’s
coastal shore based on the interpolation of the
ASTER DEM through points measured at sea
with the specific sea depth.

2.4.2.1 ASTER GDEM

ASTER GDEM (Global Digital Elevation Model)
has been produced as a joint activity of the
Ministry of Economy, Trade, and Industry

(METI) of Japan and the United States National
Aeronautics and Space Administration (NASA).
The ASTER (Advanced Spaceborne Thermal
Emission and Reflection Radiometer)
instrument was built by METI and launched
onboard NASA'’s Terra spacecraft in December
1999. It has an along-track stereoscopic
capability using its near-infrared spectral band
and its nadir-viewing and backward-viewing
telescopes to acquire stereo image data with a
base-to-height ratio of 0.6. The ASTER GDEM
covers land surfaces between 83° N and 83° S
and is comprised of 22,600 1° by 1° tiles. Tiles
that contain at least 0.01% land included. The
ASTER GDEM is in GeoTIFF format with
geographic lat /long coordinates and a 1 arc-
second (approximately 30 m) grid. It is
referenced to the WGS84/EGM96 geoid. Pre-
production estimated (but not guaranteed)
accuracies for this global product were 20 m at
95% confidence for vertical data and 30 m at
95% confidence for horizontal data
(https://asterweb.jpl.nasa.gov/gdem.asp). The
ASTER DEM for Bonaire is shown in Figure 11.
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Figure 11. Detail of AsterDEM for Bonaire with a 30-meter spatial resolution and 1m height

resolution (Source: NASA)

2.4.2.2 Processing bathymetric model

The core ARCGIS script that has been used is
“Topo to Raster” (Spatial Analyst). The script
interpolates a correct raster surface from point,
line, and polygon data. The interpolation
procedure has been designed to take advantage
of the types of input data commonly available
and the known characteristics of elevation
surfaces. This method uses an iterative finite
difference interpolation technique. It is
optimized to have the computational efficiency
of local interpolation methods, such as inverse
distance weighted (IDW) interpolation, without
losing the surface continuity of global

interpolation methods, such as Kriging and
Spline. It is essentially a discretized thin plate
spline technique (Wahba, 1990) for which the
roughness penalty has been modified to allow
the fitted DEM to follow abrupt changes in
terrain, such as streams, ridges and cliffs.
Therefore the ASTERDEM was converted to
contour lines, and to improve the calculations
extra height points were added for the lowlands
of Bonaire, as well as extra measured sea depth
points that were collected in a separate
campaign (Figure 12).
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Figure 12. Input points and line features used as an input for Topo to Raster (Spatial Analyst) script of

ARCGIS to create the bathymetric model

A detail of the extrapolated DEM into the sea is
given below in Figure 13. Extrapolation into the
sea has been performed till 300 meters from the
shoreline. Finally, only that part in the sea has
been wused that was covered by the
hyperspectral data (right part of Figure 13).
This modelled bathymetric model has a spatial
resolution of 1 meter with modelled sea depth
in meters.

Please note that the final modelled bathymetric
model is something completely different than a
bathymetric survey. A bathymetric survey
would provide much more accurate data, and

would preferably show the micro-relief of the
coral reef. Our bathymetric model does not
show this micro-relief of the coral reef, and is
only an approximation of the water column
depth. So in fact, the final bathymetric model is
still seen as inaccurate, but was used as the
best choice for the current situation for the
water column correction of the hyperspectral
datacube to enable the calculation of a seafloor
surface reflectance. When better bathymetric
data become available (e.g. from the Royal
Hydrographic Survey) the reflectance at
seafloor calculations may be improved.
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Figure 13. Left detail of the final extrapolated height model into the sea till 300 meters from the coastline
overlaid with the measured sea depth points (red dotted lines). Right detail of the modelled bathymetric
model being covered by the hyperspectral datacube. The bathymetric model has a spatial resolution of

1m(x,Yy, z)

2.4.3 Glare/deep water spectrum

Next the glare of water surface needed to be
removed from the data using equation 14. To
estimate the surface glare component on the
spectra, we averaged the spectra of some pixels
with deep water that contained practically no
sea bottom reflectance component (Figure 14).

Deop water mask

Depth map.

& w0

4

To sample the pixels we selected in Klein
Bonaire image

('‘B1_Datacube_georectl6bit_aoi.tif") the TIFF
tile number 596 (as one-based indices) and
selected the pixels which had more than 30m of
water depth. The resulting average spectrum is

shown in Figure 15.

Hyper ofig

F) 0 © [ w0 120

Figure 14. Sampling of deep water pixels to estimate the glare of water surface.
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Figure 15. Spectrum of deep water pixels. This spectrum was used to correct
for the water surface glare present in all observations. The reflectance factor

is expressed with a factor x 10,000.

2.4.4 \Water transmittance

We developed a Matlab function
WaterTransmittance.m which calculates water
transmittance for given water thickness and
wavelength/spectrum using Beer-Lambert law
and water optical data of (Hale and Querry,
1973). This function and the water depth data
was used to calculate the water transmittance
separately for every hyperspectral pixel in our
data (Figure 16). While doing this, we found

I | \
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0.7H | |
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that the used Bonaire water depth model
underestimates the water level. This might have
been due to high tide during the mapping flight
or some other unknown calibration issue. This
effect was visible especially in shallow water
pixels where visual assessment of the corrected
spectra did not show strong enough correction.
To empirically correct for this effect, the model
water depth was incremented by 1m for all
transmittance calculations. This appeared to fix
the under correction in shallow parts.

2-way transmittance of water at different depths

0.1m
1.0m
10.0m

600 800 900 1000

Wavelength(nm)

1100

|
1200 1300 1400 1500

Figure 16. Examples of calculated two-way transmittance spectrum of water

when observing targets on different depths.
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2.4.5 Seafloor reflectance

Using the methodologies described in above
chapters, the effects of water surface
reflectance and water transmittance were
removed from the standard HYMSY above-
water-reflectance-data, and seafloor reflec-
tance maps were produced.

In the processing of the data we filtered away

all pixels and wavelengths that had a 2-way
transmittance of less than 15%. For these pixels

Surface reflectance factor

650nm

Seafloor reflectance factor

there was not enough signal to provide any
reliable data. With 15% transmittance the water
transmittance correction amplifies the noise and
errors from calibration uncertainty
approximately 6 times (1/0.15 = ~6). Thus the
signal we get from such depths gets totally lost
in the noise and errors in glare correction,
rendering those pixels and wavelengths
useless.

The filtered pixels/wavelengths in the corrected
data cube were marked with a no-data-value
(no data value 65535).

650nm :

Figure 17. The original standard HYMSY reflectance factor maps (left column) and the corrected seafloor
reflectance factor maps (right column) at 545nm (green) and 650nm (red).

The result of all the corrections are shown in
Figure 17 with on the left side the uncorrected
image and on the right side the improved image
after all the corrections have been applied. Note
how the bright sand is showing similarly in the

corrected data no matter in what depth it is in,
while in the original the signal gets darker the
deeper the water is. Note also the spatial extent
of the corrected data is reduced from the
original and changes also with wavelength.

2.4.6 Selection of spectral bands
for coral reef classification

As indicated in Figure 18, many spectral bands
have no sea surface reflectance values after a
few meters depth, especially beyond 600 nm.
These spectral bands have much more no-data-
values (value = 65535) than in the blue-green
region. So in principle we would only select
spectral bands in the blue part of the
electromagnetic spectrum that has a maximum
penetration of the water column. But using less
spectral bands means a smaller n-dimensional
space that limits the distinction of coral reef
classes. So there is a clear trade-off between the
maximum number of bands and the depth that
can be reached to distinguish the various coral

reef classes. Therefore we decided to use only
the first 15 hyperspectral bands in the violet-
blue-cyan till green range (Band 1 = 450.0 nm
to Band 15 = 520.0 nm) that provided sea
surface reflectance values to a maximum depth
of 30 meters for coastal Bonaire. And finally only
those pixels were used for which all 15 spectral
bands gave a sea surface reflectance value (so
removing all pixels with a no-data-value). This
meant as well that only the coastal zone till a
maximum of 170 meters from the coastline is
covered and wused as an input for the
classification.

An example of the limited hyperspectral data
cube with only the first 15 spectral bands,
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corrected to sea surface reflectance values is
given below in Figure 19.
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Figure 18 The surface and seafloor spectra of targets at different depths.
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Figure 19 Hyperspectral datacube limited to the first 15 spectral bands covering the violet-blue-cyan till
green range (Band 1 = 450.0 nm to Band 15 = 520.0 nm). This provided sea surface reflectance values
to a maximum depth of 30 meters for coastal Bonaire. In this example a small part of the eastern coast
of Klein Bonaire is shown.
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3 Hyperspectral
(HCRO)

3.1 Classification method

For a classification of satellite imagery there are
two widely accepted methods. One is called a
supervised classification and the other one is
called an unsupervised classification method.
For a supervised classification, such as a
maximum likelihood classification, you need
sufficient training samples. These training
samples are normally in-situ observations of all
interested coral reef classes and represent
these classes in homogenously covered areas
with a minimum of 5 by 5 pixels. In our case it
means that sufficient (normally 10 to 20
training samples for each class and well
distributed over the island) homogenous areas
of at least 25m? have to be found for each coral
reef class of interest. Moreover these training
samples need to be georeferenced with an
accuracy of approximately 50 cm to enable a
link with the proper pixels in the hyperspectral
datacube. As one can expect it is almost
impossible to meet these conditions for coral
reef mapping in general. Coral reefs are
complex systems and therefore it is very hard
to find homogeneous areas in terms of spectral
reflectance and substrate. Moreover, in-situ
observations taken while diving are in most
cases not very accurately geotagged. Therefore
unsupervised classifications of the
hyperspectral data cubes with spectral channel
1 to 15 for all 5 regions (see Figure 2) seemed
to be the most appropriate. Also due to slightly
different (atmospheric and environmental)
conditions the five regions could not be treated
in exactly the same way.

The unsupervised classification method that
was selected was the ISODATA algorithm in

Coral

Reef Classification

ENVI (Exelis Visual Information Solutions,
Boulder, Colorado). ENVI describes ISODATA as
an unsupervised classification that calculates
class means evenly distributed in the data space
then iteratively clusters the remaining pixels
using minimum distance techniques. Each
iteration recalculates means and reclassifies
pixels with respect to the new means. lterative
class splitting, merging, and deleting is done
based on input threshold parameters. All pixels
are classified into the nearest class unless a
standard deviation or distance threshold is
specified, in which case some pixels may be
unclassified if they do not meet the selected
criteria. This process continues until the number
of pixels in each class changes by less than the
selected pixel change threshold or the
maximum number of iterations is reached.

For each ISODATA classification we selected a
minimum of 10, and a maximum of 15 classes
and 10 iterations and a minimum number of
1000 pixels per class. The change percentage
threshold was kept at the default value of 5%.
This resulted in a minimum of 13 and a
maximum of 15 spectral classes for all five
regions. Once having the spectral classes the
difficult part started: how to label these spectral
classes and mosaic the five regions seamlessly.

To enable the labelling of the spectral classes an
intensive diving campaign was performed by
Erik Meesters and Sander Mucher in the period
from 22" to 30" of June 2016. In the next
section this diving campaign is described in
detail accompanied with the labelled clusters.

3.2 Benthic habitat types

A habitat classification scheme allows grouping
of habitat types based on common ecological or
geomorphological characteristics. A habitat is a
type of underwater terrain where particular
species are likely to be found. And of course,
there is a wide variety of marine benthic habitat
characterization schemes around the world. But
here, considering the initial knowledge of the
area, the previous fieldwork activities and the
expected distinguishable characteristics in the
images, a classification scheme was created by
clearly identifying and defining discrete habitat
classes:

1- Unconsolidated Sediment
1.1 Sand

2- Coral Reef & Hard bottom
2.1 Pavement
2.1 Rubble
2.2 Coral reef and gorgonian

3- Seagrass and algae
3.1 Seagrass and algae
3.2 Sargassum sp.

In principle six different coral reef classes were
targeted, but not all were assigned within the
study area. Five major coral reef classes are
described in short below. The final typology
consisted of more classes due to combinations
of these five classes, and included also
combinations of living and dead coral.
Seagrasses and sargussum fields are important
categories that are missed. The first category,
sea grass, occurring in large fields on the east
coast in Lac Bay were not covered by the
hyperspectral campaign. Additionally, within
the covered areas these classes were too
fragmented to be identified.

The figure below presents a simplified scheme
of benthic habitats that can be encountered in a
transect perpendicular from the coast on
Bonaire.
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Figure 20 Schematic transect with expected benthic habitats perpendicular to the west coast of Bonaire.

3.2.1 Pavement or hard bottom

Hard bottoms were usually represented by
smooth calcareous embankments, also called
beach rock. Most frequently it occurs along the
shore in shallow water less than 1m deep.
Corals are virtually absent from the hard
bottoms with exception of small encrusting
specimens and some gorgonian corals (van
Duyl, 1985).

3.2.2 Rubble

Rubble habitat is quite diverse in terms of cover
percentage and species composition. This

bottom type comprises of several textural and
structural components, viz. loose and cemented
coral debris (rubble), hard bottoms, dead reef
flats and stands of dead staghorn coral
(Acropora cervicornis), sometimes with (often
dead) Elkhorn (Acropora palmata) and head
corals in situ. All these components may be
encrusted. It consists mainly of dead coral
fragments often colonized by macroalgae or less
frequently coralline algae (van Duyl, 1985;
Nieto, 2013).

Figure 21. Example of hard bottom beach rock or Figure 22. Example of rubble as a mixture with sand
pavement nearby Eden Resort, Bonaire (photo 24 near Hilmar Hooker, Bonaire (photo 22 Juni 2016)

Juni 2016)

3.2.3 Sand

This habitat consists only of sand areas with no
coverage of benthic species. It is mostly found
close to shore, but also between coral and
gorgonian patches. Sand areas exhibit some
variations in colour, with some areas appearing
to have darker sands (Nieto, 2013). Sand
consists predominantly of coarse calcareous
sand, derived mainly from the breakdown of the
primary framework of the reef. Sand production
by boring and grazing organisms such as
excavating sponges, parrot fishes, and the sea
urchin Diadema antillarum can be considerable
(van Duyl, 1985).

3.2.4 Soft corals (gorgonians)

In this group sea whip and/or sea fan cover
exceeds stony coral cover. Differences between
communities are based on differences in
composition and proportionate cover of
different species. Common sea whips involved
are Pseudopterogorgia americana, P. acerosa,
Plexaura flexuosa, and P. homomalla. Sea fans,
which locally accompany sea whips, belong to
the genus Gorgonia.
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Figure 23 Example of sand near to Pink Beach,

Bonaire (Photo 30 Juni 2016)

Figure 24 Example of soft corals (Gorgonians)
near to Red Slaves, Bonaire (Photo 30 Juni 2016)

3.2.5 Hard corals

This habitat is the most species-rich and has the
most diverse composition, including species of
hard coral, gorgonian corals, algae and
sponges. Coral communities consist of
individual coral colonies (which are found in
sand, rock and rubble patches) in different

densities, here called loose reef, intermediate
reef (found in rubble and rock fields, often sand
between the coral patches) and dense reef (no
sandy patches between coral areas).

Figure 25 Example of hard corals near to Thousand Steps, Bonaire (Photo 29 Juni

2016)

3.3 Ground-truthing

An intensive diving campaign was performed in
the period from 22" to 30" of June 2016 by
Erik Meesters and Sander Mucher assisted for
some days by the Bonaire National Marine Park
with a boat and captain Funchi and volunteer
Roel van der Schoot. We were able to collect
geotagged photographs in 20 transects
perpendicular to the coastline across the
western coast.

Detailed photographs of the sea bottom were
taken by diving to a depth of 20-30 meters and
swimming towards the coastline. Photographs
were geotagged by another person snorkelling
exactly above the diver with a GPS in a
waterproof box and making overview pictures of
the sea bottom as well. This in-situ information
was used to interpret the hyperspectral imagery
made by the HYMSY camera.

Wageningen Marine Research report C062/17 I 25 Of 38



£

Boka Bartdl soj@w\ﬂﬂﬁ
ﬂayi Benge
laya Funchi
Wayaca INWayaca Il
lBoka Slagbaai Horth \\.\
\‘.
-
ukove
Carel s Vis =g
w.nu Point — =l
Punt Wekd arpata
unt We u‘tm‘,..:e;:“s:.:_L _m*-tia . R .‘J
i, &
- m'{w&ums Hut /
Wﬁor s Joy /
.

§
o Mdma}ndle: I /
Noathee §.-1o mPetries Pillar {
CHH
Ebo 3 e_l._El':lfe Bari Reef
shi ont Porch
rip 5 reel
( South Bay h\
= ep sakj’cmbx Reef
Joanne s Sund

North Belnem #Wsock
}ﬂz:nﬂur s Beach

. - Punt Vierk. /Thel.ake Jﬁ’h/“f
Diving transects Ang.hquuln L Bk

iLarry s Lair White Hole

Sillpl'ismcny

aby Beach

tlantis
Pink Beagg
visibles
White
Red Beryl

5

\Mista Blus

Sweet Ul*’i! 2

Figure 26. 20 GPS diving transects were collected in June 2016. Geotagged pictures were created by
one person snorkelling at the water surface with a GPS in a plastic floating box following exactly above

the divers taking pictures at the sea bottom.

3.4 Classification result

The final hyperspectral coral reef classification
(HCRC) of Bonaire consists of 12 benthic habitat
classes in a narrow strip (on average 150
meters wide) along the coast of Bonaire
(approximately 50 km long) till a depth of
approximately 20 — 30 meters. The total area
covered by the HCRS is 693 ha. Note that
almost the entire Eastern coast of Bonaire is
missing. Main reason is that Bonaire has eastern
winds causing high waves on the east coast.
These waves hamper the acquisition of good
hyperspectral imagery of the coral reef system
along the eastern coast. Additionally, it is much
more difficult to dive along the eastern coast.
More extensive explanation and images of the
classification process are given in the next
chapter.

Table 1 provides a summary of the statistics of
the HCRC. It shows clearly that the classification
is dominated by a few classes: 2 ‘pavement,
rubble, sand and corals’, 4 ‘sand’, 9 ‘hard corals
living’, with respectively, 39%, 21% and 15%.
So these 3 classes are already responsible for
75% of the coral reef.

Please note that the classification has not been
validated. It means that we do not know the
accuracy of each class and the overall accuracy
of the classification.

The only assessment we have made are some
comparisons with the Atlas of the Living Reefs
from the early eighties (van Duyl, 1985) and
comparison with the geotagged pictures made
during the diving transects in June 2016.
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Figure 27. Overview of the final Hyperspectral Coral Reef Classification (HCRC )
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Table 1. Summary statistics of the Hyperspectral Coral Reef Classification (HCRC)

Nr Benthic habitat class Area (ha)
1 Pavement and sand 1,1
2 Pavement, rubble, sand, corals 270,1
3 Pavement and corals 5,5
4 Sand 146,4
5 Sand and soft corals 1,3
6 Sand and hard corals 40,1
7 Hard corals dead and living 9,5
8 Hard corals dead 7,0
9 Hard corals living 103,1
10 Hard coral staghorn 0,1
11 Hard and soft corals 50,6
12 Hard, soft corals, sand 57,8

Total 692,8
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3.5 Assessment of the HCRC accuracy

Below we compare the classification by Van
Duyl (1985) with the HCRC. All the examples
below show that the Atlas of the Living Reefs
(van Duyl, 1985) distinguishes many more coral
reef categories. Many of these categories
cannot be distinguished from the air and can
only be identified by diving. On the other hand
the 12 coral reef classes distinguished in the
HCRC are already very valuable. Moreover, the
Atlas of the Living Reefs of Curagao and Bonaire
(van Duyl, 1985) was made by a very intensive
diving campaign over several years, while the
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processing and interpretation of the
hyperspectral imagery did take only a few
months’ time. Nevertheless it is interesting to
see that many boundaries drawn by van Duyl
are clearly visible on the hyperspectral imagery
and provides common patterns in part of the
HCRC and the Atlas of the Living Reefs.
Especially where it concerns sand it is clear that
some of the boundaries drawn by van Duyl are
not always as accurate as can be drawn from
the hyperspectral imagery (unless the patch has
changed in its position).
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Figure 28 Hyperspectral data cube image (middle) with diving transect (dotted line) near Bartol South
on 28th of June 2016, overlaid with Atlas of the Living Reefs (black lines) and images at certain points
on the map. Left the classification from Van Duyl (1985).
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Figure 29 Same image as Figure 28, but now with the HCRC classification result.
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Figure 31 HCRC with diving transect south of Playa Benge on 28th of June 2016 overlaid with areas
from Van Duyl (1985, black lines).
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Figure 34 Hyperspectral data cube image with dive transect between Hilma Hooker and Angel City on
22nd of June 2016 overlaid with the areas from Van Duyl (1985, black lines).
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Figure 35 HCRC with diving between Hilma Hooker and Angel City on 22nd of June 2016 overlaid with
Van Duyl (1985) areas (black lines).
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Figure 36 Hyperspectral data cube image with dive transect north of éweat Dreams on 30th of June
2016 overlaid with Van Duyl (1985) areas (black lines).

B
L
) -

Class_MName
M 01 Pavement and sand

[103 Pavement and corals
[104 Sand

B 05 Sand and soft corals
[106 Sand and hard corals

M 08 Hard corals dead

I 09 Hard corals living
[110 Hard coral staghorn
B 11 Hard and soft corals
[112 Hard, soft corals, sand
[113 Unclassified

untitied- 1855 PG

]

-t

—
.,j,'}

'|

J

Figure 37 HCRC including the dive transect North of Sweat Dreams on 30th of June 2016 overlaid with
Van Duyl (1985) areas (black lines).

It is still difficult to separate algae from corals and more groundtruthing would be necessary to increase
the amount of confidence in the assessment of these categories. So far it remains impossible to say how
much of the corals in a coral area are actually alive and how much is dead and covered by algae.
However, we are confident in our comparison of the amount of sand in 1985 and 2013 (Table 2).
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Table 2

Comparison amount of sand in HCRC (2013) with the Atlas of the Living Reefs of Curacao and Bonaire

(Van Duyl 1985).

Atlas Van Duyl Sand 71.4
HCRC Sand 112.7

Strikingly, the amount of sand has increased
enormously since the early eighties, at the cost
of stoney corals. Most likely this is to a large
degree caused by the coral die-off after the
White Band Disease in the mid eighties
(Aronson & Precht, 2001). In total the area of

25.2 14.9 3.4 27.8
18.4 13.7 30.7 49.9

sand has increased with 58% in thirty years.
And more strikingly is that the amount of sand
has increased in the Northern region by a factor
10, while this region is protected! On the other
hand, the situation for Klein Bonaire has
improved where it concerns the amount of sand.
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4 Conclusions & Recommendations

It is possible to derive a spatially detailed coral reef classification from airborne hyperspectral data, but
with a limited number of coral reef classes and with a limited extend from the coast on Bonaire. Only
the first 15 hyperspectral bands in the violet-blue-cyan till the green range (Band 1 = 450.0 nm to Band
15 = 520.0 nm) could be used for the coral reef classification due to the limited penetration of green
and red light through the water. For the violet-blue spectral measurements a maximum depth of 20 —
30 meters could be reached. For a good water column correction of the hyperspectral data cube a
detailed bathymetric model is needed. Unfortunately such a bathymetric model was missing for Bonaire,
and was replaced by an extrapolated DEM from the land into to sea with the help of some depth point
measurements in the coastal zone of Bonaire. A good bathymetric model would help to improve the
accuracy of the coral reef classification.

The final hyperspectral Coral Reef Classification (HCRC) for Bonaire, has 12 benthic habitat classes in a
narrow strip (on average 150 meters wide) along the coast of Bonaire (approximately 50 km long), with
the Eastern coast missing, till a depth of approximately 20 — 30 meters. The total area covered by the
HCRC is 693 ha. The HCRC is dominated by a few classes: 2 ‘pavement, rubble, sand and corals’, 4
‘sand’, 9 ‘hard corals living’, with respectively, 39%, 21% and 15%. So these 3 classes are already
responsible for 75% of the coral reef. Unfortunately, we were not able to perform a quantitative
validation to assess the accuracy of the individual classes.

Comparison with the underwater atlas of Bonaire and Curagao (Duyl 1985) showed that the amount of
sand has increased enormously since the early eighties, at the cost of hard corals. In total, the area of
sand has increased with 58% in thirty years. And more strikingly is that the amount of sand has
increased in the Northern region by a factor 10, while this region is protected! On the other hand, the
situation for Klein Bonaire has improved where it concerns the amount of sand.

If there are opportunities to make a new coral reef classification for any area, it should not be based on
diving only, since the delineation of the classes is not always accurate and it is too time-consuming. On
the other hand, it should not only be based on airborne imagery with a high spatial resolution, due to
the limited amount of benthic habitat classes that can be distinguished and no individual species can be
detected. A future coral reef classification should be based on the integration of multispectral imagery
in the violet-blue-cyan till green range corrected by a good bathymetric model and interpreted with the
help of additional in-situ data. Future in-situ measurements should be ideally geotagged by accurate
GPS recordings, to enable their exploitation of image interpretation. At this moment, it is in most cases
not possible to have accurate GPS co-ordinates under water. Although some companies are starting now
to offer underwater GPS positioning systems.
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