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INTRODUCTION

1. BACKGROUND

In September 2006 the Western Australia (WA) S&tgernment instigated the South Coast
Regional Marine Planning (SCRMP), a multi-agenayjgxt led by the WA Department of
Environment and Conservation (WA DEC) to produstrategy to guide marine planning
along WA's south coast, from the WA/SA border t@p€deeuwin. One of the SCRMP aims is
to characterise environmental, social, economiccatiiral values and inter-sectoral issues
and impacts for the region, through advice from gcamity members and government agency
representatives. The SCRMP is also operating ip@ation with the Commonwealth Marine
Bioregional Planning process currently underwatha South West Bioregion.

A sound spatial (GIS-based) information base weaired to support the SCRMP process, and
with funding from South Coast Natural Resource Mpgmaent (NRM), the WA DEC initiated a
project to collate or produce this information gsgatellite imagery, required for regional
marine planning, with later funding contributiomerh South West Catchments Council
(SWCC). This project established that a signifiqgaqh existed in available data of marine
habitat mapping along the south coast, with appnai¢ly half of the planning region having

no broad scale habitat mapping information avadabl

In order to address this information gap, it wasidied to demonstrate the feasibility of using
best-practice remote sensing methods developedHR@ Environmental Earth Observation
Group to derive the best possible community-lewdditat mapping for two high spatial
resolution images and one moderate spatial resalutiage on the south coast. This best-
practice remote sensing method can provide broald-smage thematic maps without
necessitating highly detailed situ measurements. These mapped areas will provide
information to a broader assessment of the didtdbwof various marine habitats across the
south coast of WA.

2. PROJECT OBJECTIVES

This project aimed to map coastal marine benthithes of selected areas along WA'’s south
coast, using the expertise of the CSIRO Environaidearth Observation Group’s aquatic
research team. Satellite imagery was pre-procdsseatrect for sunglint and atmospheric
effects to produce subsurface remote sensing taflee images. The sun glint and atmospheric
correction is an essential pre-processing step furysics-based image processing approach.
Subsurface remote sensing reflectance images wbseguently processed using the Semi-
Analytical Model for Bathymetry, Un-mixing and Cartration Assessment (SAMBUCA).
SAMBUCA estimates water column constituent conedigns, water column depth and
benthic substrate composition from remote sensatg,&nd is thus able to deliver a
bathymetric model and benthic substrate map fratalde satellite images.

Specific objectives included:

* Reviewing the suitability of existing high resotuti satellite imagery to implement
the SAMBUCA semi-analytical habitat mapping techusiq
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* Collect a limited amount ah situ measurements of substratum or substratum cover
reflectance using non-submersible field spectroraete thematic gap in spectral data
availability for the WA south coast was identifieg the National Land and Water
Resources Audit (NLWRA). The collection of specteflectance data of subtidal
substratum, sea grass and macro-algae cover, tedhvfesm the beach and intertidal
rocks, will thus not only enhance the results gaedior this project but will also
contribute to the coastal spectral library beingatigped nationally.

For each image/area the intention was to deliver:

* Processed imagery with modeled atmospheric, séaceuand water column
constituents removed (as possible) — i.e. imagkaraed for identifying marine
substrata

« Image classification — to maximum thematic resolutje.g. to functional or
community level habitats - sand/seagrass/macroaégifother; or more detailed as
possible — genera, species, etc).

* Modelled bathymetry for the areas mapped

« Maximum optical depths over the image areas (agsassent of water column depth
beyond which no measureable signal from the suiostreeaches the water surface).
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3. METHODS

3.1  Study sites

Two study sites were selected to address the lellmtat mapping in their respective areas.
Each site is relatively remote and/or difficultsiorvey using boat-based methods due to their
distance from safe anchorages, and the often-ireiemeather experienced in the south coast
region of WA. These study areas were:

1. An area west of Red Rocks Point, along Middini Begxcthe remote Roe Plains coast
(Figure 1). This site falls within a broader coastanpartment stretching from Eucla
to Scorpion Bight for which there is no habitat mapailable. It was expected that
information from remote sensing substrate mappiitigaald significantly to the
understanding of the coastal marine environmettigregion.

2. An area west of Broke Inlet on the coast betweeip@fa and Windy Harbour (Figure
1). This site abuts the Broke Inlet study sitehaf Securing WA'’s Marine Futures
project @ttp://marinefutures.com.au/index) thus providing a potential comparison
between boat-based and remote sensing methodol&giasbased methods in this
region are limited to a minimum safe working deptii0-15m, depending on
proximity to the coast and weather conditions. Rensensing imagery can provide
complementary information to such habitat mappirggtts, as it is most effective in
shallow waters to where the reflectance of thetsatesn is no longer visible at the
water surface. This depth of substratum informatioctuates with water column
turbidity but often varies between six and twelvetens in clear coastal water.
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Figure 1 Study areas indicating the extent of the satellite image coverage (image source: WA DEC)

3.2 Field data collection

To properly parameterize the physics-based modakimented in this project, the optical
properties of the substratum and the water coluramequired. Ideally, a comprehensive field
data collection campaign should include optical sneaments to describe downwelling
irradiance, upwelling radiance, absorption, att¢éionzand backscattering of light in the water
column and the spectral properties of the undeglbenthos. However, this project was
intended to explore the possibility of implementaghysics-based classification approach
using a parameterization based on the best-fitalgiroperties available for the study site.
Therefore the optical properties of the water calumere parameterized using data collected at
Cockburn sound during a field data collection caigpan 2003.

Whilst it was not possible to conduct field datdlexdion in the Red Rocks Point area, due to
the limited scope in budget and time of this projadwo-day site visit was conducted in
November 2008 at sites that were within the are@ed by the Landsat scenes acquired for
this study. Two coastal sites were visited (Figeikeone in the D’Entrecasteaux National Park
(Fish Creek/West Cliff points) close to Broke Indgtd one in the Two Peoples Bay Nature
Reserve near Albany. Substratum samples were tafl@n the beach and by snorkel-based
harvesting in Two Peoples Bay. Reflectance speatra measured with an ASD FieldSpec Pro
HandHeld spectrometer, on loan from Geoscienceralisthrough the NLWRA. Spectral data
that was collected were essential for the resultsveere also added to the coastal spectral
library being developed nationally. Figures 3 arghdws examples of selected substratum
spectra collected at the field sites. Where thetspeare clearly separable there is a better
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likelihood of being able to map the associated igseavhereas where the spectra are similar,
discrimination will become less certain.

Adverse conditions at the Fish Creek site prevessée swimming. It was thus not possible to
collectin situ substratum samples at the Fish Creek site. Insjgectra were collected from
benthic vegetation types that were washed-up oslibes. In addition to aquatic vegetation
spectra, sand, rock and terrestrial vegetationtspgere collected at two sites east and west of
West Cliff Point. Pseudo invariant feature (PIF)asierements were collected (as a radiometric
and spectral calibration feature) of a nearby shmee which is visible on the Landsat images.
The Two Peoples Bay site was more sheltered anditoams were calm enough to allow
snorkelers into the water to collect substrate $asnipr spectral measurements. This two day
fieldwork (without needing boats and/or scuba geat associated efforts) was considered to
be an effective initial way to initiate the gatmeriof relevant spectral data.

The snorkeling fieldwork in Two Peoples Bay actyédid to the possible discovery of a new
Riphillia species which was harvested for spectral measutsras its color differed from the
surrounding macro-algae and sea grasses. A sa@apleden sent to Belgium for DNA
sequencing and a formal description.
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Figure 2 Landsat 7 ETM+ image of a portion of the Western Australian south coast (refer Figure 1) showing the locations of the field sites (Fish Creek and Two
People’s Bay) visited for data collection in November 2008.
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Figure 3 Substratum spectra collected with an ASD FieldSpec Pro HandHeld spectrometer (350-1100nm) in the D’Entrecasteaux National Park (Fish Creek/West Cliff
points) close to Broke Inlet. Gray lines indicate the approximate extent of the satellite spectral bands. Within each spectral band the spectrum is averaged to one value

only for that band. The ASD spectra have hyperspectral resolution whereas the QuickBird spectra have low spectral resolution.
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Figure 4 Selected seagrass spectra collected with an ASD FieldSpec Pro HandHeld spectrometer (350-1100nm) in the Two Peoples Bay National Park. Gray lines
indicate the approximate extent of the satellite spectral bands
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3.3 Image acquisition

The first objective of this study was to evaludte suitability of archival satellite data of the
study sites for habitat mapping purposes. Two (@iickand two Landsat images were either
available or purchased by WA DEC for use in thigjgct (Table 1).

There were only a few QuickBird images of the psmabstudy sites available in the
DigitalGlobe image archive due to their remote taoa Digital Globe only rarely collects data
over remote areas unless they are tasked and fuadkdso. Cloud-cover, high amounts of sun
glint and the need of some optically deep wateéhénscene to calibrate atmospheric correction,
further limited the number of images that couldsmeably be used for habitat mapping using
the physics-based inverse semi-analytical modelimgr QuickBird images, one of Broke Inlet
and one of Red Rocks Point (see Table 1), werehpsed for processing. Two additional
Landsat images, both covering the same scene fRathD: 111/084), were also sourced by
WA DEC for use in this project (Table 1). Due te thigh amount of sun glint and sensor
striping affecting the Landsat scenes, one additjdass glinted, Landsat scene of the same
area was sourced by CSIRO from NASA (http://edcgrslusgs.gov/EarthExplorer/) for
possible processing. However, this image acquisibio 14 August 1999 coincided with a
period when large amounts of tannin-rich water wkseharging from the estuaries and inlets
into the coastal waters, causing significant valitgbn the water column (See Figure 7c and
Figure 16). It was decided not to process the infagthis project.

Table 1 Satellite images acquired for image analysis

Sensor Coverage Acq. date Spatial res. Comments
QuickBird  Broke Inlet  03/03/2002 2.6m Strong serisanding and sun Figure 6
glint effects
QuickBird  Red Rocks 27/03/2005 2.9m Sun glint affected Figure 5
Pt.
Landsat 5 Bald Isl. to 11/02/1999 30m Strong sensor striping and suRigure &
Broke Inlet glint effects
Landsat Bald Isl. to  06/02/2000 30m Sun glint affected Figure D
TETM+ Broke Inlet
Landsat Bald Isl. to  14/08/1999 30m High concentration of tannins Figure &
7TETM+ Broke Inlet * discharging from estuaries
causing variable water column
properties

!Additional image, sourced by CSIRO from NASA (htpdcsns17.cr.usgs.gov/EarthExplorer/) as a less
glint affected alternative

3.3.1 Data quality

Prior to image-processing each image was assessiEdermine the level to which it can be
processed for creating thematic maps. Both imagjemsetric quality and environmental
influences (atmosphere, sun and sky glint prodigesivell and waves) were considered.
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The two QuickBird images (Figure 5 and Figure &)tatned high amounts of sun-glint,
affecting all the multispectral bands (but espégidle Near Infrared band) due to strong wave-
action and large swells. The Red Rocks Point infaigure 5) also has large areas of very dark
(probably vegetated) target, with only the Greedh tre Blue bands of the multispectral image
effectively discriminating the target spectral cdweristics. This resulted in only brighter
sandy patches being reliably classified duringitiege analysis stage.

&) #3 (R:Band 3,G:Band 2,8:Band 1):RoePlainsQB_0305_ori... [H[=] EJ
File Overlay Enhance Tools Window

5% #3 Scroll (0.04961) I [=] B3 | 50 1

Figure 5 True colour QuickBird image of Red Rocks Point illustrating the spectral discrimination between
the blue, green and red image bands. The top image is a zoom of the red square in the lower image.
Brighter targets within the scene have a greater spectral separability than darker targets. The colours of
the horizontal profiles reflect the actual colour of the spectral bands of the QuickBird satellite image (Blue,
Green and Red). The spikiness in the horizontal profile of the image is the amount of noise due to sun
glint (directly from the sun) and of waves reflecting skylight. Where the image crosses sand patches the
reflectance clearly goes up (to 0.08 fraction reflectance or 8% reflectance)

In addition to environmental factors, such as sabghe Broke Inlet image (Image 6) also
displayed vertical banding. This banding is anfateof a post image collection uniformity
correction applied by DiditalGlobe to improve tigpaarance of the image product. QuickBird
image products are optimized for radiometric imggality over terrestrial targets (Krause
2004; Krause 2006) which compromises the radiomeéttegrity of aquatic targets in some
cases. It should also be noted that the algorithdnradiometric calibration parameters applied
to QuickBird images acquired prior to June 2008hsas the Broke Inlet image, are more

14
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compromised than later acquisitions. As CSIRO aspdi physics based atmospheric and air-
water interface correction and processing methizdréidiometric uncertainty affects the
results. CSIRO is currently communicating with DadjiGlobe engineers to clarify this issue
and will spend some time in the near-future regeagecstrategies to improve the processing
pathway to deal with this source of error.
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Figure 6 True colour QuickBird image of the coastline close to Broke Inlet illustrating the effects of sensor
banding as well as areas in the scene that is optically shallow enough to allow substratum mapping. The
two bands on the eastern-most side of the image differ by up to 1% in the green band which, considering
that the information-content of the water-leaving radiance in the green band is below 5%, can contribute
to significant analysis errors.

Both Landsat images acquired by DEC (Figure 7a7dmychad large amounts of sunglint in the
eastern portion of the image. The Landsat 5 imkggife 7a) also had significant sensor-
striping in the ocean part of the image, compramgighe effectiveness of the physics-based
image analysis approach. It was decided not toyaadhe Landsat 5 image due to this issue.
Additionally, the Landsat images that were sourftech Landgate appeared to have a
radiometric correction applied to the green barmd tid not match the Landsat radiometric
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calibration files used in the CSIRO physics-badetbapheric correction protocol. The
selected Landsat image was thus atmosphericallgatied using a standard empirical line
correction technique instead.
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Figure 7 Landsat scenes (Path/Row ID: 111/084) available for the Broke Inlet to Bald Island section of the
WA south coast. (a) Landsat 5TM scene acquired on 11/02/1999 that is affected by horizontal banding
and some sun glint features in the Eastern side of the image, (b) Landsat 7ETM+ scene acquired on
06/02/2000, affected by sun glint in the eastern portion, and Landsat 7ETM+ scene acquired on
14/08/1999 that shows tannin rich plumes flowing into the coastal waters from the tannin rich lakes
(ICOLLS).
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3.4 Image Processing

Similar to the approach outlined by (Brando e2@D9), an enhanced implementation of the
inversion/optimization approach by (Lee et al. 199 et al. 2000)vas applied to the
multispectral satellite imagery. The approach wseduo estimate bathymetry, substratum
composition (i.e. fractional cover of e.g. sandgass and macro-algae) and the
concentrations of the optically active constituesftthe water column, including chlorophyll,
coloured dissolved organic matter (CDOM) and ngalagbarticulate matter (NAP). Figure 8
presents the schematlowchart of the integrated physics based mappingoagp that
includes atmospheric correction and an objectieegss of quality control.

Satellite image data
(digital numbers)

Y

remove glint

Y

atmospherically correct

v

de-glinted, subsurface
reflectance image (R(0-)

compress data

atmospheric
parameterisation

Environmental noise
of image data

Remaining pixels
== library

Benthic substrate
spectral reflectance

SAMBUCA

Optical water

E apply to image spectra simulate R{0-) spectra
properties

|

Depth/noise
sensitivity analysis

Substrate map

Bathymetry map
Error map

Figure 8 Workflow for investigating substratum type using a physics-based approach on Quickbird and
Landsat image data. This approach allows multitemporal and multi sensor comparison for information
derived from remote sensing data.
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3.4.1 Glintremoval

High spatial resolution satellite images over waiadies are often affected by specular
(mirroring) surface reflection of incident sun ltgballed sun glint, as well as sky glint (the
diffuse blue light) which impedes the accurate sssent of water leaving radiance thus
affecting the accuracy and validity of the mappifigvater depth, water column compaosition
and benthic habitats. As a first step in the irdégp physics-based mapping approach (Figure
8), glint is removed from the image as far as fmssi

An approach to remove this sun glint has been deeel by (Hochberg et al. 2003) and refined
by (Hedley et al. 2005). This approach assumesgiblgl water reflectance at a near infrared
(NIR) band. However, this assumption is not trueater column is shallow, where the water
leaving reflectance is affected by the bottom flace. Consequently, this approach would
overcorrect the glint for shallow water pixels. f(M@mae and Kutser 2008) proposed another
sun glint correction algorithm, which utilizes thbsorption feature due to atmospheric oxygen
at 760nm. Since this algorithm requires a fine spécesolution around the oxygen absorption
band, it can not be applied to satellite imageoynfiow spectral resolution satellites such as
QuickBird and Landsat. Therefore, there is a neeatkvelop a glint correction algorithm,

which maintains non-negligible NIR reflectance rakkow water pixels and is applicable for
spectrally low (but spatially high resolution) ingag. For this purpose, we utilize the nature of
spatial inhomogeneity of the sun glint patternserghare two steps — 1) estimation of the sun
glint spectral shape function and 2) sun glintreation and correction for each pixel.

Spectral shape function of the sun glint

The satellite measured reflectang®, consists of the atmospheric column reflectance,
Pamand the glint reflectancey, , and the water leaving reflectange, .

P = Pam + Py + Py (1)

The glint reflectancep, for pixel p, can be expressed:

Py(p) =re(p) O (1), (2)

wherer: (p;) is Fresnel reflectance for the pixp]and T (A) is two-way atmospheric

transmittance. The Fresnel reflectance due to ateminterface is almost spectrally constant in
the visible to near-infrared range.

In order to estimate the spectrum of sun glintsedect an area of the image where atmosphere
and water optical properties are relatively homagsn A good example of the homogenous
area is a deep water part. Within the homogenaees #ne reflectance difference between pixel
p, and pixel p; is due to the difference of glint reflectance.

Ap, = py(P) =Py (P)) (3)
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Since the atmospheric transmittance is constanttbeehomogenous area, this can be written
as:

Ap, =(rF(pi)_rF(pj)) (1) (4)

From this equation, we get a spectrum that is ptapwl to the atmospheric transmittance,
T(A) . By taking an average of these spectra over pixgtin the area and then normalizing

at NIR band, we obtain the spectral shape fundbothe glint reflectance. This glint spectral
shape function is applied for the entire image.

Sun glint magnitude estimation and correction for each pixel

Within a box (with appropriate size, 3 by 3 in thtsdy), we assume that the pixel of minimum
reflectance is free of the glint effects. We tak@acar average for the minimum reflectance in
2-D space to get a smoothed glint-free reflectafibe.spatial smoothing elevates the low
values of the minimum reflectance which is oftescasated with wave shades. This
computation is done for the NIR band reflectan@dloing this, the glint reflectance at the
NIR band for each pixel is estimated by subtractivegglint-free reflectance from the
reflectance of the pixel. Finally, by multiplyinge glint spectral shape function described
above, the glint reflectance spectrum for eachlpéxeomputed and is subtracted from the
measured spectrum.

3.4.2 Atmospheric and air-water interface correction

Atmospheric correction of the satellite imagery using c-WOMBAT-c

As the second step of the integrated physics basgxgbing approach (Figure 8), the ‘coastal
Waters and Ocean MODTRAN-4 Based ATmospheric ctme’c(‘'c-WOMBAT-C’)

procedure (Brando and Dekker 2003; Phinn et al5p@@s applied to achieve atmospheric
correction of the satellite imagery. The procediombines an atmospheric inversion from at-
sensor-radiance to above water reflectance (Adtdd&h et al. 1998(Adler-Golden et al.
1998a; De Haan et al. 1997) with an inversion efdhi-water interface from above water
reflectance to subsurface reflectance (De HaarKak#éle 1996; De Haan et al. 1997).

c-WOMBAT-c applies a full MODTRAN-4 atmosphere pargterisation and characterisation
to retrieve the subsurface remote-sensing reflee@d-. The atmospheric parameterisation for
each QuickBird image was based on radiosonde datathe Australian Bureau of
Meteorology Station at Esperance (for the Red R&diat QuickBird image) and Albany (for
the Broke Inlet QuickBird image) to estimate theaspheric column water contents. The
estimate of ozone content was downloaded for thesda satellite overpasses from the Total
Ozone Mapping Spectrometer — TOMS database (ltittm#/gsfc.nasa.gov/ozone/ozone.html).
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Table 2 Atmospheric parameterization used to convert the QuickBird data to remote sensing reflectance

Model parameter Red Rocks Point Broke Inlet

Model atmosphere midlatitude summer Midlatitude summer
Albedo 0.05 0.05

H,0 (cm) 3.02 1.82

0;(DU™9) 0.26 0.26

Aerosol model Navy Maritime (near shore)  Navy Maritime (near shore)
Visibility: (km) 50 100

Sensor altitude(km) 450 450

Sensor zenith (degrees) | 168 154

path azimuth (degrees) 257.4 61.10

Day number of year 86 62

Target Latitude (dec. deg)| -32.194 -34.85

Target Long. (360-W) 232.66 243.83

Dec. Greenwich Time 1.87 2.32

Spectral range(nm) 400-1000 400-1000

In c-WOMBAT-c, atmospheric adjacency effects fronofons transferring from adjacent
higher reflecting pixels to the one being sampledcarrected for by using an averaged surface
radiance for the surrounding region. This spatiaigrghted image is generated by convolving
the input radiance imagery with a one square kitoengpatial weighting function (Adler-
Golden et al. 1998b).

Empirical Line Correction (ELC)

CSIRO received radiometrically corrected and gejooed Landsat files which originated
from LandGate in WA. Despite best efforts using ©OMBAT-C, a radiometric calibration
issue was found in the green band of the Landsagenpreventing the use of CSIRO’s standard
methodology. For expediency’s sake, a standardrarapiine correction (ELC) technique was
used to atmospherically correct the Landsat scCEme ELC implements a linear regression
between spectral data in the scene to match sdléetd reflectance spectra for each band
equating DN and reflectance (Moran et al. 2001)s Thequivalent to removing the solar
irradiance and the atmospheric path radiance, pindwapparent surface reflectance (Rapp).
The technique requires at least one field, laboyatwr other reference spectrum and could be
implemented for the Landsat images because tamggasured during the field campaign were
visible in the Landsat scene (figure 9). The appiaaémospheric correction was validated
using additional spectra measured from terrestiglets on the coast (Figure 10) thus
illustrating the value of collecting a represenatspectral library.
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Figure 9 Location and field measured spectral signature of the large dune (Dune PIF) used as a pseudo-
invariant target to atmospherically correct the Landsat scene. Triangular symbols on the graph indicate
the Landsat-equivalent multi-spectral reflectance of the hyperspectral signal measured in the field.
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Figure 10 Scatter plot of in situ spectral reflectance (measured reflectance) and image-derived reflectance
(scene reflectance) of two targets (yellow sand and limestone pavement) visible in the Landsat scene
used to validate the empirical line atmospheric correction protocol.

An air/water interface correction, consistent vitie c-WOMBAT-c model (Brando and
Dekker 2003), was applied to the Rapp data toenegrsubsurface irradiance reflectance (RO-).

d, +d
R(0-) = S Sl

d; +d,R,,
where d1, d2, d3 and d4 are the interface cornegimameters which will differ for each

spectral band. Specific correction values for taedsat spectral bands used in this project are
listed in Table 3.

(®)

Table 3 Air/water interface correction parameters applied through eg. 1 to the Landsat scene to retrieve
subsurface irradiance reflectance from the atmospherically corrected apparent reflectance values

dl d2 d3 d4
Band 1 -0.0031 1 0.4176 0.48
Band 2 -0.0022 1 0.4191 0.48
Band 3 -0.0015 1 0.4201 0.48
Band 4 -0.0010 1 0.4210 0.48
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3.4.3 Data volume reduction

Environmental dynamic range

In order to understand the precision and accutaalydan be achieved in the estimate of an
environmental variable derived from reflectancehvgiaitellite imagery, it is necessary to
estimate the overall sensitivity of the entire sgrsgmosphere-air-water interface system for
detecting changes in reflectance. The environmeatise equivalent subsurface reflectance
difference NRARO- provides an integrated measure of sensor signabite ratio and scene-
specific characteristics such as the atmospheriahitity and effects from the air-water
interface (Brando and Dekker 2003). TheARB- is estimated in the deepest waters in the
imagery at the location identified as being the nmmsnogenous using the methodology
described by (Wettle et al. 2004). Figure 11 shtivesNEARO- for each of the images
involved in the analysis.

The values for NERO- are quite large, indicating a poor signal to noge®. As remote
sensing of submerged materials at the bottom dadtenmcolumn requires separation of subtle
spectral features the values of NBB- ranging from 0.5% to 1% reflectance indicate thate
images will not allow very accurate separationiffedent benthic materials. This assessment
of image suitability can be performed without fieldta collection and may therefore aid in
screening suitable image datasets.
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Figure 11 The environmental noise equivalent (NEARO- ) spectra for each band in (a) the Red Rocks point
Quickbird image, (b) the Broke Inlet QuickBird image and (c) the Landsat 7ETM+ image acquired on
03/03/2000. A value of 0.004 means that it is impossible to discriminate any signal difference smaller than
0.4 % reflectance.

Data volume reduction

In order to reduce the processing time of the caatmnally intensive inverted physics-based
radiative transfer model, a data volume reductiangzol was implemented. In essence, it
groups the image data into a set of spectrallymistlasses. The strength of this approach lies
in the use of the in NERO- characteristics inherent to the data. The ratebahind this is
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straightforward: if two spectra differ by less thhe noise levels in the data, they can be
grouped as one class with a relatively minimal lafsisformation.

The advantage of grouping pixels into distinct séasis that each class (which can contain a
large number of pixels) is represented by one spectwhich can be ingested by SAMBUCA.
The SAMBUCA output (e.g. water column depth) fockealass can then be mapped back to
every pixel labelled as pertaining to that class.

3.5 Retrieval of bathymetry, substratum composition and the
optically active constituents

The fifth and pivotal step of the integrated phgdiased mapping approach is a physics based
retrieval of bathymetry, substratum compositioa. (fractional cover of sand, seagrass and
macro-algae) from thBO- imagery. To this aim, the inversion/optimizatioethod by Lee et

al. (1999; 2001; 1998) was enhanced in order to:

1) retrieve the concentrations of optically active gittnents in the water column
(chlorophyll-a, CDOM and NAP),

2) account for more than one substratum cover type and

3) to estimate the contribution of the substraturthtoremote sensing signal. This
implementation ( in IDL programming language), edISAMBUCA (the 8mi-
Analytical Model for Bathymetry, Uh-mixing, and ©ncentration Asessment), is
available from the authors upon request.

Principles of the physics based method

At the core of the inversion/optimization methgdlee et al. (1999; 2001; 1998) lies an
analytical expression fd®0- for an optical shallow water body (Maritorena letl®94):

Ry = R +expK,H)[AexpkH) - RP explk.H)] (6)

where, Rgf is subsurface remote-sensing reflectance ovepathgtical optically deep water
column; H is the water depthA the bottom albedo (substratum reflectand€); the vertical
attenuation coefficient for diffuse downwellingltig x; the vertical attenuation coefficient for
diffuse upwelling light originating from the bottorand . the vertical attenuation coefficient

for diffuse upwelling light originating from eachyler in the water column. Note that the
attenuation of the upward flux is not equivalenttte attenuation of the downward fluk ).

Attenuation of the upward flux must further be seped into a component originating from the
water column k) and that originating from the bottorr{) (Maritorena et al. 1994). By
relating the four quantitieR, K, k; and k. to absorption and backscattering via a series

of semi-analytical relationships, Lee et al. (192@01; 1998) modelled the R(0-) spectrum as a
function of five independent variables (represemproperties of water column and bottom):
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RO- = f(P, G, X, B, H) (7)

where P, G, X, and B are scalar values and reprrebsorption coefficients of phytoplankton
and gelbstoff (coloured dissolved organic mattesmletritus), backscattering coefficient of
suspended particles, and bottom reflectance deeeree wavelength, respectively; and H is
the bottom depth.

3.5.1 Semi Analytical Model for Bathymetry Unmixing and Concentration
Assessment (SAMBUCA)

In the inversion-optimization scheme in SAMBUCA thedelled subsurface remote-sensing
reflectance RO- ™) is compared to the measured subsurface remosingemreflectanceR0-

"’ \which was obtained from each pixel in the rensgesing image. The set of variables that
minimises the difference between these two spéxtiaed to estimate the environmental
variables being sought, e.g. water column deptbstsatum composition or the concentrations
of the optically active constituents of the wateluenn.

The extraction of environmental information fromamared reflectance spectra constitutes a
radiative transfer inverse problem. Inverse prolslene notoriously difficult because of
potential non-uniqueness issues (Mobley et al. QDB often necessary to constrain inverse
problems so as to guide the inversion to the cos@ation. Such constraints often take the
form of simplifying assumptions about the undenlyphysical or mathematical problem, or of
added environmental information. For the inversigiimization in SAMBUCA, the Downhill
Simplex method was adopted, whilst ranges for bégto be optimized were constrained to
reduce the occurrence of spectral ambiguities (@attd Brando 2006; Wettle et al. 2005).

In SAMBUCA, the algorithm by Lee et al. (1999; 200998) was modified to retrieve the
concentrations of optically active constituentshie water column (chlorophyll-a, CDOM and
NAP). The absorption and backscattering coefficgeme described as the sum of the
contributions of N constituents and a constantfaent for pure water:

a=a,+2.aC ;b =h,+> 1T, (8)
=) =)

Where g and h,, are the absorption and backscattering of purerysterel 1974; Pope and
Fry 1997), ¢ and ky* are the specific inherent optical properties{B§) of " constituent
with concentration ClIn the formulation of equation (8) CDOM has nekscattering term
associated with it, anaf cpom(440nm)represents the concentration of CDOM

The non-water absorption terms are parameterizeckaswn shape with an unknown
magnitude:

aphy (/] ) = C:CHL |}:)hy (/1 ) (9)

Acpom (/1) = Cepom ngOM (/10) expl:_SCDOM (/1 -1 o):l (10)
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Ayap (/]) = CNAP EEAP (/]0) eXp[_SNAP(/] -/ o)] (11)

Where Gy is the concentration of chlorophyll-a anggf)is the chlorophyll-a specific
absorption spectrum. As the concentration of CD@Wh6y) is represented by

a* cpom(440nm), the reference wavelen@gtwas set at 440 nmcSow is the spectral decay
constant for CDOM absorption coefficient aaidpom(ro)is set to 1. Gap is the concentration
of NAP; a* yap(Lo)is the specific absorption of NAP at the referewewelength, and\ar is
the spectral slope constant for NAP absorptionfaoeit; and the reference wavelen@thwas
set at 440 nm for the NAP absorption coefficient.

The non-water backscattering terms are parameteaigdollows:

pr = prhy + bDNAP (12)
/1 thy
B (4) = Cons i, () 5 3
. A Ynap
Bonap (4) = Cyap Mynap(4o) (70) (14)

where b, (o) is the specific backscattering of algal particiéshe reference wavelength,
Y oy the power law exponent for the algal particlesffacient; b*yap(ho) is the specific
backscattering of NAP at the reference wavelengti, the power law exponent for NAP
backscattering coefficient. The reference wavelehgtvas set at 542 nm for both algal and
non algal particle backscattering coefficient

In SAMBUCA, the algorithm by Lee et al. (1999; 200998) was modified to account for
more than one substratum cover type in a pixepecisum by expressing the bottom albedo
A(A) (or bottom reflectance) as a linear combinatbtwo substrata:

A(4)=a;A (1) +1-g)A(A) (15)

Where g represents the fractional cover of substratundisabstratum j within each pixel,
Ai(») and A(A) are the albedos of substratum i and j, respdgtiVéhen solving for more that
two cover types, SAMBUCA cycles through a givencipa library, retaining those two
substrata and their estimated fractional coyewftjch achieve the best spectral fit.

In summary, the complete model parameterizaticggoftion (8) for SAMBUCA is:

model — f CCHL'CCDOM 'CNAP7H 7qij 'A (A) 'Aj (A) ’S}DOM ’SNAP ’

rs

r (16)

*

YPHY 'YNAP ' a;HY (/1) ’aNAP (AO) ’b;PHY (A O)'b*o NAP(/1 O)
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Optical properties of benthic substrates

The benthic substrate parameterization used irptiojgct was based on three substrate types:
sand, macro algae and seagrass. The reflectanciesspsed to represent these substrate types
(Figure 12) are taken from a substrate spectredjbcollected at Fish Creek and Two Peoples
Bay during the November 2008 field campaign.
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Figure 12 Reflectance spectra of macro algae, sand and seagrass used to define the benthic substrate
parameterization within SAMBUCA. The solid blue, green, red and magenta lines show the central
wavelength location of the Landsat blue, green, red and NIR channels while the corresponding dotted
lines show the location of the QuickBird blue, green red and NIR channels. The human eye can see from
the blue at about 400 nm to the red at about 690 nm.

Optical properties of WA coastal waters

The parameterisation of the semi-analytical modegl {6) relies on field sampling of the
optical properties of the water body of intereshaf this is not possible, the semi-analytical
model (eq. 16) can be parameterized with sitesnuifag characteristics from the literature. For
this project, inherent and apparent optical propef the study sites were not measured. The
optical parameterization of water defined for SAMBAin this project was based on a
comprehensive field campaign at Cockburn Sound,iV2003 (Table 4 and Figure 13) as this
was deemed the most closely related water columpepty data from all of CSIRO’s spectral
measurements. A dedicated sampling and opticaleptppnalysis is recommended for these
SW Australian waters to confirm this choice of paeterisation.
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Table 4 Optical domain, based on samples collected by CSIRO at Cockburn Sound in 2003, of WA

coastal waters as defined for SAMBUCA

Parameter values

Cene (Hg/L) 1.2

Crr (Mg/L) 0.7 - 3.6 (range)
Ccpowm (conc) 0.01

S 0.0106

Srr 0.0106

a'1r (550) 0.0154

Xphy 0.00033

X1r 0.0047

aphy’ See Figure 13
Y 0.717

Where

CchL = concentration of chlorophyll a

Ccpowm = concentration of CDOM where a*CDOM (550) is el
Sc = slope of CDOM absorption

Crr = concentration of NAP (tripton)

Srr = slope of NAP (tripton) absorption

a*TR (550) = specific absorption of NAP (triptoe) 550nm
Xpny = specific backscattering due to phytoplankton

X+r = specific backscattering due to NAP (tripton)

aphy* = specific absorption of chlorophyll, as skmowm Figure 13

Y = slope of the particulate (phytoplankton or tipip)
backscattering
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Figure 13 Specific absorption of phytoplankton (mzmg'l) as measured for Cockburn Sound water samples
and used in the parameterization of SAMBUCA for WA south coast waters (Table 4). Note the two major
chlorophyll a light absorption features at 438 nm and at 676 nm.

Based on the parameterization, SAMBUCA was conédup estimate the concentrations of
optically active constituents in the water colurahl¢rophyll-a, CDOM and NAP), water
column depth, and benthic substratum compositiahghoduces the best fit between modelled
and measured R(0-) on a pixel-by-pixel basis.
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4. RESULTS

The ideal mechanism for evaluating the successeofrtodel substratum retrieval is to compare
the bathymetry output to known field measuremeritese were not available during the
execution of this work, thus error analysis halédased on the spectral closure achieved by
SAMBUCA. It is recommended to collate a datasdtradfwn depths from either ship-based
measurements or from aircraft (using e.g. the LAg®orne Depth Sounder-LADS). A
minimum of ten to twenty points uniformly distrileat across a depth range in an image is
sufficient.

SAMBUCA uses an optimisation algorithm to simultiie image data R(0-) spectrum as
closely as possible. The spectral matching, resyplti a spectral closure, is driven by a
function of the difference between the image Réj SAMBUCA R(0-)This variablegf, is a
function of the shape and magnitude of the outpeatta, and is retained by SAMBUCA for
every estimate. It can therefore be output in neamf and is an indication of the reliability of
the SAMBUCA depth estimate. A lower value indicagdsetter goodness-of-fit, and higher
confidence in the retrieval. A more detailed dgswn of the data retrieval and error
assessment procedure used in the SAMBUCA moddbedound in (Brando et al. 2009)

4.1 Broke Inlet QuickBird

Figure 14 illustrates the difference between thagenR(0-) (Figure 14a) and SAMBUCA R(0-)
(figure 14b) of the Broke Inlet QuickBird sceAs expected, SAMBUCA achieves a relatively
better spectral closure for shallower waters (&#gli), especially where the substratum
presents a bright target, such as over sandy atofeelight limestone pavement. Here, the
substratum contributes more to the measured Rl and the magnitude of the signal is
higher. This could also be an indication that theameterisation of the optical properties of the
water column may not be representative of this.akedeeper depths SAMBUCA mainly uses
the optical properties of the water-column to tng @achieve spectral closure. Given that a
limited amount of fieldwork was done for this proj@and that assumptions therefore had to be
made concerning the water parameterisation, thpfaissible. Additional variability in water
quality might also have been introduced by plunfasamnin-rich water from the Broke Inlet
(see for example Figure 16) which would have chdrnfe optical properties of the water
column beyond the standard SIOP parameterizatidimeomodel. It is impossible to gauge from
this image whether the water around Broke Inlet aféected by such an outflow at the time
when the image was acquired.

It is also apparent that areas that are affectéunesidual glint also resulted in larger
differences between measured and modelled imagérap&his resulted in higher imagery
reflectance in the glint-affected pixels which viaierpreted by the model as either very
shallow water with a bright substratum (Figuresahd 18) or as a deeper, more turbid, water
column.
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Figure 14 True colour RO- image of Broke Inlet from (a) the
atmospherically corrected and land+glint masked QuickBird image and (b)
the corresponding spectra as simulated by SAMBUCA. The vertical
banding is caused by the 6 CCD’s (Charge Coupled Devices) in the
QuickBird sensor not being uniformly calibrated over dark water targets. It
is recommended to trial an image correction procedure that could remove
some of this vertical banding caused by uniformity inconsistencies over
dark aquatic targets.
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Figure 15 Alpha_fval (af) as output from SAMBUCA for the Broke Inlet QuickBird scene. Lower values indicate a better fit and, therefore, a theoretically more reliable

SAMBUCA benthic cover estimate.
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Figure 16 Subset of a Landsat 7 ETM+ image, acquired on 14/08/1999, showing a plume of tannin-rich water flowing up to 14 km from the coast, from the open
entrance of the Broke Inlet coastal lake.
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Figure 17 Broke Inlet dominant benthic cover type classification, based on a SAMBUCA model inversion with three possible substrates. Grey represents areas that
were masked out either initially due to high glint contamination or post-processing due to bad spectral closure (high af values).
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Figure 18 Quality-assessed SAMBUCA bathymetry output from the Broke Inlet QuickBird scene. White and gray represents areas that were masked out either initially
due to high glint contamination or post-processing due to bad spectral closure (high af values) . The 10 m deep values near the surf zone may be artefacts due to
inadequate knowledge of the sand spectrum or they could also be deep gutters near the coast.
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4.2 Red Rocks Point QuickBird

Figure 19 illustrates the difference between thagenR(0-) (Figure 19a) and the simulated
SAMBUCA R(0-) (figure 19b) of the Red Rocks Pointi€kBird scene. As expected,
SAMBUCA achieves a relatively better spectral clesior shallower waters, especially where
the substratum appears bright, such as over satdiigs (Figure 20). Here, the substrate
contributes more to the measured R(0-) signal taadnagnitude of the signal is higher. This
could also be an indication that the parameteasatiithin SAMBUCA of the optical
properties of the water column is not represengativthe area. At deeper depths SAMBUCA
mainly uses the optical properties of the watetwowl to try and achieve spectral closure.
Given that no fieldwork was done for this projestidhat assumptions therefore had to be
made concerning the water parameterisation, thpkaissible.

The vegetated areas in the Red Rocks Point QuidkBiage were not modelled very well with
SAMBUCA (Figure 19b). These target areas were dank which resulted in inaccurate model
output as the spectral library (collected at Twofes Bay and Broke Inlet), was much
brighter than much of the vegetated spectra obdarvihe image. This discrepancy was
probably due to the fact that the spectral libraag collected from a stack of flattened leaves,
presenting a brighter target than upright leavesgdter. Target variability is clearly
demonstrated in Figure 21, showing the effect ofesu action on the intensity of light

reflected from the individual blades of seagrasydry dense meadows, less light will be
reflected due to the canopy structure causingnateshading and therefore lowering the albedo
of the target. Subsequently only very shallow watest sandy patches (Figures 22 and 23) was
mapped with any degree of certainty with the phssiased approach used.
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Figure 19 True colour RO- image of Red Rocks Point from (a) the atmospherically corrected and land masked QuickBird image and (b) the corresponding spectra as
simulated by SAMBUCA
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Figure 20 Alpha_fval (af) as output from SAMBUCA for the Red Rocks Point QuickBird scene. Lower values indicate a better fit and, therefore, a theoretically more
reliable SAMBUCA benthic cover estimate
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Figure 21 In situ photograph of seagrass, taken in Two Peoples Bay, demonstrating the variable response of light to different blade orientations. Despite similar
densities, the seagrass at the centre of the image appears darker due to its upright orientation presenting a much smaller target for light to be reflected off than the
blades towards the outside of the image which is flattened by wave-action. This can result in significant target variability, especially in dense seagrass or macro algae
meadows which can potentially cause estimation errors when using a spectral library of seagrass or macro-algae that was collected from a stack of flattened leaves,
resulting in a very bright reflectance target.
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Figure 22 Red Rocks Point dominant benthic cover type classification, based on a SAMBUCA model inversion with three possible substrates. White represents areas

that were masked out post-processing due to bad spectral closure
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Figure 23 Quality-assessed SAMBUCA bathymetry output from the Red Rocks Point QuickBird scene. White represents areas that were masked out post-processing
due to bad spectral closure (high af values)
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4.3 Broke Inlet to Bald Island Landsat image

Similar to the results from the QuickBird data, SBMICA achieved a relatively better spectral
closure for shallower water, especially where thigsgratum appears bright, such as over sandy
patches (Figure 24 and 25). This could also bedication that the parameterisation within
SAMBUCA of the optical properties of the water aolu was not representative of this area: at
deeper depths SAMBUCA mainly uses the optical prioggeof the water-column to try and
achieve spectral closure. Given that no fieldwodswlone for this project and that
assumptions therefore had to be made concerningater parameterisation, this is plausible.
Although severely glint-affected pixels were masketl prior to the modelling step (Figure
24a), residual glint still affected the model outpusome of the remaining pixels (Figure 24b).
This resulted in higher measured reflectance irgtim-affected pixels which was interpreted
by the model as either very shallow water or alirggibstratum (Figure 26 and 27).
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Figure 24 True colour RO- image of the coastline between Broke Inlet to Bald Island from (a) the atmospherically corrected and land masked Landsat 7ETM+ image

and (b) the corresponding spectra as simulated by SAMBUCA
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Figure 25 Fval (f) as output from SAMBUCA for the Broke Inlet to Bald Island Landsat scene. Lower values indicate a better fit and, therefore, a theoretically more
reliable SAMBUCA benthic cover estimate
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Figure 26 Dominant benthic cover type classification of the section of the WA coast between Broke Inlet and Bald Island, based on a SAMBUCA model inversion with
three possible substrates. White and gray represents areas that were masked out pre-processing due to severe sunglint or post-processing due to bad spectral closure.

46



RESULTS

116°0'0"E 116°20°0"E 116°40'0"E 117°0'0"E 117°20'0"E 117"4|0’0“E 118°0'0"E
] I 1 1 1 -y
Depth (m) g 5 10 20 Kilometers
I 0 0 A 8 |
0
33°50°0"S- -33°50'0"S
34°0°0" S+ ~34°0'0"S
34°10'0" S~ =34°10'0"S
= R & 3 L = = I AL I E I
116°20'0"E 116°40'0"E 117°0'0"E 17°20'0"E 117°40'0"E 18°0'0"E

Figure 27 Quality-assessed SAMBUCA bathymetry output from the Broke Inlet to Bald Island Landsat scene. Gray represents areas that were masked out post-
processing due to bad spectral closure (high f values)
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5. DISCUSSION AND RECOMMENDATIONS

51 Discussion

The aim of this project was to demonstrate if ao@ learth observation from archival image
data (from Landsat and QuickBird images) could lelpoastal marine benthic habitat
mapping of selected poorly documented areas dbWeAustralian shallow coastal waters.
Due to the preliminary nature of this project, tizlely short timelines and funding constraints,
no dedicated fieldwork was possible to adequatatpmeterize the physics-based processing
pathway implemented. A short fieldwork was perfodnfier exploratory data collection @i

situ data only. During the snorkel based sampling im Reoples Bay a possible n&iphillia
speciesvas found. It was selected for spectral measuredhento its deviating colour from
surrounding macro-algae and seagrasses.

This feasibility study was a partial success. Kegpn mind this was a relatively short and
small project for such a large task, the resukkspromising. It was feasible to discriminate
sandy patches from vegetated areas from each iarabi was also feasible to distinguish
macro-algae from seagrasses in the shallower afea® there is sufficient signal coming
from the substratum (roughly speaking to about 1.6tkm offshore). Due to lack of in situ
data no estimate of validity could be made othanttinat the patterns seem to agree with
anecdotal evidence of locally engaged DEC stafferAduality assessment, near-shore
bathymetry maps were also produced that may patBnéiugment existing bathymetry
datasets.

In addition to the proposed project deliverablbs,ltandsat image of August 1999 is a good
demonstration of the power of remote sensing tedethort-term environmental events
phenomena such as, in this case, the outflow oiinaich waters in to the coastal water. The
plumes apparently do not mix immediately and casdmn to 14 kilometres offshore.
Presumably these plumes are buoyant (although sbthe lake water may be as saline as or
more saline than the ocean waters-on the other tvacel these lakes overflow there must be a
substantial amount of runoff diluting the salineteva) based upon their consistency to far
offshore. The water temperature difference (wariadez water?) may also cause this effect.

A start has been made with creating a spectrarybof substratum type and substratum cover
(seagrasses, macro-algae and epiphytes) thatlwéla be useful for future applications in this
area. A thematic gap in the availability of SoutlesWA benthic spectral data in the national
spectral library has been partially addressed dtthie short field campaign. This spectral data
will be especially useful for implementation withtéire, more sophisticated, sensors with
higher spectral resolution.

To adequately perform coastal change-detection fatwllite imagery, images have to be
normalized to eliminate the effects of differenbgungles, sky glint, water column depth and
turbidity as well as atmospheric effects presemhatime of image acquisition. The only way
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to perform this task adequately is to implemenhgsics based approach, possibly augmented
by object oriented image processing software ssar@ognition that can take contextual
information and pattern and texture informatioriobnsideration.

5.1.1 Specific issues that require further work:

Landsat image data

 Sourcing the image data: for a physics-based iroeraethod (that is the most advisable
method for multi-temporal image processing) itssential that the radiometric data integrity
is maintained. As this Landsat image was obtaiheddgh Landgate with unknown
preprocessing applied, the radiometric data quelég compromised. It is advised to obtain
unprocessed imagery in future or alternativelyghitain exact information on preprocessing
applied to back calculate the imagery to preprangsstatus.

« Atmospheric correction: The MODTRAN based atmosjghesrrection protocol used in the
physics-based processing pathway was not ablesipuadiely correct the Landsat image. This
was due to a suspected green spectral band anposdibly caused by Landgate
preprocessing. As the satellite image was sounwed Eandgate, it was not possible to
validate the radiometric calibration implementedtom original image.

* Image quality: Landsat images show serious baraingss the image reducing their
useability. However the 25 years of archive of Lsatdlata is of paramount interest to do
change detection. More attention to removing theseling effects may improve the data
quality. For banding removal the raw uncorrecteddary is required.

QuickBird image data:

* Only in the later stages of this project did thdRXS team find out there was a quality control
issue with the radiometric calibration of the QuBakl sensor. QuickBird image products are
optimized for radiometric image quality over tetred targets which compromise the
radiometric integrity of aquatic targets in someeas especially in images acquired prior to
June 2003. As CSIRO applies a physics based atrans@nd air-water interface correction
and processing method this radiometric uncertaiffgcts the results. CSIRO is currently
communicating with Digital Globe engineers to diathis issue and will spend some time in
the near-future researching strategies to improgetocessing pathway to deal with this
source of error.

The water conditions on the southwest Australian coast:

« Large swell and high waves add considerable noisleetimages, decreasing the amount of
information to be extracted from the substratunisBetually increases and decreases the
water column depth causing high frequency charmester depth (by definition causing a
varying portion of the signal measured in spadeetérom the water column or from the
substratum).
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» Waves and swell also causes severe sunglint amgirsiyAlthough methods do exist to
remove part of this effect, total removal is unljke

Field radiometry

» The seagrass and macro-algae spectra in the ddxtey collected at Broke Inlet and Two
Peoples Bay had a much higher albedo than targetrspobserved in the QuickBird imagery,
especially in the Red Rocks Point image. This ssigghat the way the spectra were
measured, from flattened leaf blades on the beaal,not be representative of timesitu
light environment where leaves are floating uprighthe water causing significant shading
within the canopy thus reducing the albedo.

Depth assessments

* It seemed feasible to get a rough estimate of watieimn depth. Most images showed that
the maximum depth to which substratum could be mdpto coarse categories is about
eight meters for these waters under the conditibrise image acquisition

52 Recommendations:

5.2.1 Image data quality:

« Provide raw satellite imagery with the radiometrédibration coefficients applied
separately to avoid calibration uncertainties aswegain the radiometric calibration
of any remote sensor used prior to purchasing alte. d

* One possible way to circumvent the noise due tarenmental conditions is to start
analysing multiple images of the same area aftgpsng all doubtful data out of
each image and only using the pixels with good datdent. As the environmental
conditions will occur randomly within an image,gtshould enable construction of a
synthetic best image. Such an approach is espesigthble for estimating water
column depth more reliably. Once the water columpthl is known this can be input
into the inversion algorithm as a known variableréby allowing the inversion
algorithm to increase focus on the substratum caitipa.

* Consider the use of sensors such as ALOS-AVNIR{idixel resolution) and
IKONOS (4 m pixel resolution) and others to inceettse choice of images.

* Future sensors will have more spectral bands afigwore discrimination of
features at the substratum. For example the Woeldr2 satellite will have finer
spatial resolution than QuickBird (at 1.8 m pixeish eight instead of four spectral
bands thus doubling the amount of spectral infoionat
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* It is also recommended to study the climatologshtg coast to find the seasonal
optimal times for calmer waters as well as therogtitimes that avoid sun glint
occurring as much as possible.

« Acquiring image data at lowest low tide may alsaheoption for obtaining imagery
with as much bottom information as possible.

5.2.2 General:

« A proper implementation of the physics based appre#uld need adequate
parameterisation of the inversion models. This iregufieldwork and sampling and
laboratory analysis of the optical characteristitthe water column anieh situ
collection of a spectral library of the substratirhere is evidence that the spectral
library collected on seagrass and macro-algae waasteore tends to overestimate the
actual reflectance of a canopysitu as the spectral measurement on the beach is of a
stack of macro-algae or seagrass leaves measuttetheileaves lying flat, whereas
the leaves actually float or sway in water theret®ating self shading. More research
needs to be done on understanding the influent¢beoabsolute reflectance of leaf
orientation in underwater canopies.

« As fisherman do operate in some of these watensjt be useful to inventory the
benthic material that is trawled to the surfacgetber with the most likely GPS
position as that will provide ancillary informatioAbalone or recreational divers
could also be queried and asked to provide undarphotographs. Anothén situ
sampling method that avoids having to get boate the water is to launch a
lightweight unmanned underwater autonomous veleigiepped with cameras or
other optical equipment from the beach to providgtu assessment in difficult to
access waters.

* More knowledge is required on the substratum redlee under sparse seagrass or
macro-algae canopies. It would, for example, béulise know how much detritus is
present as that may colour the bottom reflectard&rlker shade.

« A different approach to the model inversion, takimig account only spectral
matching ) instead of a magnitude mataif)(should be investigated to partially
reduce the effect of the difference in albedo betwspectral libraries and image
spectra.

» By making use of the 25 years of Landsat data aeshinow freely available from the
United States Geological Service) it is feasiblpdéoform a coarse level of change
detection for these coasts. Detecting change isiteeof sandy patches is feasible
and maybe bathymetry and the ratio of seagrasatoaralgae, however less noisy
data must be sourced for advancement of this mitggo

« It is advised to contact the Australian Hydrograpbérvice to ascertain whether the
laser Airborne Depth Sounding System (LADS) hag ewdlected bathymetry data
within these waters and if this data is availabberf the AHS.
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