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Abstract

The primary purpose of this PhD project was theettgyment of suitable
methods for the optical detection and quantificatimf the diazotrophic, marine
cyanobacteriaTrichodesmiumwithin the Great Barrier Reef (GBR), Australia.
Within the GBR,Trichodesmiunis likely to contribute quantities of new-nitrogeh
similar magnitude to that of rivers. However, diweuncertainties regarding the
spatial and temporal abundance Tofchodesmiumthere is an order of magnitude
uncertainty associated with these nitrogen fixatestimates. Thus, improved
methods for quantifyingfrichodesmiumwithin the GBR are essential. The key
objectives of this PhD thesis were to:

= Study the bio-optical properties dfichodesmium

= Develop a binary flag for its detection using MODm$agery and

= Examine hyperspectral radiometric data as a medngositively
discriminating and quantifyingirichodesmium

In addition, the bio-optical properties of a semagcsurface aggregation of
Trichodesmiunwere studied.

Within this PhD thesis, the bio-optical properties Trichodesmiumwere
studied primarily with discrete water samples asedly using a benchtop
spectrophotometer. Particulate and coloured dissolorganic matter (CDOM)
absorption coefficients were measured. From #sgarch component, a relationship
between the magnitude of the spectral absorpti@fficeent of Trichodesmiumand
chlorophyll-a (Chla) specific concentration wasabtished. Results were comparable
with those of the literature. The Chla-specifitcchodesmiunabsorption coefficients
were later used as inputs for radiative transferutations with Hydrolight. In situ
above-water hyperspectral radiometric measuremehfBrichodesmiumwere also
collected.

A Trichodesmiunspecific binary classification algorithm was devsd
using quasi-250 m MODIS data. Above-water hypasspe radiometric
measurements of denggichodesmiumsurface aggregations (> 30 mg Chl&)m

showed that the water leaving radiance at wavetsngteater than 700 nm were



much higher in magnitude (> 0.05 W?rar?) relative to the visible wavelengths 400 -
700 nm (< 0.03 W A? sfY). This “red-edge” effect agreed with observatiais
others from the literature. The binary classifmatalgorithm was based on three
criteria. The first criteria relied on the diffe@nin magnitude between the MODIS
normalised water-leaving radiance (nLw) of band@29(nm) and band 15 (678 nm).
The magnitudes of the nLw of band 4 (555 nm) anttkik (645 nm) relative to band
15 formed the second and third criteria respectivEhe classification algorithm was
tested on a small subset of 13 MODIS images witliespondingTrichodesmium
sea-truths and yielded an 85 % accuracy. Fine dealeires consistent with dense
Trichodesmiunmsurface aggregations such as eddy swirls and wivslneere well
represented within the algorithm results. The @allgm was also found to be robust in
the presence of highly reflective, potentially cuniding affects such as coral reefs,
shallow bathymetry and riverine sediment plumes.

The suitability of the quasi-analytical algorithnQAA) for inverting

hyperspectral remote sensing reflectanRg(A), and quantitatively discriminating

Trichodesmiumwas examined. A technique combining the QAA ansinailarity

index measure (SIM) was developed usiRg()l) data simulated for examples of
Case 1 and Case 2 waters. Hydrolight radiativesfeat software was used to model
R, (/1) with TrichodesmiunChla specific absorption inherent optical progexti The
QAA was used to invert the simulatdﬁs(/i) spectra to yield an estimate of the
phytoplankton absorption coefficiena;?AA()l). To ascertain the presence of
Trichodesmiumseven SIM values were derived by compar@fff*(1) with a known

Trichodesmiunreference absorption spectrugff' (1), and also with the absorption

spectra of six other phytoplankton types. The Itesiound that the SIM could
discriminate Trichodesmium from the six other phytoplankton types for

concentrations as low as 0.2 mg Chid and 3 mg Chla ifor the Case 1 and Case

2 scenarios considered. The QAA-SIM method wagdesn along-transed®, ()l)

data collected within the GBR. Upon identifying thresence ofrichodesmiumthe

magnitude ofa?**(1) was used to determine Chla concentration. Thegal@nsect,

QAA derived Chla values were validated with datarfra Chla fluorometer within a



ship-board flow-through system. The predicted Ghllmes matched well with those
fluorometrically measured yielding an R-squaredigaidf 0.805.

Two distinct colour modes ofrichodesmiunwere sampled from a dense
surface aggregation within the GBR. The two colmades were denoted as: orange-
brown (OB) and bright green (BG). The spectrakipalate and coloured dissolved
organic matter (CDOM) absorption coefficients wereasured for the OB and BG
samples. The absorption properties of the OB samwgle consistent with those of
Trichodesmiunreported within literature. However, the absonptpyoperties of the
BG sample were significantly different to thosetlbé OB sample. The particulate
and dissolved absorption coefficients of the BG gamevealed that the water soluble
red pigments phycourobilin (PUB) and phycoerythiioiPEB) had leached into the
surrounding seawater. The results suggest thd&@esamples were in the process of

senescence. Hydrolight radiative transfer modgllimas used to simulate the

hyperspectralR, ()l) of OB and BG colour modes. The results indicateat the

R, (/1) spectra of the OB sample was spectrally distirmnfthat of the BG sample.

Thus, the potential to optically discriminate théhygiological state of a
Trichodesmiunsurface aggregation was established.
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Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

1 General Introduction

Abstract

This PhD thesis examines optical remote sensinghadst for the detection and
quantification of the diazotrophic, marine cyandb&a Trichodesmiunspp. within the
Great Barrier Reef (GBR), Australia. The main chje of this research was to
develop new remote sensing methods applicablectoptically complex waters of the
GBR. Outcomes from this research project may tea@h improvemed understanding
of Trichodesmium abundance and hence, reduce uncertainties in assmof
Trichodesmiunspecific N-fixation. This chapter provides a geentroduction to
Trichodesmiunspp. and its significance to the nitrogen budgetsiwthe Great Barrier
Reef region. Ocean colour remote sensing is intted as a method for synoptic scale
monitoring of Trichodesmiumand the objectives and outline of this thesis a@ls®

detailed.



1 General Introduction

1.1 Trichodesmium spp.

Trichodesmiumis a genus of filamentous cyanobacteria, commdaiynd in
clear, low-nutrient seawater throughout tropicadl aabtropical regions (Capone et al.
1997). IndividualTrichodesmiunoccur as fine filaments known as trichomes which
cluster together to form colonies of two distinctaagements: (i) fusiform and (ii)
radial (Capone et al. 1997). Fusiform (tuft) cobsnare characterised by parallel
alignment of trichomes whereas within radial (pu@lonies, trichomes arrange
themselves radially to form small spherical clustgee Figure 1.1). Colonies are often
visible to the naked eye and can be up to 0.5 n8imlength/radius (Carpenter and
Romans 1991). Trichodesmiuntontain gas vesicles and can therefore regulaie the
buoyancy (Villareal and Carpenter 1990)ichodesmiunoccur in the upper regions of
the photic zone (depths < 50 m) however, populadiemsities are highest in shallower
regions between 20 and 40 m (Carpenter and Ron@81s Capone et al. 1997). Under
conditions of relaxed wind stress and reduced mgiximichodesmiunoften forms thick
surface aggregations, also referred to as surfdiokssor blooms which are
orange/brown in appearance (Figure 1.2) (Caponealetl997). Such surface
aggregations ofrichodesmiunhave been known to span as areas large as 52,000 km
(Carpenter and Capone 1992).

There are five described species ®fichodesmium T. contortum, T.
hildebrandtii, T. tenue, T. thiebayt@andT. erythraeum(Janson et al. 1995); of which
the latter two species are common within the Giatrier Reef (GBR), Australia
(Furnas 1992). Each speciesTofchodesmiunmare diazotrophic, and thus actively fix
atmospheric nitrogen, N Studies in the North Atlantic and North Paciiceans have
shown thatTrichodesmiunis a regionally significant primary producer amtreduces
considerable quantities of new-N (Karl et al. 19gpone et al. 2005). Annual N-
inputs due tdlrichodesmiuniN-fixation are estimated to be at least 1.6 ¥ 1ol N y*
and 1.5 x 16 mol N y* for the North Atlantic and North Pacific Oceanspectively
(Capone et al. 2005; Mahaffey et al. 2005). Thedees represent approximately 40 —
59 % of the geochemically inferred N-fixation fdrese ocean basins (Mulholland
2007). In addition, it is important to note thatillly conspicuous surface aggregations
of Trichodesmiuntontribute only in a minor way to the bulk of newhNroduced by

the cyaonobacteriaFurthermore, it should be noted that physiologicahd
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environmental factors are known influence the plesvae of Trichodesmiumand
subsequent N-fixation (Hedge et al. 2008).

In addition, Trichodesmiumhas been responsible for fouling and closure of
beaches within the GBR (Mancuso 2003). Mild symmpincluding skin irritation and
nausea, have been reported for individuals who comeontact with dense surface
aggregations ofrichodesmium(Falconer 2001). Thu3yrichodesmiunmas been listed
as a harmful algae species within the Queenslanegi@ment Harmful Algal Blooms

Operational Procedures (2004).

(a.)Fusiform (b.) Radial

Figure 1.1:Colonial forms ofTrichodesmiumspp. Samples taken from the Central
Great Barrier Reef, April, 2007.
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Figure 1.2:Examples ofTrichodesmiunsurface aggregations, within the Great Barrier

Reef, Australia.

1.2 Water Quality and the Great Barrier Reef

The GBR is a world heritage listed region locateljaeent to the north-eastern
coast of Australia. The GBR is the largest coeaf Isystem on the Earth and extends
approximately 2,600 km from a northern-most latud 9.2°S southward to a latitude
of about 25°S (Wolanski 1994). Tourism, commerdighing, and recreational
activities within the GBR contribute an estimatégd4$billion dollars to the Australian
economy annually (GBRMPA 2005). In order to mam&conomic and environmental
integrity within the GBR, there are ongoing effotts enact sustainable management
practices in the region. There are several ecesystressors of concern within the
GBR including: global climate variations, oceane#facation, over-fishing, tropical
cyclones and crown-of-thorns starfish (Hughes armahr@ll 1999; Mccook 1999;
Bellwood et al. 2004; Berkelmans et al. 2004; Weale 2009). There is presently
concern regarding declining water quality withire tBBR region(Brodie et al. 2008).
Excess nitrogen, phosphorus, sediment and pegti@feerrestrial origin have been
cited as of particular concern to the GBR ecosys®@mdie et al. 2008). Consequently,
the Australian Federal Government has invested @@d0on Australian dollars to
improve terrestrial, coastal and marine managerpeatdtices, and implement ongoing

water quality monitoring
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To assess water-quality trends within the GBR, mateu parameterisation of
nutrient variability is essential (Moss et al. 2R0SViany nutrient input mechanisms
such as coastal runoff, rainfall, reefal fixationdaupwelling are well understood or
directly measurable, these are illustrated in Fegul (Furnas et al. 1995; Furnas and
Mitchell 1996). However, there is still uncertainegarding quantities of the nitrogen
fixed by Trichodesmium(Furnas et al. 1995; Furnas and Mitchell 1996;! B¢lal.
1999). These uncertainties are attributed to @domunderstanding of the spatial and
temporal abundances @fichodesmiunwithin the GBR (Furnas et al. 1995; Bell et al.
1999).

Thus, the ability to monitor and quantifyichodesmiunon appropriate spatial and
temporal scales within the GBR is of great biogewmasital significance. With
improved estimates of abundance, GBR regional tmiodies associated with
Trichodesmiunspp. N-fixation could likely be improved. Tradmial in situ methods
for quantifying Trichodesmiunusing bottle casts and/or phytoplankton net towly on
provide localised estimates of population on atdirtime scale. Furthermore, these
discrete sampling methods are known to be highiyalée in both space and time
(Chang 2000). Thus, methods which can accurat@yitor Trichodesmiunon large
spatial scales with higher temporal frequency aesirdble. A method that can
potentially produce quantitative synoptic scale snap ocean parameters with near-

daily resolution is satellite-based ocean colourot sensing.

fSource:  Department of Natural Resources and Management, Australian Government:
http:/ /www.nrm.gov.au/funding/2008/ reef-rescue.html
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Figure 1.3: Estimated annual inputs of nitrogero itite Tully region of the GBR shelf
(15°52’S — 16°55’S). Data source: Furnas and Milof1996).
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1.3 Ocean Colour Remote Sensing

When solar irradiance enters the aquatic envirobhmemteracts with optically
active components within the water column. Oplycalctive components within
seawater are typically water molecules, non-algsiigles, phytoplankton and dissolved
and detrital matter (Kirk 1994). After a seriesatWsorption and scattering processes, a
fraction of the incident light is scattered back ofi the water column. This water-
leaving light has a spectral distribution or “cafowvhich is directly related to the
optical properties of constituent matter within thiater column (Mobley 1994). Thus,
the study of “ocean colour” by space-borne imagspgctroradiometers can give
synoptic scale, quantitative insight into marinestduent matter.

Presently there are several operational ocean cektellites including: the Sea-
viewing Wide Field-of-View Scanner (SeaWiFS), theodérate Resolution Imaging
Spectroradiometer (MODIS), and the Medium Resotutimaging Spectroradiometer
(MERIS). Each of these sensors is aboard the polbating satellites: SeaStar (NASA),
Terra and Aqua (NASA) and ENVISAT (ESA) respectwelWithin the GBR, ocean

colour remote sensing has been utilised for maonigothe water quality parameters of
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chlorophyll-a (Chla) and total suspended minerd@iSM) (Brando et al. 2010). Ocean
colour remote sensing techniques have also beehfosthe mapping of seasonal, river
flood pulses within the GBR (Devlin and Schaffe@#9; Brodie et al. 2010).

Several researches have examined ocean coloutaesansing as a means of
detecting and quantifyingrrichodesmiumusing the Coastal Zone Color Scanner
(CZCS), SeaWiFS. MODIS and MERIS (Dupouy 1992; &uoianiam et al. 2002;
Gower et al. 2008; Hu et al. 2010). However, thsreurrently scant literature which
discusses regionally-specific algorithms for thetedgon and quantification of
Trichodesmiunwithin the GBR.

1.4 Thesis Objectives and Outline

This PhD thesis has been separated into self-cwdaihapters which all share the
common theme of ocean colour remote sensinichodesmiunwithin the GBR. The
primary objectives of this PhD thesis were to:

= Study the bio-optical properties dfichodesmiunspp. during a series of
field campaigns within the GBR,

= Develop a categorical algorithm for the detectioh dense surface
aggregations of richodesmiunwithin the GBR and,

= Develop a method to quantitatively detedirichodesmium using
hyperspectral above-water radiometric data

Each major chapter within this PhD thesis is infitren of a manuscript which is
either in preparation, or has been submitted tensific journals for peer review.
Firstly, Chapter 2 presents a comprehensive literature review of igastarch regarding
remote sensing ofrichodesmiumwithin the world’s oceans. Historical advances in
methodologies coinciding with the launch of newarteolour sensors are detailed. In,
addition limitations of contemporary algorithms dntlre directions are discussed.

Within Chapter 3 a method for detection of dense surface aggreumatiof
Trichodesmiumusing MODIS imagery is presented. The radiomeprioperties of
Trichodesmiunsurface aggregations are detailed and a binaoyitiigh was developed
using the 859 nm, near-infrared band of the MODI®am colour sensor. The
algorithm was validated using situ observations and its robustness was tested in the

presence of potentially confounding effects.
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A method to optically discriminate and quantiffrichodesmium using
hyperspectral radiometric data is presentedCimapter 4. Within this chapter,
hyperspectral above-water remote sensing refleetapectra were measuredsitu and
also modelled using Hydrolight radiative transfeftware. Hyperspectral above-water
radiometric data was processed using the Quasyaral algorithm (QAA) and a
similarity index measure (SIM) was used to discnate Trichodesmiumfrom other
phytoplankton. The combined QAA-SIM method allowedrichodesmiunspecific
Chla concentration to be derived. The potentighefQAA-SIM quantitative detection
method for resolving regional variability of nitrexg fixation was also explored.

During field sampling within the GBR, two distinctolour modes of
Trichodesmiumwere sampled from a dense surface aggregation.ser@dtions
suggested that the difference in colouration wastdipigment leaching associated with
senescenceChapter 5 examines the absorption properties of both coloades and
uses radiative transfer simulations to model thespective remote sensing reflectance.
The ability to determine the physiological stateadfrichodesmiunusing MODIS and
MERIS is also discussed.

A summary of this PhD research is presente@hapter 6. This section discusses
the outcomes, implications, limitations and futdmections of this work.
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2 Two decades of ocean colour remote sensing
Trichodesmium spp. in the World’'s oceans

Abstract

Earth observing, ocean colour remote sensing gageffrovide the necessary
platform for detection and monitoring of the, Nixing marine cyanobacterium
Trichodesmium Remote sensing offrichodesmiumspp. has been pursued
particularly for the purposes of mapping variapilit abundances. Such information
is invaluable for global biogeochemical studies mhan accurate quantification of
atmospherically fixed nitrogen is essential. Thigpter reviewed contemporary
literature from the past two decades and discuses development of
Trichodesmiunspecific remote sensing methods. How methods lheen revised
with improved parameterisation of bio-optical prdms and new remote sensing
technologies was also examined. Overall, the mgjof Trichodesmiunspecific
detection methods were found to be non-quantitatind developed primarily for
mapping the occurrence of dense surface aggregatibrihe cyanobacteria. The
ability to positively discriminate and quantify loeoncentrations ofrichodesmium

dispersed within the water column has yet to berat.
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2.1 Introduction

2.1.1 Global Significance ofTrichodesmium spp.

The pelagic, diazotrophic cyanobacteflaichodesmiumspp. is found in
oligotrophic, warm (> 20 °C), tropical and sub-ticgd marine waters (Capone et al.
1997). Waters inhabited Byrichodesmiunmare characterised as stable, with an upper
mixed layer depth of around 100 m, with deep ligbhetration and low nutrients
(Capone et al. 1997)Trichodesmiunoccur as single, flamentous trichomes which
cluster together to form macroscopic radial orffusn colonies with a length scale of
about 0.5 -3 mm (Laroche and Brietbarth 200%jichodesmiuntan regulate their
buoyancy due to the presence of gas vesicles alh@ft@n amass on the surface in
dense aggregations (l@richomes [Y) which are often referred to as “slicks”,
“surface blooms”, or as “red tides” (Carpenter @apone 1992).Trichodesmium
surface aggregations appear as scum-like discadogabn the water surface and can
range in colouration from green-yellow, to orangewn to silvery-white in colour
(Devassy et al. 1978). Surface aggregation$rathodesmiunform windrows and
eddy swirls patterns and have been recorded to apeas as large as 50,0002%km
(Kuchler and Jupp 1988).

Of global biogeochemical significance Tsichodesmium’sability to actively
fix atmospheric nitrogen (Capone et al. 1997). HhiMittropical and sub-tropical
oligotrophic oceanic waterslrichodesmiumhas been identified as a significant
contributor of new nitrogen (Karl et al. 1997; Capcet al. 2005). Mahaffey et al.
(2005) estimated basin-scale amounts of geochemicderred N fixation due to
Trichodesmiunwithin oligotrophic waters. The results indicatedt Trichodesmium
was responsible for between 40 and 59 % of totéké&d for the North Atlantic and
North Pacific respectively (Mahaffey et al. 2005More specifically, estimates of
annual N-input due t@richodesmiuniN-fixation within the North Atlantic and North
Pacific Oceans, range from 0.09 — 6.4 x*1fol N y* and 1.5 — 4.2 x ¥mol N y*
respectively (Mahaffey et al. 2005). Such quatiaestimates of global N-fixation
due toTrichodesmiunrequire accurate knowledge regarding the spaisdtiloution
and abundance of the cyanobacteria. Howewesitu oceanographic sampling only
provides estimates of abundance on sparse spatialeanporal scales. This under-

sampling means that there is a large degree ofrtamagy in basin-scale estimates of
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Trichodesmiunabundance. As such, the tolerable range of enwiemtal conditions
deemed suitable foFrichodesmiungrowth are often used as a proxy for estimating
its distribution (Laroche and Brietbarth 2005). pically, criteria such as temperature,
nutrient regimes and iron availability have beemduso estimatelrichodesmium
distribution (Laroche and Brietbarth 2005).

Within the discipline of biological oceanographyetuse of ocean colour
remote sensing has revolutionised the study of qgighkton dynamics and hence
primary productivity. Ocean colour remote sendiag become an important method
for synoptic scale monitoring of phytoplankton viitthe ocean. Over the past two
decades, ocean colour remote sensing has alsodptb@ method for mapping the

distribution ofTrichodesmiunin the world’s oceans.

2.1.2 Ocean colour remote sensing

Ocean colour remote sensors measure the spectshotéristics of light
leaving seawater within the visible part of thecel@magnetic spectrum (400 — 700
nm). Solar irradiance that enters the water columberacts with constituent matter
and a proportion of photons are scattered backwatdof the water column. The
spectral distribution and magnitude of light thatscattered out of the water column
and towards space-borne ocean colour sensors casebeto optically characterise a
body of water. Radiative transfer theory descrives the photons entering seawater
interact with the medium via scattering and absonptvith constituent matter. The
optical constituents of seawater typically comprigare water, coloured dissolved
organic matter (CDOM), non-algal particulate maft¢AP), and phytoplankton (Kirk
1994). The inherent optical properties (IOPs)aattering and absorption dictate the
underwater light field and the water-leaving radmb,, signal. TheL,, that exits the
water column and is eventually detected by spaceebcadiometers has a spectral
distribution or “colour” which is dependent uporethOPs and hence the optical
properties of constituent matter.

Early use of ocean colour remote sensing data @&scysimarily upon
mapping oceanic chlorophyll-a (Chla) pigment comi@ions using simple empirical
algorithms as a proxy of phytoplankton abundanc&e(ly et al. 1998). Such
information regarding Chla has been of great sicguiice to studies of global oceanic
primary productivity (Longhurst et al. 1995; Anteiret al. 1996). Typically global
ocean colour algorithms are only suitable for oeeabase 1 waters in which optical

11
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constituents are deemed to covary with phytoplamktbundance. However, much
effort has been placed upon developing methods réonote sensing optically
complex, Case 2 waters. In addition, the developtnoé physics-based inversion
algorithms for retrieval of IOPs has also been peds(IOCCG 2006). Ocean colour
remote sensing products have been applied to a euofbapplications including:
water quality monitoring in coastal zones, managenw fisheries, detection of
harmful algal blooms (HABs), and discriminating ¢tional groups of phytoplankton
(IOCCG 2008). Ocean colour remote sensing has laem studied as a means of

detectingTrichodesmium

2.1.3 Purpose and Outline

This chapter reviews the historical development iamalementation of ocean
colour remote sensing over the last two decadesdggecting Trichodesmium
abundance. The first part of this review brieflysadisses photography of
Trichodesmiumsurface aggregations made from space-borne platforifhe bio-
optical properties offrichodesmiurare then discussed. An overview of previously
developed satellite observations and retrieval ritlgns will be then be presented.
Some satellite imagery previously reported withierature have been reproduced
using data accessed from NASA'’s Ocean Color Web
(http://oceancolor.gsfc.nasa.gov/) and the MERISalBgue and Inventory (merci)
website fhttp://merci-srv.eo.esa.int/mergci/ Ocean colour imagery was processed
using the SeaWiFS Data Analysis System (SeaDAS) \(B4&ith et al. 2001) or the
Basic ENVISAT Toolbox for (A)ASTR and MERIS (BEAM45.2) (Brockmann

2003) for re-interpretation. This review aims thow how the structure and

complexity of algorithms has evolved correspondmti the launch of newer ocean
colour sensors over time. Each method will be g, including the benefits and
limitations of each. Thereafter, the potential fisiure remote sensing detection will
be briefly discussed with regards to planned oaadour remote sensing platforms
yet to be launched. For coherence, methods disdusghin this chapter are grouped
under sub-headings of the remote sensing platf@mwhich they were developed.

This structuring approximately maintains chronotadjiorder.
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2.2 Photography of Trichodesmium from Platforms in Orbit

Although this review is concerned primarily withean colour remote sensing,
it is important to note that observationsTafchodesmiunfrom other Earth orbiting
platforms including NASA Space Shuttles and thernmational Space Station (ISS)
have been made. These observations have provistasular images which have
portrayed the distinct appearance of dense sudggeegations of richodesmiunand
have allowed a spatial measure of such events.

An image captured with a camera from the NASA Sp&bettle on 29
November 1983 revealed a large surface aggregatigohytoplankton within the
Capricorn Channel (23.5°S, 152.5°E) of the southiereat Barrier Reef, Australia
(Figure 2.1) (Kuchler and Jupp 1988). Strong cmstantial evidence suggested that
the observed phenomenon was a large surface agjgregaf Trichodesmium
Similarly, photographs from the ISS revealed lgsggtoplankton aggregations in the
Capricorn Channel also deemed toTreehodesmium Although such photography
provided valuable information regarding the spatatribution of Trichodesmium
surface aggregations, they provided little quatma information regarding
abundance. Unfortunately, space-borne photograpltopportunistic and does not
occur with a regular frequency suitable for monitgr seasonal fluctuations of
Trichodesmium population.  Moreover, photography from orbit offe little
information regarding low concentrations fichodesmiunwhich do not present in
such a conspicuous manner as dense surface aggnsgato provide regular, large-
scale spatial observations Bfichodesmiumocean colour remote sensing is an ideal

candidate.
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Figure 2.1: Photographs captured from orbit of auefaggregations deemed to be

Trichodesmiumin the Capricorn Channel of the Great Barrier Réefstralia. (a.)
Image from the NASA Space Shuttle captured on Ndwexm1983. Mission-Roll-
Frame details: STS009-35-1622, centred on 23.8351E. (b.) Image from the ISS
captured on 27 November 2002. Mission-Roll-Franataits: ISS005-E-21570,
centred on 24.3°S, 151.0°E. Images courtesy oflitege Science & Analysis
Laboratory, NASA Johnson Space Centatp(//eol.jsc.nasa.goN/length scale data

unavailable.
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2.3 Bio-optical properties of Trichodesmium spp.

The following section describes the absorption andttering properties of
Trichodesmiumas well as its radiometric properties. Althoubl tontents of this
section do not explicitly refer to any particulaxean colour remote sensing algorithm,
it is important to become familiar with the bio-matl properties off richodesmiunas
they have significantly influenced the developmeat detection methods
(Subramaniam et al. 2002; Westberry et al. 2005).

2.3.1 Absorption

The spectral absorption propertiesTafchodesmiunhave been examined by
several authors (Fujita and Shimura 1974; Lewisletl988; Borstad et al. 1992,
Subramaniam et al. 1999a; Dupouy et al. 2008a). e pigment content of
Trichodesmiumcomprises Chla, carotenoids and phycobilipigmeetulting in a
unique absorption spectrum (Subramaniam et al. &99&arly work conducted by
Fujita and Shimura (1974) identified peaks in thsaaption spectrum characteristic
of phycoerythrin, phycocyanin, Chla and carotenoid$lore recent studies of
Trichodesmiumabsorption were conducted by Subramaniam et al99dp and
Dupouy et al. (2008a) who used the quantitatierfitechnique (QFT) to determine
absorption coefficients (Mitchell 1990; Mitchell at. 2003). Subramaniam et al.
(1999a) determined the chlorophyll-specific absorptfor Trichodesmiuncolonies
over a spectral range of 400 - 750 nm and usedus<sEm decomposition method
similar to that of Hoepffner and SathyendranatO@)o determine the contribution
of individual absorbing pigments to the entire $pen. The results of Subramaniam
et al. (1999a) indicated tha@tichodesmiunexhibits distinct absorption peaks centred
about 425 and 676 nm associated with Chla and pssaksed around 463, 496, 545,
578 and 621 nm corresponding to carotenoids, phgbdin (PUB),
phycoerythrobilin (PEB), phycoerythrocyanin (PECand phycocyanin (PC)
respectively (see Figure 2.2).

Dupouy et al. (2008a) measured the absorption spacof Trichodesmium
erythraeumcolonies over 300 - 700 nm and yielded similaultssto Subramaniam et
al. (1999a). Within the absorption spectrum, Dypet al. (2008a) noted strong

absorption peaks in the UV region centred abounB88@nd 360nm. These were
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previously identified by Subramaniam et al. (1992s) due to microsporine-like
amino acids (MAA’s) and palythene respectively. e3& photoprotective agents are
deemed necessary forichodesmiunsurvival in a high light environment and have
been reported to be present within the dissolvegmpint pool surrounding
Trichodesmium(Subramaniam et al. 1999a; Steinberg et al. 20@ypouy et al.
(2008a) made hourly measurements of the absorpgientrum during daylight hours
from 0900 — 1300 hrs. The results showed littlaiateon between hourly
measurements. Thus, the assumption of a constapedor the spectral absorption
coefficient was shown to be valid when parametegisiorward and inverse
Trichodesmiunspecific models. Figure 2.2 details the Chla #mecspectral

absorption coefficient ofrichodesmiunspp.

2.3.2 Backscattering

Optical backscattering ofrichodesmiumwas measured by Subramaniam et
al. (1999b) and Dupouy et al. (2008a). Subramamaaal. (2002) used a custom built
instrument whereas Dupouy et al. (2008a) used alldbb HydroScat 6 to measure
Trichodesmiunspecific backscattering coefficients. Both invgations showed that
the spectral backscattering coefficient ®fichodesmiumexhibited wavelength
dependence which was deemed to be a consequenih@odscent emission and
reabsorption of photons by accessory pigments ¢Bodmiam et al. 1999a;
Subramaniam et al. 1999b; Dupouy et al. 2008a)wd¥er, Dupouy et al. (2008a)
showed that the Chla specific spectral backscagecpefficient of Trichodesmium

by (4) could be fitted using the function

550) | 2.1]

b (1) = By (550) (7

The Chla specific backscattering coefficient Tasichodesmiummeasured by Dupouy
et al. (2008a) is shown in Figure 2.2.

The large magnitude of optical scattering exhibibgdTrichodesmiumhas
been discussed by several authors and is attribotdok presence of intercellular gas

vesicles which giveTrichodesmiuma high refractive index relative to seawater
(Subramaniam and Carpenter 1994). In addition, daekscattering ratidSD of

Trichodesmiunis estimated to have a value within the range @8- 0.028 (Borstad
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et al. 1992; Dupouy et al. 2008a). This indicatest between 1.8 and 2.8 % of total
light incident uponTrichodesmiums scattered in the backward direction. However,
further studies of the scattering propertied o€hodesmiunmare warranted to further

resolve backscattering and scattering coefficieatsd parameterise spectral

dependencies ify,.
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Figure 2.2: TrichodesmiunmChla-specific spectral absorption coefficient igdine)
(McKinna, unpublished data). Open circles repregbe TrichodesmiumChla-
specific backscattering coefficients measured»awsivelengths using a HOBI Labs
Hydroscat 6 instrument (Dupouy et al. 2008a). d@ashed line represents the spectral
backscattering coefficients fitted according to Bopra2.1.

2.3.3 Remote Sensing Reflectance Spectrum
A commonly measured radiometric quantity is theotsensing reflectance,
Rs. The spectral above-watBy(L) may be defined as the ratio of the water-leaving

radiancel.,, to downwelling irradianc&g just above the surfacé 0

R.(1)= 'E‘E;((i)) [2.2]
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The spectral distribution and magnitude Rf is dependent upon the IOPs of the
water column and can be related using the quadrelationship of Gordon et al.
(1988)

R.(4)=3 g [%} [2.3]

where g and g are constants (Gordon et al. 1988).

The R of Trichodesmiunwas first reported by Borstad et al. (1989, 1992)
and has been measured more recently by Dupouy €04l8a) and discussed by Hu
et al. (2010). Modelled values &s(1) for Trichodesmiumwere presented by
Subramaniam et al. (1999b) and also by Westberay. ¢2005; 2006). A plot of the
normalisedTrichodesmiunspecific Rs measured by Dupouy et al. (2008a) is shown
in Figure 2.3a. The remote sensing reflectance uneasent was made using an
Ocean Optics spectroradiometer for a moderate obrat®n of Trichodesmium
suspended in a Petri dish. A maximum reflectareakpvas evident at 593 nm, with
lesser peaks occurring at 524, 560 and 644 nm ctegply. A broad peak was also
present from 454 - 478 nm. The troughs within thectra occurred at 438 and 667
nm corresponded to absorption by Chla. Additiotralghs within the spectra
occurred at 494, 546, 568 and 630 nm corresponidirgpsorption by PUB, PEB,
PEC, PC respectively. Noteworthy was the preseheeaed-edge reflectance feature.
The red-edge feature was characterised by increafiedtance at wavelengths longer
than 700 nm. A similar, red-edge effect was notethe remote sensing reflectance
spectra offrichodesmiummeasured by Borstad et al. (1988) who suggestédhisa
spectral feature could be wuseful for identifying rface aggregations of
Trichodesmium

A Rs(1) spectrum of a dense surface aggregationlméhodesmiumwas
measured within this thesis using an above-watgretspectral radiometer (see
Chapter 3). This data is shown in Figure 2.3b irdatio the measurement made by
Dupouy et al. (2008a).
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Figure 2.3: (a.) Normalised remote sensing reflemaspectrum oTrichodesmium
measured by Dupouy et al. (2008a). (b) Normalisedote sensing reflectance of
Dupouy et al. (2008) in blue compared with a re¢flace spectra collected within this
thesis red (see section 3.2.3). Note a verticaledfapplied to separate the two spectra

for interpretive purposes.
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2.4 Satellite observations and Empirical Detection Algothms

Over the past three decades there have been a noindegellite radiometers
launched for the purpose of ocean colour monitoringhese instruments have
progressively changed in design and capability idiog more information about
oceanic processes on a synoptic scale to researcHher this section we will be
focusing only on ocean colour remote sensing plat$othat have been used for the
detection ofTrichodesmium

24.1 CZCS

The Coastal Zone Colour Scanner (CZCS) was launamedctober 1978
aboard the Nimbus-7 satellite and ceased operaitioh886 (Hovis et al. 1980; Kirk
1994). The CZCS detector had a 1 x 1 km pixel te¢goi and comprised four 20 nm
width bands in the visible spectrum centred on 4830, 550, 670 nm for
measurement of water-leaving radiandgs, The sensor also included a near-infrared
(NIR) waveband (700 — 800 nm) and an infrared wawmeb(10.5 - 12..um) for the
purposes of land/cloud detection and temperatusarsog respectively. The CZCS
was specifically designed as a proof-of-conceprumsent for remote sensing studies
of marine constituents and was used by severahresers as a means of mapping
Trichodesmiunabundance.

CZCS images of Trichodesmium in the south westacifi® Ocean

One of the first CZCS-observed instanceI nthodesmiunwas captured on
4 January 1982. CZCS imagery indicated large avedark and yellow discoloured
water in the region of New Caledonia and Vanuatuh@ south-western tropical
Pacific Ocean (see Figure 2.4) (Dupouy et al. 128§ ouy 1992). Typically, within
this region mineral turbidity is uncommon and ashsiDupouy et al. (1988)
concluded that the discoloured phenomenon was duéigh concentrations of
phytoplankton. Based upon regional knowledge oft@blankton ecology and
merchant ship observations of “red tides” concurreith the CZCS image, the
discoloured water was attributed to an elevatedndéuoce of Trichodesmium
(Dupouy et al. 1988). Dupouy et al. (1988) examitiee reflectance across all CZCS

bands for two situations: (i) pixels within the derichodesmiumaggregation (>
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20,000 trichomes 1), and (ii) pixels of oligotrophic, blue waters &kfrom a CZCS
image of the Sargasso Sea. Pixels correspondihggtoTrichodesmiumabundance
exhibited increased reflectance across all bandsp#»and 1 (443 nm), which was
lower in magnitude than blue Sargasso Sea pixEfss effect was likely due to high
scattering offrichodesmiundetected by bands 2, 3 and 4 and strong absoriptiie
blue region by Chla resulting in reduced refleceamcband 1. The area covered by
elevated Chla attributed fBrichodesmiunwas deemed to be 90,000 kimowever,
Dupouy (1992) remarked that only 10 per cent of Hrea consisted of bright linear
patterns consistent with surface aggregations. oDyet al. (1988) thus presented the
first quantitative estimate oflrichodesmiumspatial extent using ocean colour
imagery.

Discoloured waters around New Caledonia and Vanuagre further
examined by Dupouy (1992) by looking at a histdremahive of all CZCS images
from November 1978 — December 1984. This analgdiswed the seasonal
variability of highly reflective features and reg®of elevated Chla to be analysed.
Bright elongated, streaky features were evidenthan majority of Austral Summer

images and were attributed to elevated abundaricBschodesmium
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Figure 2.4. (a.) Un-projected, quasi-true colourG&image captured over New
Caledonia (bottom left, outlined in red) and thenVatu Archipelago (centre) in the
south-western tropical Pacific Ocean. At the cewir the image (21°S, 168°E) is a
mass of discoloured, green/yellow water which wiaisbated toTrichodesmiunby

Dupouy et al. (1988). White patches in the image @nvective clouds. (b.) A
projected, Chla pigment concentration (mg Chld map of the CZCS scene, cloud

and land appear black.
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CZCS images of Trichodesmium off the west codatl

The presence of a largeichodesmiunsurface aggregation off the west coast
of India using the CZCS was examined by Borstaal.ef1992). Within this coastal
region, densdrichodesmiunsurface aggregations had previously been reporyed b
Devassey et al. (1978) and the spatial featurdgmibhe CZCS image were consistent
with that of elevatedrichodesmiumabundance. Borstad et al. (1992) reported the
CZCS imagery had high,, values for the 520nm and 550nm wavebands whist th
magnitude olL,, at 443nm was slightly reduced. These observati@re consistent
with those of Dupouy et al. (1988). The CZCS imagscribed by Borstad et al.
(1992) has been reproduced in Figures 2.5 and Phgse images lead Borstad et al.
(1992) to surmise that high scattering particulabatter with high pigment
concentrations were present adjacent to the Inchastline. On the assumption that
these highly reflective pixels adjacent to the #&mdiwest coast were indeed
Trichodesmium Borstad et al. (1992) estimated the area occudigd the
cyanobacteria to be approximately 20,000°kmHowever, the highly reflective
features in the western Arabian Sea were deeme#elynito be Trichodesmium
(Figures 2.5 and 2.6). Borstad et al. (1992) ssiggkthat these features may instead
represent coccolithophores which are known to bancon within the Arabian Sea
(Guptha et al. 1995; Andruleit et al. 2003).

The CZCS image examined by Borstad et al. (1992)rnwdea- truths and
relied upon circumstantial evidence to infer thae thigh scattering, strongly
absorbing features observed wa&rechodesmiuum Figure 2.6.d indicates regions of
elevated concentrations of Chla (zdL™) adjacent to the Indian coastline which may
be indicative ofTrichodesmiumabundanceUnfortunately, parts of the west Indian
coastline are also characterised by high concémtsatof suspended sediment and
coloured dissolved organic matter (CDOM) (Menorale2005) which are known to
confound CZCS Chla retrievals (Tassan 1988; Cardalr £989).
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Figure 2.5: A quasi-true colour CZCS image of thhalAan Sea captured on 28 March
1979. The west coast of India is on the right ide of the image. A high suspended
sediment load is evident extending from the GulKbambhat (20°N, 72°E) (denoted

+). Along the western continental shelf of Inddiaght green water was interpreted as
high concentrations ofrichodesmium The left side of this image shows highly

reflective, milky coloured water which was potehyia coccolithophore bloom.
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Figure 2.6:CZCS image of the Arabian Sea from 28 March 191fh-iages a, b
and c represents the normalised water leaving maedgat 443, 520 and 550 nm

respectively. (d) CZCS map of Chla concentrationRegions containing
Trichodesmiunwere assumed to be adjacent to the western Co&stiaf(right hand
side of each sub-image). Black pixels correspandand, cloud, or pixels with
saturated radiances and/or algorithm failure.
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An empirical Trichodesmium detection method usidgs&

Subramanium and Carpenter (1994) developed theefnpirical method for
detection ofTrichodesmiunblooms using three CZCE, bands: 440, 520 and 550
nm and the derived Chla concentration. Unlike jinev observations, the algorithm
of Subramaniam and Carpenter (1994) provide an naated, unsupervised
computational method foifrichodesmiumdetection using CZCS imagery. The
empirical detection scheme presumi@cchodesmiunwould exhibit high reflectance
across CZCS bands due to the presence of intderetjas vacuoles with a slight
reduction in reflectance at 550nm because of akisarpy phycoerythrin. Notably,
this was contrary to previous work by Borstad et (4092) who reported high
reflectance across all bands, with a reduction 48 4m for a presumed
Trichodesmiumbloom adjacent to the Indian coast (see sectionlR.Ahus, an
empirical classification scheme was developed whieled upon the difference
between the 520 and 550 nm bands and the differesivecen the 440 and 550 nm
bands. Through a series of empirical manipulatiangrotocol pixel valueRPV) for
Trichodesmiundetection was derived

PPV=(m)*('m) Chi [2.4]

Where, m, =[ L, (520) - L, (559 |x 3¢ and m, =| L, (440)- L,(559 |x 11(

When the algorithm was applied, a high PPV idesdifthe presence of a
Trichodesmium Subramaniam and Carpenter (1994) examined DEEeS images
which had accompanying literature reports of defsehodesmiumaggregations
present at the time of satellite flyover. The alhpon worked well where dense
concentrations ofrichodesmiunwere reported such as off the west coast of Alistra
(Figure 2.7) and within the Gulf of Thailand.
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Figure 2.7: CZCS Image of the west coast of Austfabm 1 November 1980. (a.) A
quasi-true colour image reveals bright green pataugacent to the coastline around
Barrow Island and the Dampier Archipelago. (b.LAla map of the region and (c.)
the PPV map oTrichodesmiunabundance shows high values around Barrow Island
and the Dampier Archipelago as reported by Subraamaand Carpenter (1994) and

also offshore from Eighty Mile Beach.
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For a CZCS image of the Gulf Streamrichodesmiunwas in concentrations
assumed too low for PPV detection (< 1 color¥).L The Gulf Stream CZCS image
sea-truth observations reported that diatoms andfldgellates dominated the water
column. Thus, the Gulf Stream CZCS image was usqdstify the PPV as being
robust against false-positive retrieval of thesen-machodesmiumphytoplankton
groups. The study also examined if the P&yorithm could be confounded by a
highly reflective coccolithophore bloom within thEnglish Channel where no
Trichodesmiumwas present. When applying the PPV algorithm otee
cocolithophore bloom, the centre of the bloom wagcessfully non-detected
however, at the edges a bright ring was evidentusTBubramaniam and Carpenter
(1994) conceded that the PPV algorithm was confednd regions where the ratio of
coccolithophore : Chla was low. It was noted ttied PPV was robust to high
suspended sediments and also shallow bathymetrgwettr, the PPV was not

effective when the CZCS Chla product was invalidaded.

2.4.1.1 CZCS Summary

The use of the CZCS scanner for the detectiofrichodesmiunprovided the
first chance at synoptic scale mapping of the éxtérthe cyanobacteria. However,
quantitative information regarding abundance hdwekiient uncertainties. Dupouy et
al. (1988, 1992) mapped elevated Chla concentstiteemed to be associated with
Trichodesmiunusing CZCS. However, the presencdnthodesmiuntould only be
inferred with supporting anecdotal evidence. Snhyl observations of
Trichodesmiunoff the west coast of India using CZCS by Borstadle(1992) were
inferred to beTrichodesmiunbased solely upon local knowledge Taichodesmium
variability.  Only Subramaniam and Carpenter (199tpvided a method to
discriminate Trichodesmiunvia the PPV algorithm. Within these studies, CZCS-
retrieved Chla concentrations were used in all istido infer Trichodesmium
abundance. However, the efficiency of the CZCSaGigorithm has been shown to
be compromised in optically complex coastal waf@iassan 1988). This is due to
spectral contamination from high levels of CDOM asuspended minerals which
adversely affect both the Chla algorithm and atrhesp correction of the CZCS
(Tassan 1988; Carder et al. 1989).
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To accurately quantify spatial distributionsTaichodesmiuniurther research
was required as well as improved ocean colour sengdthough the CZCS provided
almost a decade of ocean colour imagery, the needdditional spectral bands and
improved atmospheric corrections was essentiatiferdetection offrichodesmium
This was outlined by Dupouy et al. (1992) and Sular@iom and Carpenter (1994)
who indicated that a waveband in the region of 42®5 nm would be useful for the
detection of phycoerythrin pigments withifrichodesmium No issues regarding
CZCS atmospheric corrections ové&richodesmiumblooms have been discussed
within literature. Nonetheless, improved atmosfheorrectionsjn situ radiometric
measurements and accurate parameterisation ofidkheptical properties were noted
as necessary for improving ocean colour detectiofrichodesmiun{Borstad et al.
1992; Dupouy 1992).

2.4.2 SeaWiFS
The launch of the Sea-viewing Wide Field of View S&m(SeaWiFS) aboard

the SeaStar satellite on August 1997 provided ahmmeeded platform for ocean
colour remote sensing after the CZCS ceased opesatiSeaWiFS provided the user
community with global continuous data capture aigtitespectral bands. The whisk-
broom scanner design also provided a larger swatthwaf 2800 km compared with
1566 km of the CZCS. Overall higher signal-to-eeiatio (SNR) of spectral bands
and improved atmospheric correction procedures wapsrtant design features of
SeaWiFS. The SeaWiFS instrument undoubtedly prdvaleevolutionary platform
for ocean colour science and consequently therebeas much work done with
SeaWiFS data for the detectionTofchodesmium

The potential of SeaWiFS for sub-bloom Trichodesndetection

The first discussion of SeaWiFS for the detectionTathodesmiumwas
published by Tassan (1995) prior to the launch ef3kaStar satellite. Tassan (1995)
noted that the detection of thick, floating surfaaggregations offrichodesmium
using remote sensing should be rather straightiaw&owever, the ability to detect
Trichodesmiumat low, “sub-bloom” concentrations was more chadieg. Tassan
(1995) conducted an exploratory analysis to agbespotential of SeaWiFS to detect

Trichodesmiunat low concentrations in Case 1 waters using sitadldata. A three-
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component optical model (Sathyendranath et al. 1988s used to simulate
subsurface reflectance for bands 1 - 6 of SeaWiF®0 reflectance spectra were
simulated for Case 1 waters: one containiimnghodesmiunand a second containing
other naturally occurring phytoplankton. Modellimgas performed for increasing
Chla concentrations over a logarithmic intervahir6.1 — 1 mg Chla i The study
assumed thafTrichodesmiumwas dispersed with trichomes not clustering into
colonies, no photo-bleaching had occurred, and assmaccumulation on the surface
was present.

Tassan (1995) compared the spectral absorptigmicfiodesmiunreported by
Borstad et al. (1983p that of naturally occurring phytoplankton fronoépffner and
Sathyendranath (1992). Tassan (1995) indicated Thahodesmiumexhibited
absorption peaks at 494 and 541 nm associated phgicoerythrin; such features
were not prominent within the naturally occurrinigypoplankton absorption spectra.
Thus, aTrichodesmiumspecific detection algorithm was proposed basecd upe
ratio of two Chla values derived using two separateeval algorithms: & and G35
respectively. The £ algorithm was based upon SeaWiFS bands 3 and(®g49
555 nm) and designed to be insensitive to the medifferences between
Trichodesmiumand other phytoplankton (Tassan 1995). This wasbatéd to a
similarity between the slopes of thHegichodesmiumand phytoplankton absorption
between 510 and 550 nm (Tassan 1995). Conversel\Gt; 5 algorithm was based
upon SeaWiFS bands 2, 3 and 5 (443, 490 and 555amch)was deemed to be
sensitive to the presence of phycoerythrinTichodesmium The ratio of Gs to
C,35 was found to approach unity for waters containing Trichodesmium
However, as the concentration Bfichodesmiumncreased, the ratio of;gto G35
was found to depart from unity monotonically withcieasing Trichodesmium
specific Chla concentration.

The results of the modelling exercise showed thathodesmiummay be
discriminated at concentrations as low 0.1 - 0.3 Gfga m°. However, Tassan
(1995) conceded the model used in the study was siveplified. Furthermore,
Tassan (1995) cited that with more experimental,dht method could be revised.
Unfortunately, there is no record of the Tassan %)9®ichodesmiumalgorithm
being implemented with actual SeaWiFS data. Thusgadistic evaluation of its

performance cannot be commented upon.
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Trichodesmium Chla enrichment in the south westfiea@cean

Trichodesmiumabundance within the south western tropical Pacfeean
was further examined by Dupouy et al. (2000) uSegWiFS derived Chla data and
sea-truth observations. Investigations of SeaWd&ta from the Austral Summer of
1998, revealed elevated Chla levels between Newddala and Vanuatu centred on
19°S, 165°E. This chlorophyll enrichment was estadab have a spatial extent of
about 300,000 kfand was very similar to CZCS observations desdrireviously
by Dupouy et al. (1988; 1992). Dupouy et al. (2080amined a two year time series
of SeaWiFS Chla data bounded between latitudes 206 15°S and longitudes
152°E and 150°W over the period of September 198pr# 1999. It was found that
the regions of Chla enrichment were recurrent aastetl for up to 6 months.
However, such regions were limited between 160°E Br6fE. Independent sea-
truth observations by the French Naval base of Kaledonia reported large yellow
surface meanders extending up to 100 nautical naehe north and east of New
Caledonia, suggesting that elevated Chla within\\BE& images were due to
Trichodesmium In addition, surveys ofrichodesmiunabundance conducted during
March-April 1998 to the East of New Caledonia preddfurther argument that
recurrent Chla enrichment was due to fluctuatiamsTiichodesmiumabundance.
Dupouy et al. (2000) reiterated that in order thieee accurate ocean colour remote
sensing ofTrichodesmiuma full understanding of the bio-optical propestief the
cyanobacteria was required. Such studies of btmapproperties were undertaken
by Subramaniam et al. (1999a, 1999b) and Dupoay. ¢€2008a).

A Trichodesmium specific classification schemeSeaWiFS

Following studies involving the CZCS and investigas of bio-optical
properties, Subramaniam et al. (2002) developedassification scheme for the
detection of Trichodesmiumusing five bands of SeaWiFS. The empirical
classification scheme was developed to idenfifsichodesmiumin moderate
abundance, having a Chla concentration between @6 mg Chla M. TheRs
spectra offrichodesmiumand other phytoplankton were modelled at 412, 448,
510 and 555 nm corresponding to SeaWiFS bands. ellitogl of Rs followed the
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method of Subramaniam (1999b) whereRy,is proportional to the ratio of the total

backscattering coefficient, to the total absorption coefficieat

R, = 0.10792—0. [2.5]

Values ofRs were modelled for Chla concentrations ranging fag— 10 mg
Chla m® and were converted to normalised water-leavingarag (nLw) values by
multiplying by the appropriated value of solar di@nce for a given wavelength
(Subramaniam et al. 2002).

Sea-truth observations @fichodesmiunwere made during a research cruise
in South Atlantic Bight from 27 October — 13 Novesnb1998. Surface
concentrations offrichodesmiumwere noted during this cruise and were used to
confirm that highly reflective features visible iBeaWiFS imagery were
Trichodesmiunsurface aggregations. The modelled nLw values wengpared with
SeaWiFS nLw values captured on 30 October 1998 avegion centred on 29.1°N,
80.2°W identified as containingrichodesmium From both modelled and SeaWiFS
observed nLw data it was determined that in thegaree offrichodesmiunvalues of
nLw(490) were greagter than 1.3 mW Tam™ srl. In addition, nLw(490) values
were greater in magnitude than nLw(412), nLw(448) aLw(555). Modelled results
also indicated that fofrichodesmiumthe value of nLw(510) was always greater in
magnitude than nLw(443). Thus, a spectral shapenpeter [nLw(490) -
nLw(443)]/[nLw(490) — nLw(555)] was determined. @&de three criteria were
combined to develop &richodesmiunspecific classification scheme. A pixel was
classified as containingrichodesmiunif the following three criteria were met:

nLw(490) > 1.3 mW crifum/sr and nLw(490) > nLw(412), nLw(443), nLw(555)
nLw(510) > nLw(443), and
0.4 < [nLw(490) — nLw(443)]/[nLw(490) — nLw(555)] 8.6

The classification scheme was tested on four Se8Wfitages of the South Atlantic
Bight from 25, 28, 30 October 1998 and 1 Novemi®@98l The results revealed
spatial features consistent with those ofrechodesmiunsurface aggregation (see
Figure 2.8). The surface aggregations appearaceedin intensity by 1 November,
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at which stage sea-truth observations recor@iadhodesmiumin the immediate
vicinity.

It was noted that modelled values of nLw(555) weareer-estimated,
potentially due to over-exaggerated phycoerythrimorescence. Moreover,
Subramaniam et al. (2002) noted tHaichodesmiunspecific hyperspectral nLw
features including peaks at 470 and 530 nm andceedoLw near 510 nm could not
be resolved using the five SeaWiFS bands. Potettisfounding affects such as
bottom reflectance in shallow water regions wer@mielted by applying a
bathymetry mask which removed pixels with watertdspess than 30 m. However,
the algorithm yielded a false-positive from theioegof the Little Bahamas Bank
which is a highly reflective feature (see Figur@.@)

An adapted version of the Subramaniam et al. (208@prithm was
incorporated into the SeaWiFS Data Analysis SysteEADAS) (Baith et al. 2001)
software distributed by the Ocean Biology Procasgsnmoup, Goddard Space Flight
Center (NASA). The algorithm was incorporated agiality control flag to indicate
if a level-2 ocean colour product was potentialpntaminated by the presence of
Trichodesmium(Hedge et al. 2008). Hedge et al. (2008) used SEADAS
Trichodesmiunflag to study the occurrence dfichodesmiumn the Bay of Bengal
using SeaWiFS image from 1997 to 2003. Althougis study did not focus on
algorithm development, it demonstrated how a slatalrichodesmiumremote
sensing could be applied in a useful way. The wofkHedge et al. (2008)
successfully determined a month-by-month climatglofthe spatial distribution of
Trichodesmiumwhich was then linked with information regardingaseurface
temperature, nutrient regime and ocean curremtsaddition, the study validated the
algorithm successfully using SeaWiFS match-up stementaining in situ
observations ofTrichodesmium Furthermore, Hedge et al. (2008) found the
algorithm did not yield false-positive retrievalsr fpixels which were known not to

containTrichodesmium
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Figure 2.8: A SeaWiFS image of the South Atlantighi8 on 30 October 1998. (a.) A
quasi true colour image the, bright green coloarais evident off the coast of Cape
Canaveral (denoted +). Little Bahamas Bank camsdsn in the bottom right hand
side. (b.) A Chla map of the region and (c.) thébr@manian et al. (2002)
Trichodesmiuntlassification scheme applied to the scene. Tlshathred ellipse

shows, the location of high concentrationsToichodesmiumthe solid red ellipse

shows the top of Little Bahamas Bank. The whitelpas within images (b.) and (c.)
correspond to clouds and atmospheric interference.
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Radiance Anomaly Spectrum: an adapted Physat dfguori

Dupouy et al. (2008b) further investigated remagesing ofTrichodesmium
in the south-western tropical Pacific Ocean. Rresty developed algorithms for the
detection ofTrichodesmiumwere identified as inappropriate within the soutkive
tropical Pacific Ocean. In particular, global aigums failed to resolve well
documented summer-time Chla maximums dueltichodesmium(Dupouy et al.
2008b). Thus, Dupouy et al. (2008b) used an adamesion of the Physat algorithm
(Alvain et al. 2005). The adapted Physat algorithias implemented using eight
years of SeaWiFS imagery with corresponding sedaseir observations of
Trichodesmiumabundanceacquired from the French Navy. Thus, the first
comprehensive time series ifichodesmiunabundancevithin the south west Pacific
Ocean was reported.

The Physat algorithm formulates specific water-leguadiance nLw*() for
each wavelengths using the following equation Alweti al. (2005)

nLw* (A)=nLw(A)/{ nLw' (A, Chig) [2.6]
Where,<nLV\/ef (A, Chla)> is the averagaLw()) for a given Chla concentration. Thus

a look-up-table (LUT) ohLW®(%) as a function of Chla concentration is required.
The purpose of deriving the.w*(A) parameter is to remove first order variabilityedu
to Chla concentration and preserve spectral vditiaginh nLw due to non-Chla
pigments (Alvain et al. 2005). This approach igareded as being useful for
discriminating phytoplankton (Alvain et al. 2005Pupouy et al.(2008b) derived a
value of nLw*(}) based upon the diffuse attenuation coefficiend@@ nm (K490)

referred to as the radiance anomaly spectrum (RAS):

RAS: NLWy g0 (4) = nLw(A)/( nLw™ (1K 490) [2.7]
where, <nLWrEf (A, K490)> is the averagaLw()) for a given K490 value. Thus the

corresponding Physat LUT was made up m.fwhgo(/]) values as a function of

K490. The perceived benefit of using K490 as apdow Chla, was to reduce
potential discontinuities associated within Chlgoaithms (Dupouy et al. 2008b).
These discontinuities were thought to be sourcenh fswitching between three band
ratios that occurs within the OC4 Chla algorithnir¢dly et al. 1998; Dupouy et al.
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2008b). Unfortunately, it was unclear what mettigpouy et al. (2008b) used to
derive K490. Therefore, the specifics of the K4&@orithm cannot be further
commented upon.

To determine th&richodesmiunspecific RAS spectral shape, empirical and
statistical analyses of SeaWiFS imagery were pewdrusing ten summer scenes of
the tropical south-western Pacific (Dupouy et &0&b). Preliminary analysis of
SeaWiFS imagery showed that pixels identified ugheg RAS Physat algorithm as
containing Trichodesmiumagreed with observations made by the French Navy.
Furthermore, these pixelsad little dependence upon Chla concentration. The
adapted Physat algorithm was then applied to thieeeseries of SeaWiFS data from
1999 — 2004, and restricted to a spatial domainoaading the tropical southwest
Pacific (latitude: 5°S — 25°S; longitude: 150°E90IE). A time series plot showed a
distinct seasonality in the percentage of pixelsentdied as containing
Trichodesmium An annual Austral summer maximumTnchodesmiunabundance
was evident which represented between 0.2 - 0.5 & pixels in the domain during
1999 - 2004. Although the percentage cover of slienmer Trichodesmium
abundancédentified with the RAS Physat algorithm were Idypouy et al. (2008b)
noted that the results were higher than those e@msing the method of Westberry et
al. (2006) (see section 2.5).

Although the RAS Physat algorithm performed welthe south west Pacific
Ocean, it remains uncertain if this approach idagly applicable. However, the
work of Dupouy et al. (2008b) highlighted the betsedf having large volumes af
situ observations when developing achodesmiunspecific algorithm.

2.4.2.1 SeaWiFS Summary

SeaWiFS provided a rich global data set for whiekiesal Trichodesmium
detection methods were developed. All these dlyos were based upon level-2
(L2) derived products such as nLw, Chla concemmatand K490. Thus, the
aforementionedTrichodesmiumspecific SeaWiFS algorithms are only applicable
where L2 products are valid. This becomes pertifien dense concentrations of
Trichodesmiumwhich can hinder atmospheric correction or may kstaken for
clouds and masked out. This can lead to errone@ysoducts or in worse cases, L2

algorithm failure with flow-on effects térichodesmiunspecific retrieval algorithms.
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Research using SeaWiFS imagery also identified Ifigbattering features
such as coral reefs, sediments and bottom refleetas possible sources of false
positive retrieval. Thus, appropriate measuregliminate potential confounding
effects were introduced, including masking of shallwater pixels (< 30 m).
Unfortunately, bathymetry masking precludes mangstal and shallow shelf seas
from being analysed. For examplgjchodesmiums known to be common to the
Great Barrier Reef (GBR), Australia . However, mpgmately half the GBR has
bathymetry less than 30 m (Furnas 1992; Lewis 2@0M) is thus excluded from
analysis. Therefore, improved methods for idemtdysources of false positive
retrievals are warranted such that coastal watensbe analysed. However, upon
solving this problem the dilemma of optically complCase 2 waters remains. In
Case 2 regiongrichodesmiunalgorithms developed for oceanic Case 1 waters may
no longer be applicable. Additional data suchagulde, wind speed, sea surface
temperature (SST) and nutrient regimes may be tsegeographically constrain
algorithms to locations likely to contaifirichodesmiumand reduce false positive
retrievals (Westberry and Siegel 2006).

The spatial and spectral resolution of SeaWiFS Mastified as a limiting
factor upon the development dfichodesmiunspecific algorithms. This issue of
spatial patchiness was addressed by Subramaniam @002) who found that the
Trichodesmium classification algorithm identified fewer than egpesd highly
reflective SeaWiFS pixels. This was consideredda consequence of the sub-pixel
scale (< 1 km) offrichodesmiunsurface aggregations. In effect, the spectral wate
leaving signal from a 1 x 1 km SeaWIiFS pixel wasombination of patches of
Trichodesmiunand the water in between. To resolve the issuspettral smearing,
future sensors with finer spatial resolutions agquired. A benefit of SeaWiFS
sensor design was the inclusion of a band at 490wiich, as suggested by
Subramaniam and Carpenter (1994), may have assistethe detection of
phycoerythrin pigments. However, a band correspando a characteristic
Trichodesmiumeflectance peak around 580 nm (see Figure 2.3)neascluded in
SeaWiFsS.

Another important legacy of SeaWiFS was the pradnabdf extensive quality
control and assurance documentation - The OceaicOprotocols for Satellite
Ocean Colour Validation. These protocols wererithsted for the purpose of

providing guidelines to ensure accuracy and cagstst when collectingn situ data
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for algorithm development and validation. With pest to optical studies of
Trichodesmiumthe NASA Ocean Optics Protocols ensure thatudliré bio-optical
and radiometric measurementsloichodesmiunare globally consistent.

243 OCM

The Ocean Colour Monitor (OCM) was an experimers@hsor launched
aboard the IRS-P4 satellite by the Indian Space&ehk Organisation (ISRO) in May
1999 (Suresh et al. 2006). The OCM provided alamsipectral band resolution to
SeaWiFS, however the OCM differed in sensor desifime OCM design was that of
a pushbroom linear array, having a swath width 4201 km (Suresh et al. 2006)
whereas SeaWiFS has a whiskbroom-type scanneransvath width of 2800 km.
The primary advantage of the OCM was its local aceaerage (LAC) pixel
resolution of 360 x 360 m compared to SeaWiFS LAX&Ipresolution of 1 x 1 km
(Suresh et al. 2006). Thus, the OCM held promieesgesolving fine-scale spatial
features such as surface aggregationbrichodesmiunwhich would be of sub-pixel
scale for SeaWiFS. As such, the OCM was used sergbTrichodesmiunalong the
Indian coastline and shelf waters.

During late April/early May 2002, Sarangi et al0(2&, 2005) observed highly
reflective features thought to be surface aggregatiof Trichodesmiumalong the
Suruastra Coast of Gujarat, India using OCM faldewr composite (FCC) imagery.
Top of atmosphere (TOA) radiances from the OCM N#Rd centred at 865 nm were
also used to examine highly reflective surfaceuestt. The TOA 865 nm radiance
imagery revealed fine scale spatial features sgchpaal eddies, parallel bands and
stripes (Sarangi et al. 2005). Such highly reflectspatial features were deemed
consistent with Trichodesmium and anecdotal sea-truth reports suggested the
observed features were indeddichodesmium Using the OCM TOA 865nm
radiances, Sarangi et al. (2005) observed the derednt of a surface aggregation
which spanned 200 km parallel to the Saurastra tCedk a width of 15 km and
lasted for about 10 days. These observations @mgited those of Borstad et al.
(1992) made using the CZCS.

Desa et al. (2005) further examined OCM imagery Tofchodesmium
abundance adjacent to the Indian coastline neard@oag April-May 2002. Within
this investigation Desa et al. (2005) applied thechodesmiumalgorithm of
Subramaniam et al. (2002) to OCM data. The metledtified streaky patches
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adjacent to the coastline with the longest beingkmdlong. SeaWiFS imagery was
also acquired during this period. THeichodesmiumclassification algorithm of
Subramaniam et al. (2002) was subsequently applicboth OCM and SeaWiFS
imagery. Notably, SeaWiFS data resolved less apdditail than OCM imagery and
could not identify features located near to shor&his was likely due to the
differences in sensor design between SeaWiFS ant.OC Particularly, pixel
resolution was thought to be the limiting factor fesolving fine scale spatial patches
of Trichodesmium This was emphasised by Desa et al. (2005) whedrntbat an area
observed by a single SeaWiFS 1 x 1 km pixel, wdddrepresented by nearly nine
OCM pixels. In situ sampling was also carried out by Desa et al. (RO@%vever,
regions ofTrichodesmiunsurface aggregations identified within the OCM imag
were not sampledln situ sampling during OCM overpasses did however vehét
regions abundant ifrichodesmiumdispersed through the water column were not

identified using the algorithm of Subramaniam e(2002).

2.4.3.1 Summary of OCM

The OCM provided a useful means for visualisingtisyh patterns of highly
reflective features which were interpreted toTseehodesmium The 360 x 360 m
pixel resolution of the OCM allowed fine scale, glapatterns such as stripes and
swirls to be resolved consistent with surface agaiens of Trichodesmium
However, as sea-truth observations were not avejlabese features could not be
definitively classified asTrichodesmium The issue of spatial patchiness hindering
ocean colour detection ofrichodesmiumwas highlighted by Subramaniam et al.
(2002) and seems to be illustrated well by theardeof Desa et al. (2005).

Unfortunately quantitative values of Chla conceinres derived from OCM
data in the presence dfrichodesmiumproved to be problematic. Investigations
comparing OCM derived products wiih situ Chla data indicated that the empirical
band ratio Chla algorithms OC2 and OC4 v4 weresuitiable in regions of dense
Trichodesmiunsurface aggregations (Chauhan et al. 2002). Tédtseof Chauhan
et al. (2002) indicated that Chla was consisteatigr-estimated. In addition, it has
been shown that simple band ratio type algorithmes adversely affected within
coastal Case 2 waters (IOCCG 2000). Thus, witpitically complex coastal areas,
other approaches such as physics-based, bio-optigatsion models are more

appropriate (IOCCG 2000). In addition, the OCM wmasexperimental sensor and as
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such, contained several inherent technical issues as low signal-to-noise ratios for
all spectral bands when compared to those of Se@WIBPCM imagery also was
known to contain striping artefacts. However, stigations undertaken using the
OCM highlighted the significance of spatial resmotwhen detectingrichodesmium

surface aggregations.

2.4.4 MODIS

The Moderate Resolution Imaging Spectroradioméd#d[DIS) was launched
aboard NASA’s Earth Observing Satellites (EOS):rdeand Aqua. The Aqua
satellite was launched in May 2002 with a MODISsserdedicated to ocean colour
observations. MODIS is a whiskbroom sensor withnath width of 2330 km and
eigth spectral bands in the visible domain dedic&beocean colour.

At present only one ocean colour algorithm has lmreloped for detection
of Trichodesmiunusing MODIS. This algorithm is based on the flogtalgae index
(FAI) of Hu (2009). The floating algae index expdostrong water leaving radiance
values in the near-infra red (NIR) exhibited by msarface phytoplankton,
cyanobacteria and floating vegetation such as Saoga (Hu 2009). The dedicated
ocean colour bands of MODIS have a 1 x 1 km pigsblution. However, non-ocean
colour bands designed for land remote sensing pespbave finer spatial resolutions
of either 500 x 500 m or 250 x 250 m resolutionaffzr et al. 2006). Although the
non-ocean colour bands have slightly lower sigoakgise ratios, they have been
shown to be useful for the purpose of ocean calemnote sensing (Miller and Mckee
2004; Franz et al. 2006).

Hu et al. (2009) found that high concentrationsloating algae within the
marine environment have a strong water-leavingarazé signal at the 859 nm
MODIS band. The 859 nm band of MODIS has a 25G@& & resolution and can
thus resolve fine scale spatial structures of iigamarine vegetation (Hu 2009). The
FAI algorithm was defined as the magnitude of wtface at the 859 nm band
relative to a linear baseline interpolated betwaead band (645 nm) and a shortwave
infrared (1240 nm) band. Thus, the FAI algorithiveg positive values where there
are high concentrations of floating vegetation.

The FAI algorithm was used to identifirichodesmiumin the southwest
Florida Shelf within MODIS images captured on 21gast 2002, 17 September
2002, 22 May 2004 and 4 August 2007. The multibeamote sensing reflectance
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spectra were examined for those pixels with high ¥#lues. The MODIS spectral
curvature followed a sawtooth pattern of high-logHilow-high at 469-488-531-
551-555 nm bands respectively. Sensitivity analydentified that this spectral
pattern was unlikely to be due to sensor calibragoors. Furthermore, this pattern
complementedn situ hyperspectral remote sensing measuremenisicfiodesmium
surface aggregatiomaeasured in waters of the Florida Keys and alséhsouPuerto
Rico (Navarro 1998; Hu et al. 2010). Thus, Hulef2010) proposed that a two step
approach could be used to detédachodesmiunsurface aggregations. First, waters
with high FAI values are identified and secondlige tspectral curvature of the
MODIS remote sensing reflectance is examined betwlé® and 555 nm for a pattern
consistent with that offrichodesmium The method was tested by examining the
MODIS spectral reflectance curvatures over otheatihg algae SargassumUIlva
prolifera and Microsytis aerugiono¥dhat also give high FAI values. These floating
algae did not exhibit the same spectral reflectgratéern asfrichodesmium Thus,
the unique spectral patterns observed in MODIS Ipix&er Trichodesmiumwere
thought to be able to discriminate the cyanobaztesll.

2.4.41 FAl Summary

The FAI method was successfully applied for detectirichodesmiumn the
South Atlantic Bight and waters adjacent to ther&stwa Coast, India where the
cyanobacteria has been observed previously usin@SCZSeaWiFS and OCM
imagery respectively (Subramaniam et al. 2002; ri@arat al. 2005). The spatial
structure of these FAI features were consistenh liose ofTrichodesmiumand
included wind rows and eddy swirl patterns. Howetkeese FAI images were not
validated with sea-truth observations. In additibre FAI method was limited in its
ability to detectTrichodesmiununless a surface aggregation was present withgstron
NIR reflectance. Thus, sub-surface and dispersedentrations off richodesmium
can not be detected using the FAI algorithm, inchlgase other approaches must be
applied. The FAI detection method also does novided a quantitative measure of
abundance and can only serve as a method for ymgitilagging MODIS pixels
containing surface aggregationsioichodesmium
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245 MERIS

The Medium Resolution Imaging Spectroradiometer RVE) aboard the
European Space Agency (ESA) ENVISAT was launchetlaich 2002. MERIS
provides nine spectral bands in the visible regiba LAC resolution of 300 x 300 m.
The design of MERIS is that of a pushbroom sensdh Wiive modules each
containing a charge-couples-device (CCD) array Wwhigsults in a swath width of
1150 km which is slightly less than that of MODISlowever, MERIS benefits from
finer pixel resolution and slightly higher radiometresolution.

At present, a dedicate@irichodesmiunspecific retrieval algorithm has not
been designed using MERIS. Nonetheless, the 70%amd of MERIS is ideally
suited for observing the red-edge reflectance featd near-surface phytoplankton
blooms and floating vegetation suchSargassunf{Borstad et al. 1992; Gower et al.
2006). To exploit this, Gower et al. (2005) deyeld the maximum chlorophyll
index (MCI) which is analogous to the FAI. The M&imputes the height of the 709
nm band relative to a linear baseline interpoldtetiveen the 681 and 753 nm bands
(Gower et al. 2005). To eliminate land, cloud,éand sun glint, pixels with a top of
atmosphere (TOA) radiance greater than 15 msnt nm* at 865 nm were ignored
(Gower et al. 2008). A high, positive MCI valuesn@deemed to be indicative of high
concentrations of near-surface or floating phytoktan (Gower et al. 2005; Gower et
al. 2008). A major benefit of the MCI method is itse of TOA radiances. This
negates the concern of poorly performing atmosphenrrections in optically
complex waters.

Global 5 km resolution MCI composite imagery wabl@hed by Gower et al.
(2008). A time series of a cyanobacterial blooraletron within the Baltic Sea was
presented as well as a “superbloom” of phytoplamkitothe Weddell Sea, Antarctica
(Gower et al. 2008). The global composite imagdsp revealed strong MCI values
within the Great Barrier Reef, Australia on 21 &7dAugust 2006. The Blooms from
Space website (http://www.bloomsfromspace.org/s@néed a further example of
MERIS MCI imagery within the Great Barrier Reef, sialia on 5 October 2008.
Within these two images the positive MCI signalgevikely due to dense surface
aggregations offrichodesmiumhowever, no sea truth data was cited. Notably, th
coral reef structures were also identified wittie MCIl image. The 5 October 2008

MCI image of the Great Barrier Reef has been rajpred in Figure 2.9.
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2.4.5.1 MCI Summary

Although useful for mapping the spatial extent a§hhconcentrations of
phytoplankton biomass, the MCI at present cannofinitigely discriminate
Trichodesmiunfrom other phytoplankton and floating vegetatioglsasSargassum
(Gower et al. 2006). Unlike the FAI method of Huaé (2010), the MCI approach
does not consider spectral shape of the nLw sitprathe purposes of identifying
Trichodesmiunspecific features. In addition, the MCI does nmvide a quantitative
measure of biomass. Gower et al. (2008) statddhbkaadiance maximum at 709 nm
is indicative of phytoplankton biomass in exces8®fmg Chla . However, apart
from this threshold value, the magnitude of MClmainbe converted into quantitative
units of Chla concentration.

The MCI approach also appears to yield false-pasitietrievals in the
presence of coral reef structures (see Figure &#fl)benthic vegetation in shallow
waters (Gower et al. 1999; Gower et al. 2005). sTissue is pertinent to the tropical
south-western tropical Pacific and Great BarrieefReGower et al. (2006) showed
that there was a discernable difference betweenTt®A water leaving radiance
spectra ofTrichodesmiumand coral reefs. Thus it should be possible tovdea
threshold value or spectral criteria to mask oualkceefs within MCI images.
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MCI [mW/{m*2 sr nm)]

A A A
-1.98 -159 -1.21 0.82 044 0.06 033 071 1.1 148 187 225 264 3.02

Figure 2.9: (a.) Quasi true colour MERIS imagehsf Great Barrier Reef captured on
5 October 2008. The yellow ellipse shows highlffetive brown streaks offshore
from Shaolwater Bay. (b.) The corresponding MERISI image, bright features
correspond to brown streaks present in the trueucomage and indicate high near-
surface Chla concentrations. Note the MCI indeso atlentifies highly reflective

coral reef structures.
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2.5 Global Trichodesmium Algorithms

The launch of ocean colour satellites with sevegactral bands, such as
SeaWiFS, MODIS and MERIS has provided an opponunit researchers to develop
physics-based ocean colour inversion algorithmschSlgorithms can determine an
appropriate combination of IOPs that explain theembed water-leaving radiances.
Such algorithms/models are based upon the phydioadiative transfer theory.
Physics-based models aim to provide a “one-sizedlit approach so that accurate
global retrievals are possible for Case 1 watensl sometimes optically complex

Case 2 waters.

2.5.1 Adapted GSM01 Model

The semi-analytical, Garver, Siegel and Maritoré@&MO01) ocean colour
inversion algorithm (Maritorena et al. 2002) wasp@ed by Westberry and Siegel
(2005) for the purpose of Chla-specific, quantaiietection offrichodesmium The
GSMO1 algorithm, utilised the empirical relationsibetween IOPs arfds of Gordon
et al. (1988)

R.(4)= Z g [%} [2.8]

where g and g are constants (Gordon et al. 1988). The bulk I0fPabsorptiona,
and backscatterindy,, are the sum of the individual absorption and beakering

coefficients of constituents within the water colum
a(A)=3,(1)+a,(A)+ a,(1)+ a; (1) [2.9]
b, (A)=h, (A)+h,(A)+ b, (1) [2.10]
where the subscripts, @, dg, p andtri refer to pure water, phytoplankton, coloured

dissolved and detrital matter, particulate mattet Brichodesmiunmespectively (Kirk
1994; Westberry et al. 2005). The absorption aiadtering coefficients of pure water
are constants which are well defined within theréture (Smith and Baker 1981;
Pope and Fry 1997).

The GSMO01 algorithm determines the optimal selQR koefficients required
to fit Equation 2.8 to an observ&y; spectra (Maritorena et al. 2002). The standard

GSMO1 algorithm uses a pre-defined spectral shalpaq,f()l) and does not consider
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the backscattering coefficient of phytoplanktdngw(/i) separately from the total
particulate backscattering coefﬁciebgp(/i) (Maritorena et al. 2002). Furthermore,
the magnitude of, (1) andh,,(A) are both dependent upon Chla concentration,

a,(A)=Chla g,(1) [2.11]

b, (1)=0.416 Chlélm{ 0.002 0.02 0.25 log CI)E'PAE)H, [2.12]

where, a;(/i) is the Chla specific phytoplankton absorption @ioeint which had its

spectral shape taken from Bricaud et al. (1995he $pectral shape o, (/1) is
modelled using the equation
3 (1) = () €577, [2.13]
where the reference wavelength,, is typically 443 nm and the spectral slope
coefficient,S, ranges between 0.010 and 0.035 m
The adapted GSMO01 model of Westberry and Sieged5P@dds two IOP

terms: theTrichodesmiuncthlorophyll specific absorptioa,, (/1) and backscattering

b . (/1) coefficients respectively taken from Subramaniamale (1999a, 1999Db).

Thus, the optimal solution of Equation 2.8 becormoae which explicitly contains

Trichodesmiumat some Chla-specific concentration (Westberrylet2005). The
magnitude of a; (1) and b, (4) are dependent upon th&richodesmium
concentration denoted Tri,

a,; (A)=CTri g (1), [2.14]

b, (1) =G Tri B, (1), [2.15]
where, G = 0.7097 and €= 0.2864 were optimal coefficients determined wigri
model tuning.

The Westberry and Siegel (200%jichodesmiunspecific GSMO01 algorithm
was trained using 130n situ radiometric measurements which were collected
alongside quantitative measures Dfichodesmiumabundance. These data were
sampled from the Sargasso Sea, the tropical Atlddtiean, southwest Pacific Ocean
and Arafura/Timor Sea.Trichodesmiumconcentrations within the data set ranged

between 0 — 11,000 trichome® équivalent to a Chla concentration range of 0 9 0.8
mg Chla n? (Westberry et al. 2005). An independent validatitata set was
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constructed from 142 level-3 (L3) global area cager (GAC) SeaWiFS images. Of
these 142 L3 GAC images, 77 were overpasses comdsm with thein situ
measurements previously mentioned, whilst the oBfercorresponded tn situ
observations of Trichodesmium made without corresponding radiometric
measurements (Westberry et al. 2005).

Initial inversion hind-casts showed poor predictsk@l and as such an iterative
approach was taken to tune the GSMO1 free paras€ierC, and S. However,
model tuning only marginally improved model perfamse yielding R= 0.3 for
observed versus predictdadichodesmiumabundance. Westberry and Siegel (2005)
conceded that the adapted GSMO1 had difficultiesquantitatively retrieving
Trichodesmiumabundance. Nevertheless, Westberry and Siegeb)Z)tbwed that
the adapted GSMO1 could instead be used to diswabmi the presence of
Trichodesmiunabove an arbitrary “bloom” threshold value of 32@i@homes L.
The algorithm was applied to tlre situ radiometric data set (n = 130) and re-tuned.
The results showed the algorithm could correctlgnidy 92 % of “bloom”
observations and 84 % of “non-bloom” observationghen applied to the L3 GAC
SeaWiFS validation set (n = 142), the adapted GSMI@brithm was found to
identify 76 % of “bloom” observations correctly antl % of “non-bloom”
observations. False positive retrievals within 8&aWIiFS validation set were 29 %,
and higher than expected (Westberry et al. 200Bus, Westberry and Siegel (2005)
suggested quality control filters be applied to\8#z5 data to reduce false positive
retrievals.

As an example, Westberry and Siegel (2005) appheddapted GSMO1 to an
8-day global composite SeaWiFS image (10 — 17 FRapri998) at 0.25° resolution
between the latitudes 35° S - 35° N. Within thasttscene, 1.3 % of pixels were
identified as containingrichodesmiunabove the threshold value of 3200 trichomes
L. Regions identified within the SeaWiFS scene asrty Trichodesmiunpresent
included the Indian Ocean, Arabian Sea, Gulf of MexCaribbean Sea, and western
Pacific Ocean. This result was supported by liteeareports which have previously
identified Trichodesmiumas abundant within these regions (Janson et al5;199
Capone et al. 1997; Capone et al. 1998; Mulholletndl. 2006; Neveux et al. 2006;
Dupouy et al. 2008b).

A further examination of the adapted GSM01 methoas werformed by
Westberry and Siegel (2006). A time series of $-deB GAC composites from
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January 1998 to December 2003 was analysed tondeterthe global temporal
frequency ofTrichodesmium Various filtering steps were implemented to rgmo
single, isolated “bloom” pixels surrounded by “nbleom” pixels. Regions of
shallow water (< 100 m) and pixels with SST valless than 23.5 °C were
disregarded. Additionally, the algorithm was oafyplied between latitudes of 45 °N
— 45 °S. The results indicated tiatchodesmiuntblooms” (> 3200 trichomes 1)
were rare, occurring less than 5% of the time farsimlocations. In addition,
approximately 30 % of the regions examined nevegreggnced arrichodesmium
“bloom”.  Regions experiencingTrichodesmium “blooms” with the highest
frequencies (~35 %) were the eastern equatoriafie&cean and the Arabian Sea.
A distinct seasonality offrichodesmium bloom” occurrence could be seen in the
western Arabian Sea and eastern equatorial Pa@dean where the highest bloom

frequencies occurred during the Austral spring sundmer.

2.5.2 Adapted GSM01 Model Summary

The adapted GSMO01 model of Westberry et al. (200%®yvided the first
physics-based,Trichodesmiumspecific inversion algorithm. The method was
developed usingn situ radiometric measurements collected alongside gatwe
measures ofrichodesmiumabundance. Unfortunately, the algorithm was unabl
resolveTrichodesmiunspecific concentrations with desired accuracy. Elav, the
algorithm was to be able to detdeichodesmiumabove dbloom” threshold of 3200
trichomes [*. Thus, the adapted GSMO01 was shown to be usefal method for
detecting the presence/absencé&rid¢hodesmiumblooms” using SeaWiFS imagery.

Westberry and Siegel (2006) used the adapted GStdO&éxamine global
distributions of Trichodesmiumabundance. This exercise proved insightful and
complemented previous estimatesToichodesmiunglobal abundance. In addition,
global distribution data were used to estimate #mmual global N-fixation by
Trichodesmiunblooms to be approximately 42 Tg N'yr Based upon this estimate,
Trichodesmiuns responsible for approximately 36 % of the engii@bal pelagic N-
fixation (~100 Tg N y). However, the method did not resolVechodedsmium
abundance within the south-western Pacific Oceagxpscted. Furthermore, due to
quality control masking of shallow water (< 100 mjastal regions and shallow shelf

seas surrounding northern Australia and the wess$taof India were ignored. These
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regions are known to have significant abundancégiohodesmiunwhich are likely
significant to regional N-budgets (Devassy et 8lf8; Revelante and Gilmartin 1982;
Furnas 1992).

The retrieval of Trichodesmium specific Chla concentration was also
investigated by Westberry and Siegel (2006). Mws performed by identifying
Trichodesmium bloom” pixels using the adapted GSM01 model andutating the
Chla concentration for these locations using tfenddrd SeaWiFS OC4 v4 Chla
algorithm. The results suggested that the OC4 kit @lgorithm underestimated
Trichodesmiunspecific Chla concentration by a factor of two. ddrestimation of
Chla concentration was deemed a consequence oepigmackaging and self shading
(Westberry and Siegel 2006). This agrees with &ubniam et al. (2002) who
suggested that the packaging and self shadingteftéd richodesmiuntould result
in underestimation of Chla by a factor of four. adddition, these results conflict with
the research of Chauhan et al. (2002) who fountl ttie standard SeaWiFS Chla
algorithms (OC2 v 4 and OC4 v4) consistently ov&rreated Chla concentrations for
extremely dense surface aggregationsTo€hodesmium Thus, it is evident that
standard band ratio-type Chla algorithms have gddétulty accurately resolving

Trichodesmiunmabundance.

2.6 Summary and Conclusion

Over the past two decades, much effort has beeeglapon the optical remote
sensing ofTrichodesmiumTable 2.1 summarises these efforts. Most effoageh
focused upon detecting dense surface aggregatiomsiahodesmium Such dense
surface aggregations exhibit strong NIR reflectamdech makes them optically
distinct from surrounding seawater. Although methavhich flag the presence of
Trichodesmiumare useful for defining spatial distributions, thelp not vyield
quantitative estimates of abundance. Furtherntbese methods, possibly with the
exception of Hu et al. (2010), cannot definitiveliscriminateTrichodesmiunfrom
other forms of floating marine algae and vegetati®@uch methods therefore require
strong local knowledge of phytoplankton populati@amsl benefit from regular local
reports ofTrichodesmiunvariability. Methods based on NIR reflectance dlawe not
thoroughly explored potential confounding effectscts as coral reefs and high
concentrations of suspended sediment as outlinélbyamaniam et al. (2002).
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In contrast, the adapted GSMO1 algorithm of Westbetr al. (2005) provided a
means for detectin§richodesmiunblooms (> 3200 trichomes™) on a global basis.
Although, the GSMO01 algorithm performed well in apaceanic waters, it is known
to under-perform in optically complex coastal wat@@OCCG 2006). Thus, when
applying the adapte@irichodesmiunspecific algorithm for global analysis Westberry
et al. (2006) applied a bathymetry mask excludiogstal pixels (< 100 m). Shelf
waters within coastal India, northern Australia atite Gulf of Mexico are
documented as having abunddiichodesmium(Devassy et al. 1978; Furnas 1992;
Mulholland et al. 2006; Neveux et al. 2006). Hoem\bathymetry masks (< 100 m)
exclude these shallow coastal regions from beinggssed by the Westberry et al.
(2005) algorithm. For example, there have beermmchodesmiunspecific ocean
colour algorithms developed for the Great BarrieeR Australia. This optically
complex region is known to have a significdmichodesmiunabundance (Revelante
and Gilmartin 1982; Furnas 1992) and the quantibcaof Trichodesmiumwithin
this region would greatly improve estimates of kafion (Furnas et al. 1995; Bell et
al. 1999).

Low pixel resolution of ocean colour sensors retito patches of
Trichodesmiunmhas also been identified as a likely inhibitor efettion algorithms
(Subramaniam et al. 2002; Desa et al. 2005). &sudsing the 250 m bands of
MODIS and the 360 m bands of the OCM were ableesplve Trichodesmium
surface aggregations with a great degree of detadin compared to lower spatial
resolution 1 km imagery of SeaWiFS (Desa et al.5208u et al. 2010). The
consequences of this are significant, however, rasgmt there is no consensus
regarding what proportion of a pixel must be codereorder for it to be flagged as
containing Trichodesmium The consequences of the vertical distribution of
Trichodesmiunwithin the water column also have not been adddespecifically.
Radiative transfer modelling studies have showrt tha vertical distribution of
cyanobacteria within the Baltic Sea can subtletyy ilhe water leaving radiance
signal (Kutser et al. 2008). However, this is degent not only upon vertical position
but also Chla specific abundance. Further invastg into the influence of
Trichodesmiunspatial distribution upon its retrieval by oceanhoco sensors is thus
warranted.

Standard band ratio-type Chla algorithms have tsbnwn to fail or perform

poorly overTrichodesmiunfChauhan et al. 2002) and as such, previous methatls
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have required Chla values as partToichodesmiundetection algorithms may have
intrinsic problems. Westberry et al. (2005) attézdpto address this issue by adapting
the GSMO1 algorithm to b&richodesmiunspecific, however, with limited success.
Dupouy et al. (2008b) also attempted to avoid u€ihdp values by developing the
RAS Physat algorithm with K490 values. One potdnsiolution for quantifying
Trichodesmiummay be by adopting algorithms for retrieving phyaan (PC)
concentration. Such algorithms have been develas#olg the 709 nm band of
MERIS and used for quantifying cyanobacterial biesm freshwater lakes (Simis et
al. 2005a). However, such methods have not yet kgplored forTrichodesmium
In order to develop and validate such algorithmshi#t toward routine quantification
of in situ PC concentration is necessary.

Within remote sensing studies ©fichodesmiunthe term “bloom” is loosely
used by most authors. In many cases the tbtoom” appears to be an arbitrary
description of abundance used particularly to descdense surface aggregation of
Trichodesmiunwhich can vary in concentration by up to an ordemagnitude. The
only formal definition of what constitutesTaichodesmiunbloom for the purposes of
ocean colour remote sensing was outlined by Wastbet al. (2005) as
concentrations exceeding 3200 trichomes. L Within the Great Barrier Reef,
Australia, dense surface aggregation§rwé¢hodesmiuntanoccur year-round (Furnas
1992). Such events are not necessarily assoacgtbdnutrient inputs or enhanced
population growth and are likely associated witlygaal conditions such as relaxed
wind stress, and a thinned mixed layer depth (Capmral. 1997; Hood et al. 2004).
Thus, the use of the term “bloom” when referring Ttachodesmiumabundance

requires further careful consideration.
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Ocean Colour Sensor Year Location Coastal Sea-truth Positive References
Zone Discrimination*

CzCs 1988; 1992 SW Tropical Pacific N No N Dupotipale (1988; 1992)

CzCs 1992 Western Indian Coast Y N N Borstad gt18192)

CzZCs 1994 Western Australia Y Y Y Subramaniam aadcpb€nter (1994)
SeaWiFS 1995 Theoretical Study - - - Tassan (1995)
SeaWiFS 2000 SW Tropical Pacific N Y N Dupouy (2D00
SeaWiFS 2002 South Atlantic Bight Y Y Y Subramaniainal. (2002)
SeaWiFS 2005 Global Dataset Y Y Y Westberry ef2005)
SeaWiFS 2006 Global Dataset N N Y Westberry e28l06)
SeaWiFS 2008 SW Tropical Pacific N Y N Dupouy (2608

OCM 2004; 2005 Western Indian Coast Y N N Sarahgl.g2004); Sarangi et al. (2005)

OCM and SeaWiFS 2005 Western Indian Coast Y Y N alal. (2005)

MERIS 2008 SE Australia Y N N Gower et al. (2008)

MODIS 2010 SW Florida Shelf Y N Y Hu et al. (2010)

Table 2.1: Chronologically ordered efforts to déefeichodesmiunusing various satellite ocean colour sensors. iWithis table, Y = yes, N= No.

*Positive Discrimination — if the method was desdrio be able to discriminateichodesmiunirom other marine constituents without user intetgtion.

M0 2ANJVIT T



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

2.7 Future Directions

At present MODIS and MERIS are nearing the endheirtoperational lifespans
and are due to be replaced by new generation sendd®DIS is to be replaced by
the Visible Infrared Imaging Radiometer Suite (VAR whereas MERIS is to be
replaced by the Ocean and Land Colour Instrume@L{D Although these new
sensors will have similar spectral resolution @itipredecessors, they will have local
area coverage (LAC) pixel resolutions of 300 — A0 Thus, these new sensors have
the potential to resolv&richodesmiunpatches that are presently of sub-pixel scales
for current sensors. Unfortunately, a spectraldban the vicinity of 580 nm,
potentially useful for the detection dfichodesmiumdoes not appear to have been
included in these new sensors.

Hyperspectral radiometric data would allow for thevelopment of advanced
Trichodesmiunspecific algorithms using the unique spectral lptiaal properties of
the cyanobacteria. Research has shown that hygmtrapdata can be inverted to
detect harmful algae such Harenia brevis(Craig et al. 2006) and presenttysitu
hyperspectral radiometric data is routinely cobectising in-water and above-water
sensors. Unfortunately, there are currently naatpenal hyperspectral ocean colour
sensors aboard earth observing satellites. Howev@roof-of-concept instrument
called the Hyperspectral Imager for the Coastala@céHICO) is at the moment
aboard the International Space Station (Corson.e20€8). HICO has a spectral
range of 300 — 1000 nm with a resolution of 5 nrd provides pixels with a 100 x
100 m resolution (Corson et al. 2008). Unfortulyate its present state HICO has
limited capture, irregular return time and a smsikene size of 50 x 200 km.
Nonetheless, the high degree of spectral informgbi@vided by HICO makes it an
ideal candidate for developing and/or testing hgpectralTrichodesmiunspecific
algorithms.

Most contemporary algorithms have focused upon détection of dense
Trichodesmium surface aggregations. However, dispersed popuoktiof
Trichodesmiunare more likely to be the norm. Thus, further gffare required to
resolve so called “sub-bloom” concentrations towardlues of 0.1 — 1 mg Chla’n

as envisioned by Tassan (1995). In addition, matggirithms, with the exception of

53



2 Literature Review

the adapted GSMO01, are not mathematically parameterto discriminate
Trichodesmiumfrom other phytoplankton in an efficient manner.hus, further
developments of ocean colour algorithms that diyeicicorporate the distinct bio-
optical properties of the cyanobacteria are necgssa

Finally, additionalin situ data collection which quantifie$richodesmium
abundance alongside its IOPs and radiometric ptiegers vital. Such data are
essential for algorithm development and most ingly validation of algorithm

performance.
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3 A simple, binary classification algorithm for the detection
of Trichodesmium spp. within the Great Barrier Reef using

MODIS imagery.

This Chapter has been published in the peer rewdeyeirnal Limnology and
Oceanography: Methods

Abstract

A binary classification algorithm to detect the g@rce of high surface
concentrations of the nitrogen fixing cyanobacteridrichodesmiumspp. was
developed for high spatial resolution (250 m) intggef the MODerate-resolution
Imaging Spectroradiometer (MODIS). Above-water drgpectral radiometric
measurements of dens&ichodesmiumsurface aggregations (>10 mg Chla®m
showed that the water leaving radianicg, at wavelengths greater than 700 nm were
much higher in magnitude (>0.05 W?sr?) relative to the visible wavelengths 400-
700 nm (<0.03 W thsrh). The binary classification algorithm is based tbree
criteria. The first criteria relied on the diffaie in magnitude between the MODIS
normalised water-leaving radiance (nLw) at the &p8 678 nm wavebands. The
magnitude of the nLw at the 555 and 645 nm wavebagthtive to nLw 678 nm
waveband formed the second and third criteria @smdy. The classification
algorithm was tested on a small subset of 13 MOMDi&ges with corresponding
Trichodesmiumsea-truths and yielded an 85 % accuracy. Fineestedtures
consistent with dens@richodesmiunsurface aggregations such as eddy swirls and
windrows appear to be well represented with the@rélygn results. The algorithm
was also found to be robust in the presence of yighflective, potentially

confounding effects.
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3.1 Introduction

Trichodesmiumspp. is a pelagic, colonial, cyanobacterium fouhtbughout
oligotrophic, tropical and sub-tropical waters bk tworld (Capone et al. 1997). The
organism comprises individual thread-like Trichomwlich bundle together to form
colonies. Trichodesmiunis known to form dense surface aggregations ofédied “red-
tides” which are scum-like in appearance and rdrgye silvery-white to yellow-green to
orange-brown in colour (Devassy et al. 1978yichodesmiums common to the Great
Barrier Reef (GBR) region adjacent to north-easteustralia and surface aggregations
of the cyanobacterium have been reported to spad062knf within the Capricorn
Channel (22°50’S, 152°50'E) (Kuchler and Jupp 19%&jnas 1992). Surface
aggregations ofrichodesmiunare characterised by extremely high population itiess
(>10° Trichomes/L) which lie just beneath or on the wataface (Carpenter and Capone
1992). The use of the term “bloom” will be avoidedthis paper and instead the term
“surface aggregation” will be used. The reasorfimgthis terminology is that dense
Trichodesmiumsurface aggregations appear year-round withinGB&R and are not
necessarily associated with nutrient input evemt®wdence of enhanced population
growth (Furnas 1992). The mechanisms which cabge standing population of
Trichodesmiunto accumulate at the surface are thought to béerkla extended periods
of relaxed wind surface stress (Capone et al. 1997)

Trichodesmiumis of biological, physical and biogeochemical sigaince.
Trichodesmiuntolonies have been described as pelagic habitatdich many micro-
organisms reside (O' Neil and Roman 1992). Algdrient release and grazing of
Trichodesmiunhas been identified as of significance for oligptiiw regions. In dense
concentrationsTrichodesmiumhas the potential to modify light penetration aman-
atmosphere heat and gas exchanges (Capone et9d). 1Blowever it is the ability of
Trichodesmiumto actively fix atmospheric nitrogen ¢Nthat is of great significance
biogeochemically. Trichodesmiuns considered an important source of new-nitrogen t
the worlds oceans (Mulholland 2007). Within theRGR is estimated that the annual N-
input associated witfirichodesmiumN-fixation is at least similar in magnitude to that
from river inputs (Furnas et al. 1995; Bell et1899).
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Bell et al. (1999) calculatedrichodesmiunN-fixation rates for the GBR using
three different methods. Method 1 estimated Ntiorabased upon the average annual
distribution of Trichodesmiunfrom historical data of Revelente and Gilmarti®&2).
Conversely, Method 2 considered the average coratemt and duration of
Trichodesmiumsurface aggregation events based on studies kpyetar and Capone
(1992) and data from Revelente and Gilmartin (1992¢thod 3 assumed that all cellular
nitrogen was due to N-fixation and determined tiant of new-N required to establish
a surface aggregation @fichodesmium Bell et al. (1999) study found that the annual
TrichodesmiunN-input for the Northern GBR ranged between 908,t yi* compared
with measured river N-inputs of about 10,000 t/ye&imilarly for the Central GBR
estimates of annudlrichodesmiunmN-input ranged from 12,000-30,000 t'ycompared
with river N-inputs of about 20,000 t yBell et al. 1999).

Bell et al. (1999) stated that the total N-inpuedo TrichodesmiumN-fixation
would be best represented by combining estimates fnethods 2 and 3 and part from
Method 1. However, for Methods 1 and 2 to provageurate N-fixation values, a better
understanding off richodesmiumpopulation variability is required. Currently, lpra
small number of phytoplankton surveys detailimchodesmiumabundance in the GBR
region exist in literature (Marshall 1933; Revetaand Gilmartin 1982; Bell et al. 1999).
Thus a more accurate assessment of the spatial tamgporal abundance of
Trichodesmiunwithin the GBR is essential.

Mapping dense surface aggregationg oEhodesmiunfrom orbit was discussed
by Kuchler and Jupp (1988) who presented an imageuced from a NASA Space
Shuttle mission. The image showed a large phyhipden bloom deemed to be
Trichodesmium erythraeurm the Capricorn Channel region of the SouthernRGB
(22°30’S, 152°30’'E). Borstad et al. (1992) disassshe potential development of
Trichodesmiunspecific algorithms for remote sensing satelliBsrstad et al. (1992)
suggested the optical properties of absorption,ttestag and fluorescence of
Trichodesmium could be used to discriminate the cyanobactefiam other
phytoplankton. Measurements of the absorption tepesf Trichodesmiumhave been
made by several authors (Subramaniam et al. 1T9apuy et al. 2008a). The results of

these investigations have shown thEichodesmiumexhibits a unique absorption
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spectrum due to the combination of chlorophyll-ahl&}, carotenoids, and the
phycobilipigments: phycourobilin (PUB), phycoeryhilin (PEB) phycoeryrthocyanin
(PEC) and phycocyanin (PC) (Subramaniam et al. &999he high optical scattering
exhibited by Trichodesmiumis due to the presence of intercellular gas vasuol
(Subramaniam et al. 1999b). The associated batksng spectrum exhibits
wavelength dependence which is determined to lmnsegjuence of fluorescence and re-
absorption (Subramaniam et al. 1999b; Dupouy i(f18a).

The mapping of surface aggregationsToichodesmiunusing the Coastal Zone
Colour Scanner (CZCS), the SatelReur I'Observation de la Terre (SPOT) and the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) hasrbésvestigated (Dupouy et al.
1988; Dupouy 1992; Subramaniam and Carpenter 1S@&bramaniam et al. 2002).
Dupouy et al. (1988) reported large regions of ¢disured” water associated with large
phytoplankton blooms (~90,000 Rjnin the south-western Pacific Ocean around New
Caledonia and Vanuatu. The discoloured surfaceifes formed were deemed to be
Trichodesmium based upon strong circumstantial evidence, howes@nclusive sea-
truths were not available. Dupouy (1992) furthearained Trichodesmiunwithin the
south-western Pacific using CZCS and SPOT imagesthm New Caledonian
Archipelago. Subramaniam and Carpenter (1994)Idpgd an empirical classification
scheme to detedtrichodesmiunusing CZCS imagery. The algorithm of Subramaniam
and Carpenter (1994) relied on high water leavadjances in the 440, 520 and 550 nm
wavebands due to high backscattering. It alsoidersd absorption at 550 nm due to
phycoerythrin. The algorithm was tested on a dub$eCZCS images with known
Trichodesmiunpresence and successfully detected surface stoédkschodesmiunoff
north-western Australia (Subramaniam and Carpeh®94). The increased spectral
resolution of SeaWiFS imagery was investigated lbjpr&maniam et al. (2002) for
detection of moderate concentrations Tofchodesmium(0.5-3.0 mg Chla m-3). The
algorithm successfully detectéfichodesmiumin the South Atlantic Bight along the
south-east coast of the United States from 27 @cteb7 November 1998 with a
corresponding sea-truth observation. However Sthieramaniam et al (2002) algorithm

was not tested for detecting extremely dense seidggregations africhodesmium
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Subramaniam et al. (2002) discussed how highlectfle constituents such as
high suspended sediment concentration, coral raeds bottom reflectance in coastal
regions may Yyield false-positive detection @fichodesmiumfor a pixel. The
classification scheme of Subramaniam et al. (2@@)sequently masked out shallow
water (>30 m) using bathymetric data in an attetopteduce bottom reflectance and
coral reef contamination. The issues raised dy&naniam et al. (2002) are pertinent
to the GBR where the depth is often less than 3large coral reef structures are present
and high suspended sediment loads are episodicallgmon due to wind-driven
resuspension and annual river flooding events (W&kin1994). During and after river
flooding events within the GBR there are increasextls of suspended sediment,
coloured dissolved and detrital matter (CDM) andraéased phytoplankton biomass
resulting from nutrient loads. The diverse waygpes of GBR coastal waters during such
flood events also includ&richodesmiumaggregations which have been recorded up to
one metre in thickness on plume boundaries (Rohldal.e2006). The presence of
Trichodesmiunmalongside high sediment, high CDM and high-chlbsdlpconcentrations
may present challenges in applying Eichodesmiunspecific remote sensing
classification algorithm within the GBR.

The classification algorithm of Subramaniam ef(2002) was examined by Desa
et al. (2005) utilising both the Indian Space Rede®rganisation (ISRO) Ocean Colour
Monitor (OCM) and SeaWiFS data. Desa et al. (2@3&)minedTrichodesmiunsurface
aggregations in the Arabian Sea adjacent to thieanncbastline. Desa et al. (2005) noted
better detectability offrichodesmiumwith OCM imagery than with that of SeaWiFS.
This was deemed to be a consequence of SeaWiF8ghavower spatial resolution than
the OCM. SeaWiFS and the OCM have the same speesi@ution; however the pixel
resolution of the OCM is 350 x 350 m compared witkikm pixel resolution of
SeaWiFS. Thus, for a 1 x 1 km SeaWiFS pixel thare approximately 3 x 3
corresponding OCM pixels (Desa et al. 2005). Tioeeg a lower spatial resolution
sensor may limit the detectability drichodesmiundistributions which have sub-pixel
spatial scales. This was surmised by Subramantaal €002) who noted that the
number of highly reflective pixels correspondinglense surface aggregations was much

less than expected. This was considered to benaegoence of the sub-pixel scale
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spatial variability ofTrichodesmiunsurface aggregations which often appear as patchy,
long streaks or windrows (Subramaniam et al. 20@E3ch 1 x 1 km resolution SeaWiFS
pixel represents a spectrally averaged combinatiatense surface aggregations and the
water in between, thus reducing the number of kigkflective pixels. To provide
higher spatial and spectral resolution ocean col@amote sensing data, NASA’s
MODerate Resolution Imaging Spectroradiometer (M®D$ preferable.

We present a simple, empirical method based up@rnmation from above-
water, hyperspectral radiometric data collectedr odense surface aggregations of
Trichodesmiumspp. within the GBR. We examine the “red-edgdédf described by
Borstad et al. (1992) in whiciArichodesmiumsurface aggregates exhibit a low
reflectance around 680 nm and high reflectanceaatiengths longer than 700 nm where
pigment absorption is minimal. Strong reflectaircéhe near-infrared (NIR) is a feature
exhibited by dense surface aggregations of otheeties of marine and freshwater
cyanobacteria, and floating algal mats suctsasyassun{Gitelson et al. 1995; Kutser
2004; Gons et al. 2005; Gower et al. 2006; Reiaad Kutser 2006; Simis et al. 2007,
Hu 2009). The strong NIR reflectance feature hasnbused for observing dense
cyanobacterial concentrations, floating algal matsl harmful algal blooms (HABS)
using both ocean colour and non-ocean colour semscluding: the Medium Resolution
Imaging  Spectroradiometer (MERIS), the MODerate dRé®n Imaging
Spectroradiometer (MODIS), Landsat, the Advancedy\ltigh Resolution Radiometer
(AVHRR), Hyperion and the Advanced Land Imager (AlGalat and Verdin 1989;
Kahru 1997; Svejkovsky and Shandley 2001; Ibeliegal. 2003; Kutser 2004; Stumpf
and Tomlinson 2005; Gower et al. 2006; Reinart Katser 2006; Hu 2009). However,
there is presently no such method developed for dbtection of dense surface
aggregations of Trichodesmium within the GBR based upon NIR reflectance
characteristics.

A simple, binary classification algorithm to detéle presence or absence of a
Trichodesmiunsurface aggregation using MODIS 250 x 250 m pigsblution imagery
is presented. The binary classification algorithen validated using sea-surface
observation to assess performance. The classificatethod is also tested for potential

confounding effects using a MODIS image containimghodesmiunin the presence of
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high suspended sediments, high CDM, coral reefsadinelr phytoplankton. This is the
first suchTrichodesmiunspecific satellite algorithm presented specificdtir the GBR
and the first to explore the use of MODIS 250 nohatson bands.

3.2 Materials and Procedures

3.2.1 Trichodesmium surface aggregations within the GreaBarrier Reef

Field studies were conducted within GBR aboard Ausstralian Institute of
Marine Science (AIMS) research vessels RV Cape Usenrg and RV Lady Basten.
Above-water radiometric measurements were madegatam transects over dense
surface aggregations dtichodesmium On 27 April 2007 a 17 km south-east transect
was traversed and is hereafter referred to as@a@ris Transect” (Figure 3.1 b) On the
31 July 2008 a 38 km transect was traversed inrénfveest direction and is hereafter
referred to as the “Mackay/Whitsunday Transecty@fe 3.1 c). Information from the
hyperspectral radiometric data was then used teldp\aTrichodesmiunspecific binary

classification algorithm for MODIS satellite imager
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Figure 3.1: (a) Map of the Great Barrier Reef ragialjacent to the Northeast Australian
Coastline with the Cairns and Mackay/Whitsundaylgtregions boxed in red. (b) A 17
km long southeast transect within the Cairns regionthe 27 April, 2007 and (c) the
northwest 38 km long transect within the Mackay/Wsiimnday region on the 31 July
2008.
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3.2.2 Hyperspectral ship-borne above-water radiometry

There are fewn situ radiometric field observations dfichodesmiunwithin the
literature. Desa et al. (2005) used a verticafilong, spectroradiometer to make multi-
spectral, radiometric measurement3 n€hodesmium Desa et al. (2005) however, noted
difficulties in obtaining radiometric measuremenfisr a surface aggregation of
Trichodesmium This was because on immersion of the profilmgfrument, the surface
layer of Trichodesmiunbegan to break up substantially. Thus, charaiteyithe surface
layer radiometrically was difficult. In this studyadiometric measurements were
collected aboveTrichodesmiumaggregations using a boom-mounted, above-water
radiometer from the bow of the vess@éls a result of the boom mounting, the radiometer
observed undisturbed water located ahead of thes dmow-wake. The above-water
radiometer provided under-atmosphere data witlgla $patial and spectral resolution.

During 12 February 2007 and again on 31 July 2e88ometric measurements
were made over dense surface aggregatiofsictiodesmiun{> 10 mg Chla i) along
the Cairns and Mackay/Whitsunday Transects resfagtiHyperspectral water-leaving
radiance and remote sensing reflectance spectra derived from the radiometric
measurements made. The three-channel, above-+tadiemeter was comprised of three
NIST-traceable calibrated spectrometers each witimmn resolution over a 380 - 900 nm

spectral range. The instrument simultaneously oredsdownwelling irradianceH,),
upwelling radiance I(,) and sky radiancel(, ) at a given wavelengthA() along a

transect. Radiometric measurements were madeglgaim surface conditions with
light winds to avoid whitecaps and reduce excesskae radiance contamination. To
maintain a stable orientation relative to the shipitch and roll, the radiometer was
gimbal mounted.

ThelL, spectrum collected at the detector was a combimati both water-leaving
radiancel.y, and a small fractiom, of Ls reflected from the surface (Mobley 1999). To

derive the parameter of interelsy, the following equation was used,

L, (A) =L, (1) - pLyy(A) [Wm2nm?sr'] [3.1]

63



3 A Binary Classification Algorithm

wherep is the correction coefficient for sky radiance @y 1999). The value o¢f is
dependent on wind speed, solar zenith angle, atoudr and viewing geometry (Mobley
1999) therefore, this ancillary data was recordedng transects. When calculatihg,
the ancillary data was used to select an apprepvaue ofp from a look-up-table (LUT)
(Slivkoff et al. 2006). Thep LUT was derived using Hydrolight radiative transfer
simulation software (Slivkoff et al. 2006) whichrnche found in Appendix 1. The above-
water remote-sensing reflectance was then calculasing Mobley's ad hoc formula
(Mobley 1999)

R, (4)= L.(1)/&(4). [sr] [3.2]

The viewing angles of thie, andLs.y sensors were set to 40° off nadir and 40° off
zenith respectively in accordance with recommenpdatiof the Ocean Optics Protocols
for Satellite Ocean Colour Sensor Validation by Mereet al. (2003). The azimuthal
viewing angle of the radiometer relative to the sw@as kept away from sunglint and ship
shadow, and periodically centred close to an aofji85° by adjusting the orientation of
the instrument as ship heading and solar anglesdvéviueller et al. 2003; Slivkoff et al.
2006). Wind speed and solar zenith angle variemltfhout the sampling days, this adds
to approximately 5% uncertainty in thevalue used at any particular time (Slivkoff, pers.
comm). This 5% uncertainty gncan contribute up to 0.5% on the sea radiancheat t
worst case (Slivkoff, pers comm.). Often the featsun-instrument azimuthal angle
varied by approximately +/-30° during the coursarefasurements as a consequence of
unavoidable sunglint or ship shadow. This varmatioviewing geometry was considered
to have a minimal effect on the derived values. To illustrate this, &s spectrum was
derived with fixed parameters for determinmgxcept the sun-instrument viewing angle
which was allowed to vary by +/-30°. Table 3.1dlirates the mean absolute percentage
error (MAPE) of fourR s spectra derived for relative sun-instrument azirabviewing of
105, 120, 150 and 165° compared witR.aderived using the recommended 135°. Table
1 shows the MAPE iR does not to exceed 0.03%. This indicates thativguthe sun-
instrument viewing angle +/-30° from 135° will impanly a minimal effect on thB

spectra.
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Table 3.1: The mean absolute percentage errauwis spectra derived with varying

as a function of sun-instrument viewing angle +7-8ither side of 135° only.

Relative Azimuthal Angle  MAPE

105° 0.027 %
120° 0.027 %
150° 0.024 %
165° 0.027%

Figure 3.2: Photograph of the above-water, hypetspleradiometer collecting data over

Trichodesmiumwvindrows along the Cairns Transect on thé&\piil, 2007.
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3.2.3 Hyperspectral water-leaving radiance and remote-sesing reflectance data

Hyperspectral, above-watky, andRs transect data recorded ovieichodesmium
surface aggregations are shown in Figure 3.3. rbst notable spectral feature Iof
andR spectra is the red-edge effect where low reflexgarccurs at 680 nm and higher
reflectance occurs at wavelengths longer than ™0 The spectra shown in Fig 3A and
Fig 3C exhibit behaviour consistent with the lalbona Rs measurements performed in
Petri dishes by Dupouy et al. (2008), and simitathiose of Borstad et al. (1992) who
concentrated richodesmiunon GF/F filters. The.,, andRs spectra exhibit troughs due
to strong Chl-a absorption at 437 and 680 nm, &sdration by PUB, PEB, PEC and PC
at about 497, 547, 571 and 633 nm respectivelygmall absorption dip appears at about
470nm and can be attributed to carotenoid pigments.

The L, andRs spectra (Fig 3A, 3C) show notable peaks at ab6Qt 477, 527,
561, 593 and 647 nm, all of which are smaller than reflectance peak exhibited at
wavelengths longer than 700 nm. The peak at 593agrees with observations by
Borstad et al. (1992) and Dupouy et al. (2008).e Fmall peak at 561 nm may be a
consequence of PEB fluorescence whichTfachodesmium thiebauttccurs at 558+2
nm, and 558+2 nm with a shoulder at 681 nmToerythraeumNeveux et al. 2006).
Weak reflectance peaks around 565 and 660 nm pomdsg to PEB and PC
fluorescence were mentioned by Dupouy et al. (2008)

The above-water remote sensing reflectance speBiga,of Trichodesmium
dominated waters was modelled by both Borstad.et1892) and Subramaniam et al.
(1999b) using absorptiora, and backscatterindy,, coefficients. Values oRs were

calculated with the the following relationships

R.(4)= k[b"wj [sr] [3.3]

Borstad et al.(1992) uséd= 1076, whereas Subramaniam et al. (1999b) kse@.1079.

In the investigation of Borstad et al. (1992), theectral absorption coefficient of

Trichodesmium a, ()I) was measured spectrophotometrically and the sgpect

backscattering coefficient,; (1) was estimated spectrophotometrically from a
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sufficient amount offrichodesmiuntdeposited on a glass fibre filter. Valuesayf(A)

used by Subrmaniam et al. (1999b) were measuredtrepbtometrically, whereas,

b, (1) was determined using a custom made instrument.

The modelled spectra of Subramaniam et al. (1988H)Borstad (1992) showed
high reflectance above 700nm and peaks at abouyt580) 593 and 645 nm similar to
results observed in this investigation and thaDopouy et al. (2008). Conversely, the
observed reflectance spectra of this investigagghibit peaks at about 527 nm and
troughs at 547 and 671 nm which are not presetiteiimodelled spectra of Borstad et al.
(1992) and Subramaniam et al. (1999b). The moidBbostad et al. (1992) included an
approximation for solar-stimulated Chla fluores@menission at 680 nm, whereas the
model of Subramaniam et al. (1999b) did not. Farrtiore, both models did not include
solar-stimulated fluorescence emissions by the @byjio-pigments. Because the
absorption coefficients ofrichodesmiunwere well parameterised in both studies, these
differences are most likely attributed to the pastamsation of backscattering and
fluorescence in the reflectance models.

The measurements of remote sensing reflectance msidg the hyperspectral,
above-water radiometer are consistent with thosasored carefully under laboratory
conditions. Past efforts to capture the spectgalatures of floating surface aggregations
of Trichodesmiumin situ have proven difficult. Therefore, the shi@sed, boom-
mounted method has been identified as an excellayt to detect subtle changes in

spectral reflectances along a horizontal transect.
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Figure 3.3: Hyperspectral, water-leaving radiancggor dense surface aggregations of
Trichodesmium observed along (A.) the Cairns Transect and (Bhe t
Mackay/Whitsunday Transect. = The corresponding Isgeetral, remote-sensing
reflectanceRs spectra for (C.) the Cairns Transect, and (D.) Meckay/Whitsunday

Transect.

68



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

3.2.4 MODIS high resolution imagery

High resolution (250 m), level-2 (L2), MODIS norns®d water-leaving
radiances (nLw) were derived from Level-O (LO) datastained from NASA’s Ocean
Color Web [ttp://oceancolor.gsfc.nasa.ghv/ The SeaWiFS Data Analysis System
(SeaDAS) (Baith et al. 2001) Multi-Sensor Levebl evel-2 (MSL12) code was used to
process the 250 m resolution MODIS bands and théndarly interpolate the 1 km and
500 m bands to provide a full set of bands withsi{2®0 m resolution (Franz et al. 2006;
Gumley et al. 2010). Of all the MODIS bands, otilg 645 and 859 nm bands have a
true spatial resolution of 250 m (Franz et al. 200Bherefore, a derived L2 product must

rely upon the 645 nm and/or 859nm bands to be trolysidered a 250 m resolution
product (Franz et al. 2006).

The standard method for atmospheric correction @aD#AS is based upon the
assumption that the NIR contribution to the waeaving radiance spectrum is zero
(Gordon and Wang 1994). However, in turbid coastaters the NIR contribution is
typically non-zero. Thus for turbid coastal regidhe standard atmospheric correction
does not perform well and underestimates the nLivega(Wang and Shi 2007). An
atmospheric correction that is based upon the stave infrared (SWIR) has been
shown to be suitable for coastal regions (Wang3md2005). However the SWIR band
of MODIS is characterised by a low signal-to-noisgtio which can introduce
uncertainties (Wang and Shi 2007). Therefore itesommended that SWIR be used
only for turbid, coastal water pixels and the NIRthod be used elsewhere. As such, an
algorithm has been developed by Wang and Shi (2@fat) can switch between the
SWIR and NIR corrections by identifying pixels witton-zero NIR reflectance. The
Wang and Shi (2007) NIR-SWIR atmospheric correctias been evaluated using the
SeaWiFS Bio-optical Archive and Storage System B3&S) global validation data set,
(Wang et al. 2009). Wang et al (2009) derived LOMS products (K490, Chl-a, nLw
at 412,443, 488, 531, 551 and 667 nm) using thedatd NIR, SWIR and combined
NIR-SWIR atmospheric corrections.  These resultsrew¢hen compared with
correspondingn situ data from the SeaBASS data set. The resultseofifng et al.
(2009) matchup analysis indicate that the combiNgd-SWIR switching algorithm
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yields overall improved results. Therefore, the idyaand Shi (2007) NIR-SWIR
switching algorithm has been used to derive L2 petglin this study.

True-colour, red-green-blue (RGB) images were @eriwith SeaDAS using the
645, 555 and 469 nm wavebands. L2 processing nvasies applied for contamination
from land, cloud, stray light, glint and high tota@diance. Pixels corresponding with
large solar zenith and large sensor zenith angke® wlso masked during processing.
The bathymetry of the northern and central GBR @eldexceeds 30 m and
approximately 50% of the entire GBR is 30 m or lesslepth (Wolanski 1994; Lewis
2001). The SeaDAS L2 shallow water mask flagsIpixgth a bathymetry less than 30
m and excludes them from data processing. Thus, stellow water mask was

deactivated.

3.2.5 Classification Algorithm

A simple, binary classification scheme was devalofmeidentify the presence or
absence of densérichodesmiumsurface aggregations based upon a set of selection
criteria. The hyperspectrhl, data indicated that dense concentration§rathodesmium
exhibit the red-edge reflectance feature descrimedBorstad et al. (1992). For this
reason the first classification criteria was basaedhe difference in magnitude between
Ly at about 680 nm and wavelengths longer than 700 @n investigating MODIS
bands, it was found that normalised water-leaviadiance for 859 nm nLw(859),
exhibited a strong signal for regions of defiseEhodesmiumand the magnitude of the
nLw(675) band was small and often near zero. Télative magnitudes between
nLw(859) and nLw(678) MODIS wavebands were thusduse the first criteria in the
algorithm.

Criteria 1: nLw(859) > nLw(678 [3.4]

The hyperspectral radiometric data ovEichodesmiumsurface aggregations
showedL,, was greater in magnitude at 555 nm (green) andnédforange/red) when
compared with 678 nm. Consequently the secondlardl criteria used in the MODIS
classification algorithm were:

Criteria 2: nLw(645) > nLw(678),nd [3.5]
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Criteria 3:  nLw(555) > nLw(678 [3.6]

If criteria 1, 2 and 3 were all satisfied, a pixeas flagged as containing a surface
aggregation offrichodesmium A fourth criterion was also introduced to distaixels
associated with negative nLw values.

Criteria 4: Disregard pixel if nLw(555), nLw (645)l.w (678) or nLw (859) < 0.

The influence of criteria 1, 2 and 3 on the finabult was examined. Pixel
flagging from criteria 1 alone and combinationoferia 1 and 2, criteria 1 and 3 and 2
and 3 were considered. The results of this arebs presented in Figure 4, based upon
a MODIS Aqua image captured on 27 April 2007. Rf@B true-colour image of the
region shows a highly reflective vertical streakatfee corresponding to dense
Trichodesmiumsurface aggregations which were observed earliat tay whilst
collecting hyperspectral radiometric data along @erns Transect (Figure 2b). The
combined result of applying all three criteria e tclassification scheme is presented in
Figure 4b. The red pixels (Figure 4b) denote ardassified as containing dense
Trichodesmiunsurface aggregations. It is evident that critérisvhich is based upon the
red-edge effect is the dominating component of dlgorithm (Figure 4c). However,
criteria 1 appears to flag pixels which are unlkeéb be Trichodesmiumlocated
immediately adjacent to the coast and the fringiogal reef of Fitzroy Island (circled
features Figure 4c). The combination of criteriantl 2 (Figure 4d) and criteria 1 and 3
(Figure 4 e) together appear to eliminate moshefriear-shore, falsely flagged pixels.
Therefore, both criteria 2 and 3 are deemed udeiulremoving near-shore, highly

reflective pixels.
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Figure 3.4: (a.) MODIS Aqua RGB true-colour imadetlee Cairns region captured on
the 27 April, 2007. (b.) The result of the binatgssification algorithm is plotted in red
denoting regions of den3eichodesmiunsurface aggregations. (c.) The result of criteria
1 alone (d.) The result of classification critetiaeand 2, (e.) the result of classification
criteria 1 and 3, and (f.) the result of classtima criteria 2 and 3. Blue circles surround

flagged pixels that are immediately adjacent tocthest.
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3.2.6 Comparison of MODIS and Hyperspectral Rrs

In order to determine how well spectral featuresenbed in the hyperspectidk
are represented in MODIS data a brief comparisonvd®En the two data sets was
performed. For illustrative purposes four pointeng the Cairns Transect were
examined. The four points, B, y andd identified in Figure 5a correspond with the
following: (o) no Trichodesmiumevident, B) very denseTrichodesmiumsurface
aggregation with complete surface cover) (hoderate patches dfichodesmiunon the
surface and,d) patchy, disperse surface aggregation$rafhodesmium Unfortunately
no chlorophyll or cell count data was availablentymalise these observations to give a
guantitative measure.

The comparison in Figure 5 shows that for the deswséace aggregations at
location, MODIS data (Figure 5b) exhibits a distinct NIRleetance similar to that of
the hyperspectral data (Figure 5¢). The MODIS Kk8Rectance is however, almost an
order of magnitude less than that of the hypersgkeBliR reflectance. This is likely a
consequence of the low signal-to-noise ratio exéibiby the 859 nm MODIS band.
Nonetheless, for the moderate surface aggregatriscationy an increase in the
magnitude of the MODIS NIR reflectance is evideAtthough the shape and magnitude
of the MODIS and hyperspectrd&s spectra are similar, it is clear that MODIS
underestimates the reflectance over extremely dessdace aggregations of
Trichodesmium This may partly be caused by spatial patchimégbe Trichodesmium
within the MODIS pixel. It is also evident the deg of spectral information is not
captured by MODIS. Worthy of note are the negatirger-leaving radiance values at
locationy. This effect is likely to be a consequence ofirzppropriate atmospheric

correction for this pixel.
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3.3 Model Assessment

3.3.1 Validation of Algorithm

Algorithm performance was evaluated by sea-truthiimg MODIS results with
ships-of-opportunity sightings of den3eichodesmiunsurface aggregations substantial
in spatial extent, preferably in the order of ~IMIn. Sparse, patchy observations of
Trichodesmiumwere discarded from the match-up dataset. Obsengatwith
accompanying cloud cover and those which were wittkm of shoreline, islands or
coral reefs and risked spectral contamination vatse discarded. Table 3.2 details dates,
times and geographic co-ordinates of 13 reportsd<ased in the algorithm validation.
The sampling strategies for ocean colour validati@aich-up require sampling to occur
within a few hours of overpass (Mueller 2003). Hwoer, because thErichodesmium
sightings recorded were not done for algorithmdatlon purposes, the observation times
were often not within a few hours of MODIS overpa3sus, the definition of a match-
up between the MODIS algorithm andTaichodesmiumobservation was relaxed as
follows: Regardless of the sea-truth observatioretthe MODIS Aqua image for that
day was utilised. A generous match-up radius okrhO(approximately 40 pixel radius)
from the point of observation was used. The 10nkatch-up radius was deemed broad
enough to factor in wind and surface current moveméa surface aggregation between
the time of observation and MODIS flyover time. the event that no MODIS Aqua
imagery was available for a given date due to lasickyover or cloud cover, a suitable
image x1 day either side of a sea-truth observatias used.

For algorithm validation purposes of this studypasitive match-up (+) was
defined as when the algorithm detectesthodesmiunand the result was consistent with
sea-surface observations. Conversely, a negatigechaup (-) occurred where a
Trichodesmiumsea-truth was observed and the algorithm faileddemtify it. The
resulting number of positive match-ups from a gassof 13 was 11, yielding an 85%
correct classification (Table 3.2). The numbernefative match-ups was 2 from 13
indicating the algorithm failed on 15% of case$ie Two negative match-up observations

8 and 11 (see Table 2) were recorded as “patchgljumedustings offrichodesmiurh
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For observations 8 and 11, it is possible Thehodesmiunsurface patches were of sub-
pixel spatial scales (< 250 m). Therefore, theewhtaving radiances were likely a
spectral average dfrichodesmiumand adjacent water. Thus for observations 8 and 11
the spectral characteristics offachodesmiunsurface aggregation such as the red-edge
may not have been detectable using the MODIS 2&3wiution data.

When inspecting the validation imagery, the suligbof applying the high total
radiance mask across all bands was consideredco@fern was the mask potentially
removing pixels containing den3eichodesmiunsurface aggregations. However, when
examining the validation images the activation led thask appeared only to eliminate

highly reflective features such as islands, beaahdssome coral reef structures.

3.3.2 Sensitivity Analysis

The sensitivity of criteria 1 of the binary clagsdtion algorithm was examined

using a modified version of criteria 1:
nLw(859) > ¢, nLw (678 [3.7]

where the parametey represents the magnitude of the reflectance petiled59
nm waveband relative to the minimum at the 678 naveband. Within the binary
classification algorithnt; has a typical value of to 1 (equation 3.4). Gelhefar waters
with a near-zero NIR reflectance contribution,i€ very small (<< 0.01). Figure 3.6
represents the response of criteria 1 as the \afleeis varied scene-wide from 0.01 —
10. As the value of; increases from 0.01 towards 1, the total numbgrals flagged
decreases. However onceis greater than 1 the number of pixels flagged esa
almost constant. The analysis therefore showsctitatia 1 are quite robust to variations
in the parameter; provided that; is greater than 1.
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Table 3.2: Time, dates and coordinate néhodesmiunsurface aggregations observed
within the Great Barrier Reef for which the binatgssification algorithm was applied.
A positive match-up is denoted with a “+” and a atage match-up is denoted with “-”

for each location.

Observation Date Time Latitude Longitude MODIS  Algorithm
Number Date Match-up
1 27/01/2005 NA 20°43.066’S 149°00.36’'E  27/01/2005 +
2 27/04/2007 0940 16°12.720'S 145°37.494'E 27/04/2007 +
3 27/04/2007 1100 16°23.688'S 145°40.626'E  27/04/2007 +
4 27/04/2007 1500 16°54.312’S 146°01.116'E 27/04/2007 +
5 04/10/2007 0950 23°13.218'S 150°56.3400'E 03/10/2007 +
6 31/07/2008 1140 20°55.962’S 149°18.834'E  31/07/2008 +
7 30/09/2008 1215 16°47.100'S 145°50.640'E  30/09/2008 +
8 06/10/2008 0720 22°39.038'S 150°59.119'E  06/10/2008 -

9 14/11/2008 1415 18°33.644’S 146°30.082’E 15/11/2007 +
10 16/02/2009 1220 22°02.810’S 150°29.759'E  15/02/2009 +
11 18/02/2009 1503 21°39.720'S 151°04.514'E  18/02/2009 -

12 11/06/2009 1430 19°39.677’'S 148°00.979'E  11/06/2009 +
13 30/06/2009 NA 19°52.752'S 148°09.540'E  30/06/2009 +

Positive Match-up = 85%,

Negative Match-up = 15%
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TN
-

Figure 3.6: Sensitivity analysis of the classifioat criteria nLw(859) >c; nLw(678),
wherec; = 0.001, 0.01, 0.1, 0.5,1, 5, 10, and 100 cornedipg to (a.), (b.), (c.), (d.), (e.),
(f), (g.) and (h.).
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3.3.3 Confounding Effects

The binary classification algorithm was tested gkde the potential confounding
effects discussed by Subramaniam et al (2002). @DW Aqua scene was selected that
contained Trichodesmiumin the presence of shallow bathymetry, high suspdnd
sediments, high CDM, coral reefs and other phytdyitan.

The selected MODIS test image was fromlaBuary 2005 and is shown in Figure
3.7a. Several days prior to this date, a seriesigif rainfall events caused river flood
plumes from the Proserpine [20°29'S, 148°43'E] dd@€onnell [20°34’S, 148°40'E]
river mouths to extend into the Whitsunday/Mackagion of the GBR (Rohde et al.
2006). Sampling of the flood plume event was catelill by the Australian Centre for
Tropical Freshwater Research (ACTFR) on 27 Jan@@0b. Extremely dense surface
aggregations ofrichodesmiunwere reported during ACTFR sampling. A singldace
sample collected at 20°43.062’S, 149°00.360'E wdldextremely high Chl-a
concentrations due tBrichodesmiunof 2300 mg Chla M (Rohde et al. 2006). After
running the binary classification algorithm on M®DIS image, the result was plotted in
red over the RGB true-colour image (Figure 3.7be streaky spatial patterns exhibited
in Fig 7B are consistent with the observations ohée et al. (2006) within the sampling
site. It is interesting to note that the pixelasslified asTrichodesmiunwere in highest
concentration at the boundary zones of the rivemgl fronts.

Pixels in the region of potential confounding efsemcluding: coral reefs, other
phytoplankton, high suspended sediment and higtidesf CDM were not misclassified
as Trichodesmium Regions of shallow bathymetry adjacent to thastal zone, islands
and coral reefs contained approximately 5% of thHepiels identified as surface
aggregations of richodesmiunby the algorithm. Of the 5 % of pixels flagged-@gions
of shallow bathymetry, the coastal region contai@eti%, the coral reefs contained 0.5
% and regions surrounding the islands wherehodesmiunwas observed (Rohde et al.
2006) contained 4.3 %. However, of the 0.7 % aklsi flagged in the shallow coastal
zone and in the vicinity of offshore coral reefsere were no corresponding sea-truth
observations. Thus, we cannot conclusively salyfthgged pixels in those regions were

truly false-positives. These results indicate akgorithm is suitable for use within the
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GBR with minimal risk of being contaminated by tb@nfounding effects discussed by
Subramaniam et al. (2002). One potential confaum@iffect which was not tested was
mass coral spawning. Surface slicks of coral spawically occur within the GBR
during October-November and consist primarily ofateeggs and larvae (Oliver and
Willis 1987). Coral spawn appears as white/pinkaste streaks that are up to 5 km in
length and 10m in width (Oliver and Willis 1987 owever, coral spawn lacks strongly
absorbing photosynthetic pigments. The large glbisor due to Chl-a absorption at 678
nm should not be as pronounced within coral spaswvith Trichodesmium Mass coral
spawning events within the GBR occur during thenhimver a two month period late in
the year (October-November). The events are sporadcurring for different times for
different locations along the GBR (Negri, pers commSurface aggregations of coral
spawn are typically visible for around 24-36 hoaft®er which time the larvae lose their
buoyancy and descend (Negri, pers comm.). Theingmgasurface aggregates are then
dispersed by predator feeding activity and physpacesses (Negri, pers comm.).
Events are generally geographically localised witthe coral reefs and there is no
literature to suggest that mass coral spawningdcoatur with the same spatial extent as
massive Trichodesmiumsurface aggregations such as those described witien
Capricorn Channel by Kuchler and Jupp (1988). dtoee, if the time scale and
geographical localisation of mass coral spawnimgcansidered, false-positive retrievals
may be manageable with some degree of confiderttegugh this warrants further
investigation.

It is also conceivable that other types of phytogtan could potentially cause the
algorithm to flag a pixel as containifigichodesmium For example cyanobacteria or
dinoflagellate aggregations such as those formawytides in other parts of the world
may be flagged by the classification algorithm diésd in this paper. However,
phytoplankton surveys conducted within the GBRardiave not identified the existence
of other surface aggregation-forming phytoplankitorsignificant quantities (Revelante
and Gilmartin 1982). This is thought to be a cousmce of the relatively nutrient poor
conditions within the GBR which are not suitable fllee growth of large populations of
phytoplankton other thanTrichodesmium Thus, based upon this knowledge of

phytoplankton abundance and variability within @BR, a false-positive retrieval due to
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other phytoplankton seems unlikely. However, @autnust be taken if attempting to
apply this method foiTrichodesmiumdetection in other regions of the world which
contain surface aggregation forming phytoplanktathva L,, red-edge such as those

discussed by authors such as Dierssen et al. (20@bKutser (2004).
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Figure 3.7: (a.) A true-colour RGB MODIS-Aqua ingagf the Whitsunday/Mackay region of the Great BaReef from 27 January 2005. At the centre ef th
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3.3.4 Application: The Capricorn Channel and Southern Great Barrier Reef

The Capricorn Channel (22°30’S, 152°30’E), in theutBhern GBR is a region
where photography from NASA’s Space Shuttle andrkernational Space Station have
recorded large surface aggregations of planktoniclwhwere later inferred to be
Trichodesmiun(Kuchler and Jupp 1988; Image Science and Analysimratory 2002).
As an application of the binary classification algon, a MODIS Aqua image from the
Capricorn Channel on 17 October 2007 was selectetirichodesmium surface
aggregations are known to manifest in eddy swirésallel wind rows and convergence
zones. The unprojected, true-colour MODIS Aqua gengFigure 3.8a) exhibited
orange/brown spatial features consistent with thosd&richodesmium The binary
classification scheme was applied to the data bheddsults were plotted in red over the
RGB true-colour image as shown in Figure 3.8b. @algorithm result indicated an
extremely large surface distribution Bfichodesmiunin the Capricorn Channel and the
Northern section of Shoalwater Bay (21°30’S, 14%3@panning a region in the order
of 100,000 km. Unfortunately, due to a lack of sea truth dakds result was not
definitive. However, it was reasonable to infemattithe algorithm is identifying
Trichodesmiumwhen examining the fine spatial structures suctsveisls and parallel

lines which were mapped in the result (see Figu8b)3
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Figure 3.8: (a.) A true-colour RGB MODIS-Aqua imagfethe Capricorn Channel region of the GBR capmtwoe 17 October 2007.
(b.) Results of th&richodesmiunbinary classification algorithm plotted in red ovee original true-colour RGB image.
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3.4 Discussion

In this paper a simple method for detecting thesg@mee or absence of
Trichodesmiunsurface aggregations within the GBR region usingIN®imagery
has been developed. This is an important contabub a series of scientific works
required to maf richodesmiunabundance on a global scale.

The binary classification algorithm correctly ntegd 11 out of 13 sea-truth
observations thereby yielding an 85 % accuracyati8pfeatures corresponding to
distributions ofTrichodesmiunsurface aggregations were also well represented due
to the 250x250m spatial resolution of the MODISadatThis result indicates the
algorithm performed well when detecting dense pedclof Trichodesmiumthat
dominated the water-leaving radiance of a pixelowkver, sparse, patchy surface
distributions of Trichodesmiumthat had sub-pixel spatial scales (< 250 m) were
unlikely to be detected by the algorithm. It slibbhbwever, be noted that of the four
MODIS nLw bands used in the algorithm, only the teemtred on 645 and 859 nm
had a true spatial resolution of 250 m. The MODLSv bands centred on 555 and
678 nm have spatial resolutions of 500 m and 1 kspectively. Thus, bilinear
interpolation was performed using SeaDAS processirdgrive a set of co-registered
bands with quasi 250 m pixel resolution. This eff@may limit the robustness of the
binary classification scheme described in thischrti We would expect the binary
classification scheme to perform well on sensormshsine Ocean Colour Monitor
(OCM-2) and MERIS which have local area coveragkQ).pixel resolutions of 360
m and 300 m respectively across all bands.

The algorithm was found to be robust in the present potentially
confounding effects such as shallow bathymetryalcogefs, other phytoplankton,
high CDM and high suspended sediment. Howeverpa@nmass coral spawning
which manifests on the surface in a similar manadrrichodesmiunmay vyield false
positives. Bio-optical and radiometric characttitns of coral spawn aggregations
are required to further investigate this issue.wkler, it is likely that the absence of
strongly absorbing chlorophyll pigments within tbaral spawn mean that there will
be no red-edge effect as seen in the water-leaaidignceof Trichodesmium Much
effort has also been placed upon identifying s@faggregations ofrichodesmium

for the purpose of algorithm validation. Howevieirther work is required to identify
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situations in which false-positive retrievals occuris will require a comprehensive
library of nonTrichodesmiunpixels to be compiled. Such analysis will allow fo
further improvement of the binary classificatiog@ithm and increased confidence
in MODIS-derived abundance mapslafchodesmium

The lack of other large-scale, surface aggregatoming phytoplankton in
the GBR means that pixels identified using thisoetgm will typically be
Trichodesmium It is therefore important to note that the aidpon described in this
paper may be unsuitable for regions outside the @BBre it may be confounded by
other red-tide forming phytoplankton. Howeversthmay not necessarily be viewed
as a negative outcome. It is conceivable that vutther work the classification
algorithm could be used for the detection and nooimigy of red tides and harmful
algal blooms (HABs) which manifest in a similarham to Trichodesmiunand have
similar optical properties.

Having established the potential to clearly defitemse surface slicks using
MODIS imagery the next challenge is to determine #hgorithm’s lower limit of
detectability and attempt to provide quantitatia¢adregarding abundance. However,
adequatein situ measurements of cell counts and correspondingragiigll-a
concentration is required. With a substantial gtetive in situ data set, an
assessment of the algorithms accuracy can be pertbr A suitable procedure is
outlined by Tomlinson et al (2004) whereby situ data and algorithm results are
compared giving the percentage of confirmed pasitieonfirmed negative, false-
positive and false-negative retrievals. First hesve strategies for sampling dense
surface aggregations dfichodesmiunmust be carefully considered.

Contemporaryin situ sampling methods must be carried out with careful
measurements to ensure the fine surface layertsteues not overly disturbed.
Conversely, the use of flow-through chlorophylidtameters can provide fine spatial
resolution of chlorophyll-a concentration alongnsacts. However, flow-through
systems remain problematic with relatively cleartev@umped from intakes often 1-
2m beneath the surface inadequately representiagstinface skin layer. Such
difficulties in quantitatively sampling surface aggations of cyanobacteria have also
been identified as an issue within the Baltic S¢atger 2009). Kutser et al (2009)
states that acquiring a representative, quantasample from a dense surface
aggregation of cyanobacteria is “nearly impossibl€his is due to a combination of

uncertainties introduced during sampling. Ship arsfrument disturbances destroy
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the surface layer and there are inherent diffiealtn capturing buoyant cyanobacteria
using Niskin bottles and/or buckets (Kutser 200Byawing sub-samples for filtration
purposes also introduces uncertainties due to aiopoof the cyanobacteria being
sticky and remaining within the Niskin bottle/butKk&utser 2009). Thus, sampling
strategies are required which can accurately giyamtichodesmiunaggregation on
the surface, with an appropriate dynamic ranget dglvn to very fine dustings. Such
work is currently underway within the GBR, howewhis task still remains an
intractable problem.

Further quantification of the vertical distributiai Trichodesmiunbeneath
dense surface aggregations is also warranted todgr@ scaling factor which would
allow the binary classification algorithm to yiesdme quantitative results regarding
abundance. Surrounding dense surface aggregaonthalo” of dispersed
Trichodesmiuntypically exists. Thus, it may be possible to difgnTrichodesmium
in pixels adjacent to those identified by the bynalassification scheme using the
Westberry et al. (2005) semi-analytical inversidgoathm where concentrations
exceed 3200 trichomes™L It is important to note that surface aggregationly
represent a fraction africhodesmiunbiomass. Therefore a quantitatively complete
assessment ofrichodesmiumabundance requires a synthesisirofsitu data and
information gathered from remote sensing algorithinsth binary classification
methods and previous algorithms developed for lommmdances (Westberry et al.
2005; Dupouy et al. 2008Db).

In conclusion, the application of the binary clésation algorithm described
in this paper will be beneficial for quantifyingetrspatial extent and duration of
Trichodesmiunsurface aggregations within the GBR which are poddcumented.
Such information will improverichodesmiuniN-fixation estimates within the GBR
region. The hyperspectral, radiometric feature§mthodesmiundescribed in this
paper may also be useful fibre future development dfrichodesmiunspecific ocean
colour inversion algorithms to be used on a glcicale.
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4 Inversion of hyperspectral remote sensing reflect ance for
guantitative detection of Trichodesmium spp. within the

Great Barrier Reef

Abstract

Trichodesmiunspp. is a diazotrophic, marine cyanobacterium comiynfound
within tropical and sub-tropical waters (Caponaletl997). Trichodesmiums
known to contribute significant quantities of newrogen to the World’s
oceans (Mahaffey et al. 2005; Mulholland 2007) asdsuch much effort has
been placed on quantifying its abundance usingrocedéour remote sensing.

This study examined the quasi-analytical algoritf@AA) for inverting
hyperspectral remote sensing reflectand@s()l), to derive quantitative
estimates offrichodesmiumabundance within the Great Barrier Reef (GBR),
Australia. Both modelled and directly measuredueal of R, (/1) were
considered within this research. Modelling wasfqrened with Hydrolight

radiative transfer software usirigichodesmiunmchlorophyll-a (Chla) specific

inherent optical properties (IOPs). The QAA wa®dido invert simulated
R.(4) to derive the spectral phytoplankton absorptioefficient, a?**(4).
To ascertain the presenceTaichodesmiuma similarity index measure (SIM)
was computed. The SIM provided an indication o tevel similarity of

between the QAA derived?* (1) with a referenc@richodesmiunabsorption

spectra,af; (A). To benchmark the capabilities of the approadh @alues
were also computed for six other ndrnehodesmiumphytoplankton. Upon
examining the simulated data, it was found that $iel could discriminate
Trichodesmiunfrom the six other phytoplankton above thresholdaGlalues

of 0.2 mg Chla i for Case 1 waters, and 3 mg Chl& fior Case 2 waters.
The QAA-SIM method was applied tR, (1) data collected along a transect

within the GBR on 3 October 2010 whefeichodesmiumwas known to be

present. The QAA-SIM method positively identifiethe presence of
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Trichodesmiunduring this transect. Furthermofi@jchodesmiurspecific Chla

concentrations were predicted from the magnitude at*(A) using an

empirical relationship between Chla concentratiord g¢he magnitude of

a,;(4). The derived Chla values were compared with atomgsect

measurements made using a WETLabs Chla fluororhetesed within a ship-
board, flow-through system. A good linear relasioip was obtained between
the measured and radiometrically derived Chla conaons with an Rvalue
of 0.81. Finally, total N-fixation during the text was considered. It was
estimated that in 1.8 hourBrichodesmiundixed 2 g of N within a 30 kfarea.
Estimated values were extrapolated and an anneal&ichodesmiunspecific

N-fixation rate of 0.7 tonnes N Ayr was derived
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4.1 Introduction

Trichodesmiunspp. is a pelagic cyanobacterium common to wahgotoophic
waters (Capone et al. 1997)Trichodesmiumhas the ability to fix atmospheric
Nitrogen and as such, is of great biogeochemicrast (Mahaffey et al. 2005).
Within the Great Barrier Reef (GBR), Australiéirichodesmiumis likely to input
quantities of new-N of similar magnitude to rivdfurnas et al. 1995; Bell et al.
1999). However, uncertainties regardingchodesmiunspecific N-fixation within
the GBR currently exist due to a poor understandihgs abundance. In order to
improve N-fixation estimates within the GBR, bettechniques for detection and
quantification ofTrichodesmiunare required.

Discrimination of near-surfac&richodesmiunof varying concentration using
space-borne remote sensing has been explored bsatauthors (Dupouy et al. 1988;
Borstad et al. 1992; Dupouy 1992; Subramaniam aagbéhter 1994; Tassan 1994;
Subramaniam et al. 1999b; Dupouy et al. 2000; Sndnéam et al. 2002; Westberry
et al. 2005; Dupouy et al. 2008b; Hu et al. 2010he detection of dense surface
aggregations ofTrichodesmiumand other cyanobacteria has been shown to be
relatively straight forward (Hu et al. 2010). Suwslrface aggregations exhibit a red-
edge reflectance feature similar to terrestrialetation and this has been exploited by
several authors for mapping spatial distributioem@ remote sensing (Kutser 2004;
Gower et al. 2006; Hu et al. 2010). Westberrylet2005) developed a method for
detecting Trichodesmiumusing an adapted version of the GSMO1 semi-analytic
ocean colour algorithm (Maritorena et al. 2002) an attempt to detect global
abundance ofrichodesmiumat “sub-bloom” concentrations. However the adapted
GSMO01 method was limited in its ability to resolachodesmiumabundance. On a
regional-scale, scant research has been condunteddeveloping methods for
detectingTrichodesmiunat “sub-bloom” concentrations within the GBR.

Several researchers have modelled or directly meddwperspectral remote
sensing reflectance R, (1), spectra of Trichodesmium (Borstad et al. 1992;
Subramaniam et al. 1999b; Dupouy et al. 2008a; Hal.e2010). The information
from such R, (/1) data has proved useful when developinghodesmiurspecific

algorithms for multi-band ocean colour sensors sashthe Coastal Zone Colour
Scanner (CZCS), the Sea-viewing Wide Field-of-vieensor (SeaWiFS) and the

Moderate Resolution Imaging Spectroradiometer (M®&DI(Subramaniam and
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Carpenter 1994; Subramaniam et al. 2002; Westbetrrgl. 2005; Dupouy et al.
2008b; Hu et al. 2010). However, there is pregend literature which examines
direct inversion of hyperspectmal (/1) as a means of detection and quantification of
Trichodesmium This may be, in part, because of the presekt dhcsatellite borne,
hyperspectral ocean colour sensors. However, therecurrently several airborne
hyperspectral sensors such as the Airborne Viditftared Spectrometer (AVIRIS)
(Vane et al. 1993) and newly emerging technologieh as the Hyperspectral Imager

for Coastal Oceans (HICO) (Corson et al. 2008). ip-Blbard measurements of
hyperspectralR, (1) using above-water, and/or profiling radiometers laecoming
more commonplace for algorithm development anddea#ibn purposes. Such

hyperspectral data has the benefit of being abledolve subtle spectral signatures

not well resolved using multi-spectral sensors.

Lee and Carder (2004) examined the inversion otrggectralR, (1) using
the quasi-analytical algorithm (QAA) (Lee et al.02) for the retrieval of spectral
phytoplankton absorption coefficientaq,()l). The results of Lee and Carder (2004)

indicated that the QAA derived phytoplankton absiorp coefficient, a**(A), had

an average difference of 21 % when compareth teitu measurements 0@0(/1).

The QAA also has the benefit of not requiring amom information about the
spectral shape oiaw(/i) and is thus unlike ocean colour algorithms suchthes
GSMO1 algorithm (Maritorena et al. 2002; Lee anddéa 2004). Lee and Carder
(2004) also demonstrated that the QAA algorithmfgsered well in the optically

complex coastal waters of the study. In anothetstCraig et al. (2006) explored the

QAA as a method for detecting the harmful algarenia brevisoff the coast of

Tampa Bay, Florida. Craig et al. (2006) collectegperspectral R (/1) with
accompanyingn situ measurement oﬁw(ﬁ) . The study found that derived values of

a* (1) when compared with thimm situ measurements of,(4) had an average

difference of 23 % (Craig et al. 2006). Craig akt(2006) used a similarity index
measure (SIM) (Millie et al. 1997; Kirkpatrick et. £000) to comparea’*(A)

values with a reference absorption coefficient ez from a mono-specific culture

of K. brevis aj.,(4). The results found that the SIM had a linearti@tship with
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the log ofK. breviscell counts (Craig et al. 2006). Thus, the QAA &l methods

in combination have the potential to discriminaggagticular phytoplankton type from

hyperspectraR, (1) observations.
The spectral absorptiona,; (1), and scattering,b, (1), coefficients of
Trichodesmiurmake itsR, (1) spectrally distinct (Borstad et al. 1992; Dupotigle

2008a; Hu et al. 2010). Within this study, a metho invert hyperspectraR, ()

for the purposes of quantitatively detectingchodesmiums proposed. Firstly, we
establish proof-of-concept that the combined QAMShethod can be used for
discriminatingTrichodesmiunfrom other phytoplankton. This will be achievedngs

R, (1) values simulated for examples of Case 1 and CasetBrs containing
Trichodesmium Secondly, we test the combined QAA-SIM methodrnattempt to
discriminate and quantify Chla-specifitrichodesmiumabundance from transect

R, (/1) data collected within the GBR. Previous work imascated the magnitude of

aw(/i) can be used to estimate chlorophyll-a (Chla) sppganytoplankton abundance

using ocean colour remote sensing (Bricaud et@51 Carder et al. 1999). Thus,
within this study, we aim to establish an empirigelationship between the

Trichodesmiunspecific absorption coefficieng,, (/1) , and Chla concentration. This

relationship can then be used in combination wile QAA-SIM to retrieve
Trichodesmiunspecific Chla concentration. In addition, we explthe potential use

of this methodology for studyingrichodesmiunspecific N-fixation rates.
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4.2 Data

4.2.1 Discrete Water Samples

Discrete seawater samples (n = 19) were colleateoh fwithin the GBR
during two research cruises aboard the RV CapeuBerg during February and
October 2009. The water column at each site wasirdded byTrichodesmiunand
samples were gathered using either a clean buckéskin bottle. Sub-samples were
then immediately analysed using a dual beam Shimbald#1600 spectrophotometer
to determine coloured dissolved organic matter ()@nd particulate absorption
coefficients. Following spectrophotometric anadygarticulate samples were frozen
(- 20 °C) for later determination of Chla pigmennhcentration. Sample preparation,
analysis and preservation followed the methodsirmdl in the Ocean Optics
Protocols for Ocean Color Satellite Validation (thiell et al. 2003).

4.2.1.1 Particulate Absorption

Bulk samples of 100 - 250 mL containifigichodesmiunwere filtered onto
pre-combusted Whatman GF/F filters (@ 25 mm) ansgedl using filtered seawater in
order to determine the particulate absorption cuefits, a, (/1) : The
spectrophotometer baseline was determined usingotarik Whatman GF/F filters.
A Milli-Q dampened filter was used as the refereblemk and a filter dampened with

0.22um filtered seawater as the sample blank. The alptiensity, OD, of a sample
was measured from 250 - 800 nm with 0.5 nm resmutiThe particulate absorption

coefficient, a, ()l) was then calculated according to Mitchell e{2003),

2.30
2, (1) =200

where,V, was the volume filtered in cubic metre&, was the area of the filter in

(OD(/‘)_ OD\IULL) [4.1]

square metres, an@ was the pathlength amplification correction caxdint for

Trichodesmiuntaken to be 0.326 from Dupouy et al. (2008a). Valeie ofODyyL
was taken to be averageD over the spectral range 780 — 800 nm for which

absorption by particulate matter was deemed nédgigMitchell et al. 2003). Due to
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low total suspended minerals in the mid-shelf afishore waters of the GBR where

samples were obtained, (1) was deemed to approximaag (4) reasonably well.

4.2.1.2 CDOM Absorption

For CDOM coefficient analysis, the spectrophotometmseline was
determined using a Milli-Q blank in the referenagvette and a 0.22m filtered
Milli-Q blank in the sample cuvette. Care was take let Milli-Q drawn from the
purification system stand before use in order wuce chances of micro-bubbles.
CDOM samples were prepared first by pre-filterimfusons through pre-combusted
Whatman GF/F filters under low vacuum in order émnove large colonies. The
filtrate was then passed through Oi2@ polycarbonate filters and placed into a clean

10 cm quartz cuvette. The CDOM absorption coedfita, (1) was determined from

250 — 800 nm at 0.5 nm resolution using the follayequation (Mitchell et al. 2003)

2, (1) =222(0D(4) - OB ) 4.2

wherel is the pathlength in metres a@Dyy. . was taken to be th®@D at 680 nm at
which absorption by CDOM is deemed negligible (Qkbeir et al. 2006).

4.2.1.3 Chlorophyll-a Pigment Analysis

Concentrations of Chla pigment were determinedeeittuorometerically
using a Turner Designs 10AU fluorometer (Parsons at 1984), or
spectrophometrically with a Shimadzu UV-1600 spmatometer using wavelengths
specified by Jeffrey and Humphrey (1975). Ext@ttwas performed by grinding
filters in 90 % acetone followed by centrifuging50 rpm. Combined chlorophyll-a
and phaeophytin (Chla + Pa) pigment concentratias determined first, following
this, samples were acidified using ANLHCI to break down any remaining Chla.
Samples were then re-analysed to determine phagophda, concentration, this
value was then subtracted from the combined Cha pigment concentration to give

Chla concentration.
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4.2.2 Above-water Hyperspectral Radiometry

Hyperspectral radiometric measurement3m¢hodesmiumvere made aboard
the RV Cape Ferguson in the southern GBR on 3 @ct®009. Data were collected
along a 33 km, northward running transect in that&ern GBR (21° 56’ S, 151° 04’
E) — (21° 40’ S, 151° 04’) as shown in Figure 4.28.custom built, three-channel

radiometer simultaneously collected downwellingudianceE, (/1) total upwelling

radiance L, (A1) and sky radiancel (A) along the transect. The radiometer

comprised three NIST-traceable calibrated specttermavith a spectral range of 400

— 860 nm and resolution of 3 nm. ValuesRf(A) were derived using Mobley's ad

hoc formula,
Rs(4)=[ L(4)-pL(4) ]/ Es(A). [4.3]

where p was the correction coefficient for sky radianceofi\ey 1999).
The instrument was boom mounted from the bow of wbssel such that
observations of disturbances from the ship’s waleewminimised. The viewing

geometry of thé, (4) and L (A) radiometers was set to 40° off nadir and 40° off

zenith respectively according to the Ocean Optrcddeols for Satellite Ocean Color
Sensor Validation (Mueller et al. 2003). The a#inal viewing angle of the
radiometer relative to the sun was kept close @ 18/ adjusting the orientation of
the instrument as ship heading and/or solar angenged. The value op is

dependent upon wind speed, solar zenith angle,imstcument viewing geometry
(Mobley 1999). Thus, an appropriate value @fwas determined from a look-up-
table generated in Hydrolight (Slivkoff et al. 2006 A photograph of surface

conditions during the transect is shown in Figute 4

4.2.3 Flow-through Chlorophyll-a Fluorometry

A WETLabs combination Chla fluorescence and nephetdc turbidity
meter (FLNTU) was used to measure along-transelet €mncentrations on 3 October
2010. Data was logged at ten second intervalsteMeas pumped from 2 m below
the surface into a debubbling chamber which houed FLNTU meter. The

debubbling chamber was used to remove unwanteddsigbnerated by the pump by
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allowing them to travel upward away from the FLNThéter. The Chla fluorometer
factory calibration coefficients were adjusted gsiffsets detailed in Appendix 2. A
median average filter with a window with of 15 weysplied upon Chla time series
data to smooth out high frequency fluctuations anidy data points.

Figure 4.1: Photograph of floatingrichodesmiumsurface aggregations (brown
discolourations) observed during the radiometransect. Image capture at: 1440
hours, 3 October 2010. Location: 22°39'46”S, 15421 E.
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4.3 Methods

4.3.1 Hydrolight Modelling

Hyperspectral R, (/1) was simulated using Hydrolight radiative transfer

simulation software (Mobley and Sundman 2001a; Mgpbdnd Sundman 2001b).

R.(A) spectra were simulated for example Case 1 and £asenarios. For both

Case 1 and 2 simulations, near surfadehodesmiunspecific concentrations ranged
from 0.1 — 100 mg Chla th Case 1 simulations were deemed representative of
offshore, reefal waters within the GBR. Convers€lgse 2 simulations were deemed
to represent mid-shelf/near-shore waters of the GBR

The Trichodesmium Chla specific CDOM and particulate absorption

coefficients, denoted as, (1) and a, (1) respectively, were used as Hydrolight
inputs. These coefficients were determined by mdigimg suitablea, ; (/1) and

a, (/1) spectra by their respective Chla concentration.he TChla specific
backscattering coefficient dfrichodesmiumb, . (/1) was characterized by Dupouy
et al. (2008a) using a HOBI Labs HydroScat-6 (H&triument. The backscattering
ratio, 60 of Trichodesmiunwas estimated by Dupouy et al. (2008a) to range fro
0.017 — 0.027. Within this chapter, the valuebpffor Trichodesmiunwas chosen to

be 0.02. To converhy; (1) values measured by Dupouy et al. (2008a) into Chla
specific Trichodesmiunscattering coefficients,, (1), the following expression was
used,

by (1) == By (1)- [4.5]

Y-

Dupouy et al. (2008a) showed thi}, (4) could be fitted using a power law. As
such, by, (1) was modelled within Hydrolight using the Gordonidopower law
(Gordon and Morel 1983),

y
b (1) =, (4) Chia" (%) [4.6]
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*

where, by; (4,) was the magnitude df; (1) at a reference wavelength = 550 nm,

n= 0.62 and the spectral slope coefficiept,=1.2, was taken from Dupouy et al.

*

(2008a). The value ob (550) used was taken from Dupouy et al. (2008a) to be

tri

0.475 nf mg*. Within Hydrolight, a Fournier-Forand scatteripgase function3,

with b, = 0.02 was used fdfrichodesmium

The Case 1 Hydrolight model included the inheregsitcal properties (IOPs)
of pure water (Pope and Fry 199T)jchodesmiunand CDOM covarying with Chla
concentration. A low background concentration @ m?®) of calcareous sand was
also included within the Case 1 model. Case 2 Isitimns included the IOPs of pure

water, TrichodesmiumCDOM and brown sediment held at a constant cdnaion

of 0.5 gm . The CDOM absorption coefficieng, (A1), used within the Case 2
simulation was modelled according to Bricaud e{E331),

8, (4)=a(A,) e, [4.4]
where, the slope paramet&,was set to 0.017 nim the reference wavelengtl,,
was set to 440 nm, and absorption at the referwawelength,a(/io), was set to 0.2

m®. The Petzold average particle size scatteringglianction, 3, was selected for

both brown sediment and calcareous sand.

All Hydrolight simulations were carried out for arfinitely deep water body,
clear sky was assumed, solar zenith angle wa® s€1°t and wind speed was setto 1
knot. Internal sources such as Raman scatterilfg @uorescence and CDOM

fluorescence were included. Valueslﬁj(/i) were simulated over the spectral range

400 — 700 nm with a 3 nm resolution.
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Figure 4.3: (a.)TrichodesmiumChla specific absorptiona,, (/1) and scattering,

0% (/1) coefficients used within Hydrolight simulationsOpen circles represent
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Hydroscat 6 measurements cbﬂ(/l) made by Dupouy et al. (2008a). (b.)

TrichodesmiuntThla specific CDOM absorption coefficient (McKinnanpublished
data).

4.3.2 The Quasi-Analytical Algorithm

The Quasi-Analytical Algorithm, QAA, is a physicag®ed inversion algorithm

that derives IOPs from the sub-surface remote sgnsiflectancer, ()l) by solving
the quadratic expression of Gordon et al. (1988),

(1) =g,u(4)+g,[ u(2)T, [4.7]
where, g, and g, are scalar constants (Lee et al. 2002). The igguarameter,
u(A), is defined as,

u(A) __a() [4.8]
a(4)+h,()
where, a(1) and b, (1) are the total absorption and backscattering azeffts

respectively. The coefficienta(4) and b, () are the sum of the absorption and

backscattering coefficients of constituent mattaghiv the water column and can be
expressed as

a(A)=3,(4)+3,(4)+ a, (1) 4.9
b, (1) =h,,(A)+ b, (1) [4.10]
where, the subscripts,@, dg, and p correspond to pure water, phytoplankton,

coloured dissolved and detrital matter, and padieumatter respectively.

Unlike other physics-based inversion algorithmshsas the linear matrix inversion
method (Hoge and Lyon 1996) and GSMOL1 algorithmr{tdeena et al. 2002), the
QAA does solve for IOPs and constituent matter eatrations simultaneously (Lee

et al. 2002). Conversely, the QAA uses a leveldwel approach. Level O to level 1

processing derivea(A) andh,, (1) from r_(A). Then, level 1 to level 2 processing

deconvolvesa(A) into the absorption coefficients, (4) and a,(1). Lee et al.

(2002) stated that level 3 products such as pigm@mtentration may then be derived
using pre-established relationships such as thb&aler et al. (1999). The benefit

102



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

of having a level-by-level approach is that produderived at lower levels have little
or no influence upon those derived at the higheslte

In addition, the QAA requires no prior informatiosegarding the spectral

shape ofa,(4). Thus, the QAA independently deriveg(A) and thereby reduces

potential errors and uncertainties associated wjtéctral models or inappropriate

fixed spectral shapes @;(/1) from propagating (Lee et al. 2002).

In the context of this investigation, the major itation of the QAA is its

inability to resolvea(p(A) accurately at wavelengths longer than 580 nm (@

Carder 2004). This is becausgA) is dominated by pure water at wavelengths
longer than 580 nm. As such, th& ()I) at wavelengths longer than 580 nm contain
very little information about, (4) (Lee and Carder 2004). Therefore, our derivation

of a,(A) has been limited to the spectral range of 4006-r58.

The current version of the QAA v5 was used in thigestigation, details of
which can be found athttp://www.ioccg.org/groups/Software OCA/QAA_v5.pdf
The complete details of the QAA algorithm are aigpeen in Appendix 3 of this

thesis.

4.3.3 Similarity Index Measure

The similarity index measure (SIM) used in thisastigation was determined
according to Mille et al. (1997). The fourth detive spectrum ofa$**(4) and a

reference phytoplankton absorption spectrtaj,ﬁf, (/1) were computed forming the

vectorsA, and A  respectively. The SIM was then defined as

SIM ﬂ—(wj . [4.11]
T
where,
_ (Aw'Aref)
_—(‘A¢‘X|Amf |) [4.12]

Values of the SIM lay between zero and one. A Si8lue close to 1

represented a small angle betwedn and A in vector space, and indicated
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a2*(1) and a;' (1) were similar. Conversely, a small SIM value irdéz

a* (1) anda}' (1) were dissimilar.

In an attempt to evaluate the performance of ti ®kethod at discriminating

Trichodesmiuma spectral library of seven different absorptspectra was collated.

These reference absorption spect' (1), are detailed in Table 4.1 and

represented: Trichodesmium (Tri), generic green phytoplankton (PS), mixed
picoplankton (Pico), mixed microplankton (Micro)Prochlorococcus (Pro),
SynechococcugSyn) and diatoms (Dia). Thus, for each QAA dedivealue of

a;?AA(A), seven SIM values were computed, one for eachophlankton reference.
The seven SIM values were denot8tM,,,, SIM.s, SIMy,cros SIMpcos SIMpro,

SIMg,, and SIM;,. The spectral library of absorption coefficiemsed not be

chlorophyll-specific, as the SIM indicates how damitwo absorption coefficients are
with respect to shape. The absolute magnitudeofabsorption coefficients is thus,
relegated within the SIM calculation.

The absorption spectra of Tri was sampled from @8R during this study.
Whereas, the absorption spectra of Pro, Syn andv@ra collected within the GBR
by Slivkoff, (unpublished data). The absorptionedpa PS (Prieur and
Sathyendranath 1981) was chosen as it has beenwisi@d several bio-optical
studies including remote sensing algorithm develepnand modelling (Mobley and
Sundman 2001a; Maritorena et al. 2002). The alisorgpectra for Micro and Pico
were taken from Ciotti et al. (2002) and deemedgproximate mixed populations of

these particular phytoplankton size fractions.

ref

The SIM values of the sevea;' (1) spectra were first computed relative to

one another over the spectral range 400 — 580 rabl€T.2). The resultinGIM,,

values ofTrichodesmiunmelative to the other six phytoplankton types rahbetween
0.38 — 0.53 (see Table 4.2). It was thought th®8d, ., values would have been
smaller to indicate good separation in vector spaewveen the fourth derivative
spectra ofa);' (A1) and the other phytoplankton.

It was deemed that constraining the spectral rawge which SIM values were
computed may maximise the separation bet\/\dﬂr(/]) and the other phytoplankton

reference spectra. Thus, the normalised absorgpestra of PS, Micro, Pico, Dia,
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Pro and Syn were plotted against the absorptioatigpef Trichodesmiun{see Figure
4.4). Figure 4.4 indicated that the greatest chfiees betweeirichodesmiumand

other six phytoplanktore;’ (1) spectra occurred between 520 — 580 nm (shaded

boxes). This observation was confirmed by exangitime spectral covariance matrix

of the seven phytoplanktozal(ff (/1) spectra (Figure 4.5). The spectral covariance

matrix plot indicated that the high variances ocedibetween 520 - 580 nm.

The SIM values between each of the se\@ﬁ (/1) spectra were again

calculated, this time over the limited spectralgarb20 -580 nm. The resulting

SIM,,, values ofTrichodesmiunrelative to the other six phytoplankton types rahge

between 0.07 — 0.38. This result indicated thatgua spectral range of 520 — 580 nm
maximises the ability of the SIM to discriminatetween Trichodesmiumand the
reference phytoplankton. Thus SIM values for disgrating Trichodesmiunwithin

this study were computed from 520 - 580 nm.

Table 4.1: Details of phytoplankton spectral abBorp coefficient data used as

ref

reference spectra, (/1) for determination of similarity index measures SIM

Name Abbreviation Data Source GBR-
Specific*

Trichodesmium Tri McKinna (unpublished data) Yes
Phytoplankton PS Prieur and Sathyendranath (1981) o N

Microplankton Micro Ciotti et al. (2002) No
Picoplankton Pico Ciotti et al. (2002) No
Diatom Dia Slivkoff (unpublished data) Yes
Prochlorococcus Pro Slivkoff (unpublished data) Yes
Synechococcus Syn Slivkoff (unpublished data) Yes

*GBR Specific: Yes = samples sourced from watersth&f Great Barrier Reef, Australia, No =

otherwise.

105



4 Inversion of Hyperspectral Remote Sensing Reflectance

Table 4.2: Similarity index measures (SIM) calcethbver the spectral range 400 —

580 nm for seven difference reference phytoplanktusorption spectra;,Ef (/1) :

Tri PS Micro Pic Dia Pro Syn
Tri 1 0.38 0.48 0.48 0.53 0.51 0.52
PS - 1 0.65 0.64 0.71 0.66 0.33
Micro - - 1 0.57 0.70 0.86 0.40
Pico - - - 1 0.62 0.64 0.46
Dia - - - - 1 0.71 0.5
Pro - - - - - 1 0.42
Syn - - - - - - 1

Tri = TrichodesmiumPS = Green Phytoplankton, Micro = MicroplanktBito = Picoplankton, Dia =

Diatoms, Pro #ProchlorococcusSyn =Synechococcus

Table 4.3: Similarity index measures (SIM) calcethbver the spectral range 520 —

580 nm for seven difference reference phytoplanktusorption spectra;,Ef (/1) :

Tricho PS Pico Micro Dia Pro Syn
Tricho 1 0.09 0.07 0.23 0.17 0.38 0.20
PS - 1 0.69 0.70 0.57 0.70 0.05
Micro - - 1 0.57 0.75 0.43 0.03
Pico - - - 1 0.70 0.68 0.30
Dia - - - - 1 0.49 0.11
Pro - - - - - 1 0.37
Syn - - - - - - 1

Tri = TrichodesmiumPS = Green Phytoplankton, Micro = MicroplanktBizo = Picoplankton, Dia =

70Diatoms, Pro ProchlorococcusSyn =Synechococcus
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Figure 4.4: Comparison of the normalisetchodesmiun{Tri) absorption coefficient
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Figure 4.5: Spectral covariance matrix plot showting spectral variability between
the seven phytoplankton absorption spectra detaildable 4.1. Regions of highest
variability occur between 520 — 580 nm and 660 6 6.

4.4 Results and Discussion

4.4.1 Relationship between Chlorophyll-a Concentration ad Absorption

Coefficient Magnitude

The spectral shape af,; (A1) exhibited peaks at 466, 495, 545, 575, and 620

nm respectively due to carotenoids, phycourobifuB), phycoerythrobilin (PEB),
phycoeryrthocyanin (PEC) and phycocyanin (PC) retspaly (see Figure 4.3a).
Absorption peaks at 435 and 620 nm are due to apitgtl a (Chla). These values
are consistent with those of literature (Subranranet al. 1999a; Dupouy et al.
2008a). The CDOM absorption coefficient of seawataroundingTrichodesmium
exhibited a strong peak at 330 nm and a should@é&inm (see Figure 4.3b) due to
the presence of the ultra-violet (UV) absorbing nosporine-like amino acids
(MAAs) (Steinberg et al. 2004). However, becausgdrdlight modelling was
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performed over the spectral range of 400 — 700themUV-absorbing MAAs had no
effect upon the spectral shapeRf ().

Research by Carder et al. (1999) revealed thaa Cbihcentration could be

related to thea, (A) at 675 nm using the following relationship

Chla=56.8[ 3,(673]" [4.13]

Carder et al. (1999) postulated this relationshquid be robust for estimating Chla
concentration because absorption at 675 nm iswelatuncontaminated by accessory

pigment absorption.

However within this study, the QAA did not deri\@,(/l) at wavelengths
beyond 580 nm. Thus, we have examined the rektipn between Chla
concentration an@richodesmiunabsorption,a, (1), at 443 nm. A total of nineteen

(n = 19) samples ofrichodesmiunwere analysed to derive absorption coefficients

and corresponding Chla concentrations. The follgvaarve was fit to the data
Chla=257.5] a, (443]"" [4.14]

The relationship between measurédchodesmiumChla concentration and
fitted Chla is shown in Figure 4.6. This relatibipshad an R-squared value of 0.98
and thus was assumed to be a reasonably goo#idivever, it should be noted that

the robustness of this relationship could be impdowith an increased number of

data points. Furthermore,, (A) for Trichodesmiuntoncentrations between 200 —

900 mg Chla rif should be measured to verify Equation 4.14 holdsr ¢he entire

Chla range.
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Figure 4.6: (b.) Unscaled plot of Chla concentratid Trichodesmiunvarying with
absorption coefficient at 443 nm. The dashedfitted according to Equation 4.4.
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4.4.2 Modelled Ris

Hydrolight modelled R,(A) for scenarios of Case 1 and 2 waters are
presented in Figures 4.7a and 4.8a respectivelg.h@veby refer to th&, (A1) for the

Case 1 and Case 2 scenariosR&® (1) and R¥%(A) respectively. The results

S

showed that the magnitud®Z**(4) from about 400 — 500 nm decreased with

S

increasing Chla concentration and subsequehtighodesmiunspecific absorption
features became more obvious. This observationcveted to increased absorption

across all wavelengths with increased concentragfofrichodesmium Conversely,

case?
S

the magnitude of ()l) became larger as the concentrationTathodesmium

increased. This was attributed to an increase aokdrattering associated with
increasingTrichodesmiuntoncentration against a background dominated bgtaah

CDOM and brown sediment absorption.

The characteristics ofR7**(1) and R**(A) at Chla concentrations

S S

exceeding 50 mg Chla Prwere similar to previously measured and modellaitias
(Subramaniam et al. 1999b; Dupouy et al. 2008aethl. 2010). Within this study, a
maximum reflectance peak was centred at 584 nm Mgber peaks evident at 560

and 527 nm. A broad peak was also evident betwi&hand 480 nm as was a

shoulder at 647 nm. F casa()l), a blue peak occurred at 415 nm corresponding to

S

pure water which was present until concentratidnbrichodesmiunexceeded 10 mg

case2
S

Chla m®. Conversely, ()l) did not exhibit a spectral peak in the blue region

this was attributed to absorption by CDOM and bresdiments.

Absorption features ofrichodesmiunwere evident within bot Casel(/1) and

S

case?
S

(/1) spectra. These appeared as dips/troughs at 4957&arsl 569 nm due to the
pigments PUB, PEB and PEC respectively. Reduciectance near 437 nm was

attributed to absorption by Chla. Bo®**(A) and R¥*¥(A) exhibited a peak at

690 nm corresponding to Chla fluorescencé@&rathodesmiuntoncentrations greater
than 1 mg Chla M
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4.4.3 QAA Derived Phytoplankton Absorption Coefficient.

Values of a2*(1) were derived fromR¥**(A1) and RY**(A) over the

S S

spectral range 400 — 580 nm and are shown in RBgi& and 4.8b. The shape of

a2 (A1) spectra derived from simulate,(4) data contained features consistent

with Trichodesmium These features comprised absorption peaks agt4e%, 536,

566 nm corresponding to the pigments: Chla, PUBB B&d PEC respectively. The

absorption peaks ire;* (A1) were usually well defined when Chla concentration

exceeded 1 mg Chla ™ particularly for the Case 2 scenario. In additidor

S

aZ*(A) derived from R%*® (1) at Chla concentrations below 1 mg Chi&, rthe
peak at 569 nm was not well resolved.

The magnitudes oa(/?AA(A) values derived for the Case 1 water scenario were
similar in magnitude toa;?AA(/]) values derived for the Case 2 water scenario.
Overall, these results indicated the QAA perforntedsonably well at deriving
a2 (A) for both the Case 1 and Case 2 simula®d4) data. However, should the
concentration of CDOM have been highalgﬁAA()l) would have been increasingly

difficult to resolve in the blue region. This stamming of the QAA was noted by

Lee et al. (2010) in an investigation into erroogagation within the algorithm.
Unfortunately, as theal(/?AA(A) is the last parameter to be derived using the QAA,
errors sourced from estimations e{4), a,,(4) and b, (A) filter down into its

derivation (Lee et al. 2010). In particular, Leeaé (2010) acknowledged that for

high values ofa,, (A1), the algorithm can yield near-zero and even negatj"*(4)

spectra.

4.4.4 Discrimination using SIM values

The SIM values computed f@3** (1) derived from simulated CaseR; ()

are shown in Figure 4.7c. Th&IM,, value was zero for arichodesmium

concentrationof 0.1 mg Chla i, indicating thatTrichodesmiumcould not be

discriminated. The value dbIM,,, reached 0.48 at &richodesmiuntoncentration
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of 0.3 mg Chla rit from which point,SIM,, broke clear of th&IMvalues computed
for other plankton. For concentrations between1D-mg Chla i, SIM,,, steadily

increased and approached 0.6, whilst the SIM vabfiesher phytoplankton remained
less than 0.5 Thé&IM,,, for concentrations greater than 20 mg Chlaintreased
steadily and reached a value of 0.9 at 100 mg @fla This result suggests that it
may be possible to discriminat€richodesmiumfrom other plankton above a
threshold of 0.3 mg Chla Tin Case 1 waters, and with more confidence for

concentrations exceeding 1 mg Chld.m

The SIM values computed f@**(1) derived from simulated CaseR, (1)

are shown in Figure 4.8c. TH&IM,, values ofTrichodesmiuntemained below 0.55

for concentrations less than 3 mg Chla. nWithin this concentration range, values of

SIM,,cro Were greater than those 81M,,, indicting thatTrichodesmiuntould not

be discriminated positively from mixed microplankio For concentrations of

Trichodesmiunexceeding 3 mg Chla fnthe value ofSIM,,, was greater than 0.55

and became well separated from BBV values for other plankton. This result
showed that the limit of detectability ®fichodesmiunwithin Case 2 water scenario
was much higher than for the Case 1 water scenario.
These results indicated it was easier to discriteifaichodesmiumwithin

Case 1 waters as opposed to Case 2 waters usinQAKReSIM approach. By
examining theSIM plots (Figures 4.7c and 4.8c), it was evident thatroplankton
and Synechococcuare potential confounding effects and could yiki$e-positive
retrievals at concentrations less than 0.2 mg @hfaand 3 mg Chla mfor Case 1

and Case 2 waters respectively. For these Chleeotrations theSIM,,, value was
approximately 0.6 or higher. Thus,SiM,;, threshold value of 0.6, was determined

to be appropriate for discriminatifigichodesmiuneffectively.
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Figure 4.7: (a.) Modelled hyperspectral remote isgneflectance folrichodesmium

in the Case 1 water scenario for Chla concentratioreasing logarithmically from O
— 100 mg rit. (b.) QAA-derived phytoplankton absorption coeiffint a>* (1) . (c.)
Similarity index measures (SIM) computed using nefiee absorption spectra from

the spectral library.
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Figure 4.8: (a.) Modelled hyperspectral remote sgnseflectance foil richodesmium

in the Case 2 water scenario with Chla concentratioreasing logarithmically from
0 — 100 mg M. (b.) QAA-derived phytoplankton absorption coeiffint a®**(A).

(c.) Similarity index measures (SIM) computed usneference absorption spectra

from the spectral library
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4.4.5 Sensitivity of QAA-SIM to false-positive Trichodesmium detection

Using the Hydrolight Case 1 model, hyperspectralate sensing reflectance
spectra were simulated for ndmichodesmiumoceanic, green phytoplankton ranging
in concentration from 0.1 — 100 mg Cla’fFigure 4.9a). The combined QAA-SIM
method was then applied to the simulated remotsisgreflectance dataset. The
motivation for this analysis was to determine ié tQAA-SIM was robust against
false-positive detection dfrichodesmium

In section 4.4.4, &SIMyg threshold value of 0.6 was determined to be
sufficient for discriminating the presence ®ofichodesmiumusing the QAA-SIM
method. However, the resultir® Mg, values (Figure 4.9¢) remained below 0.4 for
most Chla concentrations. TBéVg, only exceeded 0.4 on three occasions. For Chla
concentrations of 10, 15 and 20 m@ e values oSIMr, where 0.43, 0.45, 0.43
respectively.  TheSIMsyy value also remained below 0.4 except for Chla
concentrations 50 and 100 mg®m Notably, after Chla concentration exceeded 0.3
mg m-3,SIMps, SIMpico, SIMuicro, SIMero, and SIMp A began to distinctly separate
from SIMrg,.

The results from this sensitivity analysis suggist QAA-SIM method is
capable indicating the non-presenceToichodesmium Furthermore, these results
indicate the method is somewhat robust to falsetipesl richodesmiunmetrievals.
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Figure 4.9: (a.) (a.) Modelled hyperspectral remsensing reflectance using

Hydrolight Case 1 model with Chla concentrationgiag from 0.1 — 100 mg th
(b.) QAA-derived phytoplankton absorption coeffitiea?**(1). (c.) Similarity
index measures (SIM) computed using reference phbeorspectra from the spectral

library.
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4.4.6 Inversion of Transect Rrs

The R,(A) data collected on 3 October 2010 and the subséguterived
a;?AA()l) spectra are presented in Figure 4.10a and 4.1jiecevely. Upon close

inspection mosta;?AA(/]) spectra exhibited absorption features consisteith w

Trichodesmiumhowever some instrumental noise was evident. ud&lof SIM,

shown in Figure 4.10 are consistently greater tharthreshold value of 0.6 and well
separated from th8IM values of other plankton. Thus, based uporSivanalysis,

it was concluded thatrichodesmiumwas present for all 665 transect data points.
This agreed with ship-board observations madeeatithe describing the presence of
light surface dustings africhodesmiungsee Figure 4.1).

0.03

N —
0.025- \/\

@)

1
R (sr?)

200 450 500 550 600 650 700 750 200 420 440 460 480 500
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Figure 4.10: (a.) Along-transect remote sensintpctdince spectr&, ()l) collected

within the Great Barrier Reef on 3 October 2010.) QAA-derived phytoplankton
absorption coefficientsg?**(A) obtained by inverting eacR, (1) spectra].
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Figure 4.11: Along-transect similarity index measu¢SIM) computed for each QAA

deriveda?* (1) spectra on 3 October 2010.

The empirical relationship betwees, (443) and Chla (Equation 4.14) was

used to predict along-transélaichodesmiumspecific Chla concentration. Predicted
Chla values were compared with FLNTU-measured @hlaes to assess predictive
skill of the method. Data were median filteredrémnove noisy data points and lag-

corrected by peak matching. It was found that FUNCThla values laggedR,-

derived Chla values by 6 data points, which wasivadgnt to approximately 60
seconds. This lag time was deemed to represenintieetaken for a particle to enter
the intake manifold, pass through plumbing, enterdebubbling chamber and reach
the FLNTU.

A sequence plot is shown in Figure 4.12 and revesaigporal similarities
between predicted (red line) and measured Chla erarations (green line).
However, peaks in the predicted Chla sequenceapla¢ared much sharper than those
of measured Chla sequence plot. This may have ®eensequence of the residence
time of the debubling chamber. A faster flow-rated hence, lower residence time
within the debubbling chamber, may have improvesl rtieasured Chla resolution.

However, this would likely cause detrimental efeéhcluding bubble formation and
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cavitation which risk FLNTU data quality. Altermaly, the differences between the
DALEC-retrieved and FLNTU-measured Chla time sendsts may be due to
fluorescence or absorption by ndnehodesmiunmaterials such as CDOM, detritus,
or phytoplankton.

Sequence plots of along-transect Chla concentrdgoined using the standard
NASA OC3 (Borstad et al. 1992; O'reilly 2002) an4 (O'reilly et al. 1998)
algorithms were also plotted on Figure 4.11 (blod black lines respectively). Both
OC3 and OC4 resolved the temporal variability i @hla signal with almost
identical resolution to QAA predicted Chla valueblowever, when applied to the
transectRs(1) spectra, the OC3 and OC4 algorithms consistervéy-estimated the
Chla concentration by approximately 0.2 mg Chiawich agrees with the findings
of Chauhan et al. (2002). Chauhan et al. (20G2hguOcean Colour Monitor (OCM)
imagery, found that the standard NASA Chla algomghconsistently over-estimated
Chla values foifrichodesmium This may be because the OC3 and OC4 algorithms
were developed using a global bio-optical databaséch contained very few
Trichodesmiundatapoints (O'reilly et al. 1998; O'reilly 2002; ®¥eerry et al. 2005).
Alternatively, CDOM absorption is known to causenthaatio Chla algorithms to
over-estimate concentrations. The extent to wiGEOM interfered with the OC3
and OC4 retrievals may have been quantifiable &isneements of CDOM absorption

had been made.
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Figure 4.12: Sequence plot of Chla values measusaay fluorometer in a flow-

through system (green line), QAA derived Chla val@ged line), NASA OC3 Chla

algorithm (blue line) and NASA OC4 Chla algorithbiack line).

A scatter plot of measured versus predicted Chlahiswvn in Figure 4.13
revealing an almost one-to-one relationship withRaaquared value of 0.81. This
result indicates thatrichodesmiunspecific Chla was predicted reasonably well using
Equation 4.14 over a Chla range of 0.2 — 0.5 mqaGtif. However, the method
appeared to slightly underestimate Chla concentrdiy approximately 0.05 mg Chl
m3. It is almost certain that other phytoplanktorreveresent in the upper two metres
of the water column alongsid&richodesmium This is may explain, in part, the
discrepancy between the flow-through Chla valued #mose derived from the
radiometric data. In additionTrichodesmiumoften occurs in higher Chla
concentrations than those observed during thedcamsm 3 October 2010. Therefore,
it would be useful to study the performance of tlescribed method over a wider
range of Chla concentrations. However, the rarfgh® FLNTU instrument used
within this study was 0 — 50 mg Chla®mThus, a different approach is neededitfor

situ validation of this method wher€richodesmiumconcentrations exceed 50 mg

Chla m®.
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Also worthy of mention is that the flow-throughsssm used within this study
was not optimised for sampling dense surface aggiet ofTrichodesmium This is
because the intake manifold was 2 m below the seirf8he water 1 — 2 m beneath a
Trichodesmiunsurface aggregation can have much lower Chla coratens than at

the surface (see Figure 5.2, Chapter 5). Thusa Cbhcentrations estimated from

R, (/1) above a dense surface aggregation may be muchkrhigén those measured

by a flow-through fluorometer which samples seawfiten 2 m below the surface.
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Figure 4.13. Scatter plot of measured versus ragincally predicted Chla

concentration for the 3 October 2010 transect.
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4.5 Conclusion

Within this chapter, a method for discrimination damuantification of

Trichodesmiunusing hyperspectraR (/1) data has been presented. Firstly, a proof-
of-concept was established using Hydrolight sinedaR, ()l) spectra for examples
of Case 1 and Case 2 waters. The QAA then inveRefl) to yield a?*(A)

values which were compared using a SIM toaﬁh(A) spectrum ofTrichodesmium

and six other phytoplankton types. The resulticated that the combined QAA-SIM
method could discriminatdrichodesmiumfrom other plankton at concentrations
greater than 0.3 mg Chlahwithin Case 1 waters. Whereas, the combined QAA-
SIM method could only discriminaterichodesmiumat concentrations greater than 3
mg Chla n? for Case 2 waters.

Following successful proof-of-concept, the QAA-Shvkthod was trialled upon

transect R,(A) values. Transect data were collected within thBRGwith

accompanying high frequency Chla data measuredj usiitow-through fluorometer

system. The magnitude af**(A) was then used to predict Chla concentration using

a newly established empirical relationship. Valeégrichodesmiunspecific Chla
were well predicted, yielding a near one-one retethip with an R= 0.81, however,
values were underestimated by approximately 0.05 @mj mi®>. Due to the
consistency of this discrepancy, it was thoughthtove been sourced from the

empirical relationship betweem, (443) and Chla concentration (Equation 4.14)

which was derived using only 19 data points. Fenrtiore, it was assumed that
samples of Trichodesmium were collected in clear waters with low NAP

concentration. However, it is likely that minorntobutions of NAP may have

caused a slight over-estimation af (1). Thus, further investigation into the Chla-

specific absorption coefficient dfrichodesmiums justified over a wider range of
Chla values whilst measures are taken to elimioatéributions from NAP.

An aspect worthy of further investigation is sdifiding of Trichodesmium
This is particularly pertinent in the case werefaweg aggregations are present.
Subramaniam et al. (1999b) suggested self shadimgidwcause SeaWiFS Chla
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retrievals to be underestimated by a factor of .fodowever, within this chapter, the
standard NASA band ratio-type Chla algorithms winend to over-estimate Chla
abundance by a factor of two, complementing re$eair€hauhan et al. (2002). This
may be a consequence of elevated CDOM absorptian.confirm this hypothesis,
further measurements of IOPs are required alongsadigometric measurements
during aTrichodesmiunevent. The effect of vertical distribution upome IQAA-SIM
method may be studied further using Hydrolight datians. This could be achieved
by modelling varying vertical distributions dfrichodesmiumin a similar fashion to
Kutser et al. (2008) who modelled the influencevafying vertical distributions of

cyanobacteria upoR, (A) within the Baltic Sea.

Further validation and development of the QAA-SH@proach would be
possible using a suite of Hydrolight-simulat& (4). A spectral library ofR, (A1)
derived for varying concentrations ®fichodesmiumCDOM and sediments would
be useful for both further validation and refinemeh the QAA-SIM method. In

addition, Hydrolight simulations of mixed phytopkdon assemblages were not

considered in this chapter and warrant further ystudFurthermore, improved

Hydrolight simulations most likely require a bettparameterisation oy, (4).

Within this study, b, (1) of Trichodesmiumwas approximated using a spectral

model (Gordon and Morel 1983). However, direct sseaments by Subramaniam et
al. (1999b) and Dupouy et al. (2008a) suggested sitettering coefficient of

Trichodesmiunmexhibits wavelength dependence. As such, the pdawverused to

model by, (1) may have introduced some uncertaintieRtg(4). In addition, there

are presently no directly measured valuesﬁnofreported forTrichodesmiumand a

value of 0.02 was used within this investigatiorhis highlights the need for further
research into the scattering propertiewéhodesmium

As an application of the SIM-QAA method, along-Bant volumetric N-
fixation rates were estimated (see Appendix 4). &gesult, high resolution
volumetric N-fixation rates were derived along sact fromTrichodesmiunspecific
Chla concentration. Furthermore, the along-transeeal N-fixation rate was

estimated. With further refinement, this methoduldobe extremely useful. By

collecting multiple transecRS(A) data within the GBR, regional and seasonal
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variability in Trichodesmiumabundance may be resolved. Using such information,
uncertainty regarding N-fixation loads within theBB would be considerably
reduced. To enhance this method, improved datrdety region-specific, local data
regardingTrichodesmiunphysiology, Chla content, and N-fixation rates essential.
The QAA-SIM method could conceivably be appliedbtber regions such as
waters surrounding New Caledonia, the west Coastdé, the Gulf of Mexico and
western Australia wherd@richodesmiumis known to be abundant (Devassy et al.
1978; Dupouy 1992; Subramaniam and Carpenter 19@4ramaniam et al. 2002).
Such information would provide a greater degreanédrmation regarding global

variability of Trichodesmiunand hence contribute to understanding global N-btslg
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5 Modelling the hyperspectral remote sensing reflec  tance

signal of senescing Trichodesmium spp.

This chapter has been submitted to the journalu&she, Coastal and Shelf Science.

Abstract

During a field survey within the Great Barrier R€BR), Australia, on the 16
January 2009, large surface aggregations of theobgcteriumrrichodesmiunspp.
were observed. Thd&richodesmiummanifested in two distinct colour modes:
orange/brown (OB) and bright green (BG). Both oolmodes were sampled and
separate spectrophotometric measurements of thieytare and coloured dissolved
organic matter (CDOM) absorption coefficients werade. The spectral absorption
properties of the OBrichodesmiumwere consistent with literature measurements.
However, absorption measurements revealed thel B€hodesmiumhad leached its
water soluble phycobilipigments into the surroumgdseawater. This observation

strongly suggested that the B@chodesmiumwas undergoing cell lysis. The remote
sensing reflectance spectrg, (/1) of OB and BGTrichodesmiunwere simulated
using Hydrolight and denoted aR..;(4) and R(A) respectively. R us(A)
exhibited a distinct peak at 582 nm which was natsent in R, (4) of the BG
Trichodesmium In contrast,RsBG(/]) exhibited a dominant peak at 560 nm. The

issue of spatial patchiness was also explored termée how differing proportions

of OB and BGTrichodesmiunaffected the totaR, (1) of a satellite observed pixel.

This research demonstrated the potential to discat@Trichodesmiunphysiological

state using ocean colour remote sensing.
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5.1 Introduction

Trichodesmiumspp. is a colonial, marine cyanobacterium andasiraon
throughout tropical and sub-tropical oligotrophicaters (Capone et al. 1997).
Trichodesmiunis ecologically significant in nutrient limited caeic regions because
of its ability to fix atmospheric Nitrogen (Capoaeal. 2005). Trichodesmiunoften
appears on the surface in large, floating aggregatcommonly referred to as blooms
or surface slicks (Capone et al. 1997). Such saréggregations have the potential to
influence physical, chemical and optical propertésurrounding water (Capone et
al. 1997). Physical parameters influenced by dessdace aggregations of
Trichodesmiuminclude light penetration and ocean-atmosphere haat gas
exchanges (Capone et al. 1998).

Remote sensing has become a useful tool for mamiocyanobacterial
surface aggregations on large spatial scales (Ka@®@9). The optical properties of

dense surface aggregations strongly influence tuemeaving radiancel.,, signal

making them optically conspicuous by producing d-edge reflectance similar to
terrestrial vegetation (Borstad et al. 1992; Kut2@09). The red-edge reflectance

feature is characterised bylg signal in the near infrared (NIR) (> 700 nm) whish
greater in magnitude thah, in the visible region (400 — 700 nm). In aquatic

systems, where phytoplankton are dispersed, NIRoplsoare strongly absorbed by

water molecules (Dierssen et al. 2006). Under sircimstances, small,, peaks in

the NIR region are attributed to chlorophyll-a (&hfluorescence (Dierssen et al.
2006). However, for high concentrations of phyamiiton, NIR light is scattered
with higher efficiency than visible light which issually absorbed by photopigments
(Dierssen et al. 2006). Where dense concentrabbphytoplankton accumulate on
the sea surface, the scattered NIR light is absloblyeseawater with lower efficiency.
This results in the strong NIR reflectance (redegdwhich is characteristic of
cyanobacterial surface aggregations (Kahru 199&d3en et al. 2006; Kutser 2009).
The red-edge reflectance feature has been use@papinytoplankton surface
blooms using various remote sensing platforms dioly Landsat, the Advanced
Very High Resolution Radiometer (AVHRR), the MediuResolution Imaging
Spectroradiometer (MERIS), and the Moderate Resolut Imaging
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Spectroradiometer (MODIS) (Galat and Verdin 198%hKi 1997; Kutser 2004;
Gower et al. 2005; Hu et al. 2010).

Recent algorithms such as the Maximum Chloropmdiek (MCI) developed
for MERIS (Gower et al. 2005) and the Floating Agladex (FAI) developed for
MODIS (Hu 2009) rely upon the red-edge reflectafeaure. These algorithms are
useful for mapping the spatial structure of largense surface aggregations of
cyanobacteria, phytoplankton and floating vegetasioch asSargassuniGower et al.
2006; Gower et al. 2008; Hu 2009). The FAI hasbesed to detedirichodesmium
surface aggregations on the west Florida Shelf JA(F8 et al. 2010). Pixels with

high FAI values are selected and the spectral sbafiee multi-band remote sensing

reflectance,R, (1), is examined (Hu et al. 2010). Hu et al. (201@npared these

MODIS multi-band R, (A) spectra with directly measured hyperspectRl()

values ofTrichodesmiunirom the WFS and waters off Puerto Rico. Hu e{2010)
found thatTrichodesmiuntould be distinguished from other floating vegetatsuch

as Sargassunbased upon the unique reflectance characteristitise cyanobacteria.
However, the spectral shape and magnitude ofRhel) is known to vary with the

concentration and vertical distribution Bfichodesmiun{Subramaniam et al. 1999b).
Thus, the method of Hu et al. (2010) could berfedin a comprehensive knowledge

of the R, (4) asTrichodesmiunabundance varies. Variability iR, (1) can either

be directly measured or otherwise modelled usimiiatave transfer simulation code
such as Hydrolight (Mobley and Sundman 200l1a; Mplded Sundman 2001b).
However, Hydrolight simulations require an apprat#iset of the optical properties
as user inputs.

The bio-optical backscattering and absorption cciefits of Trichodesmium
have been studied by several authors (Subramartiaim ¥999a; Subramaniam et al.
1999b; Dupouy et al. 2008a). These data have gdrdee be useful for the
development off richodesmiunspecific ocean colour algorithms (Subramaniani.et a
2002; Westberry et al. 2005). However, studie®iofoptical properties have been
carried out for fresh samples ®fichodesmiuntollected from the field or laboratory
cultures. At present there currently exists sddetature discussing the bio-optical
properties offrichodesmiunat varying states of physiological health. Devastsyl

(1978) studied richodesmiunoff the western coast of India and noted that thlewr
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of a dense surface aggregation changed over tiAe.the peak of growth, the
Trichodesmiumsurface aggregation was noted to be distinctly isdddrown and
went on to become greyish-brown over time (Devastsgl. 1978). Devassy et al.
(1978) also noted that the filtrate of samples emtéld within dense patches of
Trichodesmiumwas often pink in colour. The pink discolouratiof seawater
associated withlrrichodesmiumhas also been noted by others (Jones et al. 1986;
Rueter et al. 1992). Literature discussing thek psolution leached from
Trichodesmiumis scant; however, it is likely to consist of theater soluble
phycobilipigments which are present withiirichodesmium(Rueter et al. 1992).
Furthermore, ultraviolet (UV) -absorbing, microsiperlike amino acids (MAAs) are

exuded fromTrichodesmiumand have been shown to contribute to the coloured

dissolved organic matter (CDOM) absorption coediitj a,(4) (Steinberg et al.
2004; Oubelkheir et al. 2006; Dupouy et al. 2008a).

Thus, there is anecdotal evidence that infers thiecal properties of both
Trichodesmiumand the surrounding seawater vary with the phggiohl state of a
high concentration, surface aggregation. It magrefore be possible to detect
degradation of alrichodesmiumaggregation using ocean colour remote sensing.
Previous research has shown that the bio-opticapgrties of cyanobacteria can
change during mass cell lysis (Simis et al. 208ang et al. 2009). Simis et al.
(2005) cultured filamentous cyanobacteria collecfesin Lake Loosdrecht, the
Netherlands, and measured changes to the opticapegiies and pigment
concentration as the growth experiment progres3éu results of Simis et al. (2005)
showed that as viral-induced mass cell lysis setamd the community of
cyanobacteria collapsed, the magnitude of opticalktering and absorption were
reduced by up to 80 % of original values measuteédeabeginning of the experiment
(Simis et al. 2005b).

In this study we examined two distinct colour modégrichodesmiunspp.
sampled from an extremely dense surface aggregatitnn the Southern Great
Barrier Reef (GBR), Australia. The difference iolaur was inferred to be due to
physiological state and pigment leaching. To aomfihis, the spectral particulate and
soluble absorption coefficients of the two colouodes of Trichodesmiumwere

measured to ascertain the extent of pigment legchiltom the cyanobacteria.

Simulations of hyperspectral remote sensing reffem R (A1) spectra using the
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radiative transfer simulation software Hydrolighene conducted. The modelled

R, (/1) was then examined in order to identify spectrakdees that may allow the

two colour modes to be discriminated using ocedoutosensors. This research
presents for the first time bio-optical propert@ssenescingrrichodesmium Such
information may be useful for the development oficg remote sensing algorithms

to monitor the physiological state dfichodesmiunsurface aggregations.

5.2 Data and Methods

During a research cruise aboard the RV Cape Fengoisd 6 February 2009,
dense surface patches (> 100 m acrosd)rehodesmiumwvere encountered in the
Southern Great Barrier Reef (GBR). A single steated at 22° 02.810' S, 150°
29.759" E was sampled at 12:20 hrs Australian Easséandard Time (AEST, +10hrs
UTC). Within the study siteTrichodesmiumexhibited two distinct colour modes
which are hereby referred to as: (i) orange/bro@B)(and (ii) bright green (BG) as
shown in Figure 5.1. A vertical conductivity-temaiire-depth (CTD) profile was
measured using a SeaBird Electronics 19plus ingnirmccompanied by a WETLabs
ECO Chla Fluorometer, a WETLabs c-star beam attemuransmissometer and a D
& A optical backscatter sensor. Secchi disk depts also recorded. Discrete
surface samples of the two colour modesro€hodesmiunwere collected using a
clean bucket. These were immediately transfeméml sSeparate, clean Niskin bottles
in an attempt to keep the samples cool and datdbs&nples were then drawn from
the Niskin bottles to determine Chla and phaeophgfia) concentrations, and the

particulate and soluble absorption coefficients.
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Figure 5.1: (a.) A dense surface aggregatiomrafhodesmiunspp. encountered on

16 February 2009 within the Southern Great Bafieef, Australia. The photograph
Is looking in the aft direction over the starboarde of the RV Cape Ferguson. Two
distinct colour modes offrichodesmiumwere observed: orange/brown (OB) and
bright green (BG). Concentrations of OB and B@Gchodesmiumcolonies upon
Whatman GF/F filters (@ 25 mm) are shown in (b.Jl §0.) respectively. [Image
credit (a.): I. Zagorskis, Australian InstituteMérine Science (2009).]
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5.3 Pigment Analysis

Duplicate 100 mL subsamples were drawn from eadkiNibottle. These
were then filtered under low vacuum onto pre-contdui¥Vhatman GF/F filters (@ 25
mm). After filtration was complete, the filters meefolded and wrapped separately in
pre-combusted aluminium foil sheets and immediafebzen (-20 °C) for later
analysis. Samples were extracted by grinding therd in 90 % acetone. The
combined chlorophyll-a and phaeophytin (Chla + Rapcentration was then
quantified using a Shimadzu UV-1600 spectrophotemésdllowing Jeffrey and
Humphrey (1975). The concentration of Pa was dfieshtspectrophotometrically
after addition of IN HCI to break down remaining Chla. After determioatof Pa
concentration, this value was subtracted from th&a G Pa value to yield the Chla

concentration.

5.3.1 Absorption Coefficients

The spectral absorption coefficients for CDOM aothlt particulate matter
were measured aboard the RV Cape Ferguson soansaftgple collection. The
methods for determining spectral absorption coffits outlined by the Ocean Optics
Protocols for Satellite Ocean Color Validation (hiell et al. 2003) were followed.
CDOM samples were prepared by pre-filtering eachpta through a pre-combusted
Whatman GF/F filter (@ 25 mm) under low vacuum tamove Trichodesmium
colonies from solution. The filtrate was furthelteired through a 0.22um pore
polycarbonate filter into a 10 cm quartz cuvette &malysis with a dual-beam
Shimaduz UV-1600 spectrophotometer. The specttopheter baseline was
obtained using freshly prepared, Milli-Q water ageference and Milli-Q water
passed through a 0.22n polycarbonate filter as the sample. For each RB3ample
the optical density (OD) was measured over a sple@nge of 250 — 800 nm with 0.5

nm resolution. The spectral CDOM absorption cefit a,(4) was determined

from the OD using the following equation (Mitchetlal. 2003)

a,(4) = 2>(0D(4) - OB, ) 5.1
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wherel was the cuvette pathelength in metres (0.1 m)@by},, was an offset value
taken to be the OD value at 680nm where absorghiento CDOM was assumed to
be zero (Oubelkheir et al. 2006).

Particulate absorption coefficients, (/1) , were derived using the quantitative

filter technique (QFT) (Mitchell et al. 2003). Salep of Trichodesmiumand any

other particulates were filtered onto pre-combu$tétatman GF/F filters (& 25 mm).
The Shimadzu UV-1600 spectrophotometer baselinedetermined using two clean
filter blanks: a Milli-Q dampened filter as the eeénce and a filter dampened with
0.22um filtered seawater as the sample. The OD of pkamas measured from 250

- 800 nm with 0.5 nm resolution. The particulabs@ption coefficienta, (1) was

then calculated using

2.30
2, (1) =200

where A; was the area of the filter in square metis,was the volume filtered in

(OD(/‘)_ OD\IULL) [5.2]

cubic metres andS was the pathlength amplification correction caméint for
Trichodesmiumaken to be 0.326 from Dupouy et al. (2008a). Vhlee of OD,,,

was chosen to be th®@D at 800 nm where absorption by particulate mattas w
deemed to be negligible (Mitchell et al. 2003). wiis assumed that the particulate

absorption coefficient was dominated Bgichodesmiumand the influence of non-

algal particulate matter (NAP) was negligible. $ha, (/1) was used to approximate

the absorption coefficient dfrichodesmiung,; (1) .

5.3.2 Radiative Transfer Modelling

Hydrolight 5 radiative transfer software was usedimulateR (/1) for each

colour mode offrichodesmiunsampled. Hydrolight numerically solves the equatio
of radiative transfer, however, requires the inhereptical properties (IOPs) of
scattering and absorption coefficients for all ¢idnents within the water column to
be input. With Hydrolight, we modelletrichodesmiunfor idealised offshore, blue
water conditions with no sediments. Thus, the I@Rsplied to Hydrolight were the

IOPs of pure water,Trichodesmiumand CDOM. Absorption and scattering
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coefficients for pure water are assumed constardswaere taken from Pope and Fry
(1997). The measure@richodesmiumabsorption coefficients were normalised by

their respective Chla concentrations to yield Clpac#ic particulate absorption

coefficients for OB and BGrichodesmiunsamples and are denotedas,, (1) and
g6 (4) respectively.
The spectral Chla specific scattering coefficiehtToichodesmium by, (/1)

was not measured during this investigation. Howewe have used values of the

TrichodesmiumChla specific backscattering coefficiettf,,; (1), to derively, (4).
The values oy ; (A) used within this investigation were measured bpdaty et al.

(2008a) using a HobiLabs Hydroscat 6 instrumenhe backscattering ratiﬁD for
Trichodesmiunwas also estimated by Dupouy et al. (2008a) todtedren 0.017 and

0.027. Following this, we sé, = 0.02 and estimatelf; (1) as follows
b ()= (V8 ) B (1) [5.3]

Within Hydrolight, a power law with Gordon-Morel li@s (Gordon et al. 1988) was

used to model the spectiBiichodesmiunscattering coefficienb,; (1)

Yy
b, (1) =h, (4,) Chia" (%] [5.4]

*

where, b;; (1,) was the magnitude df; (1) at a reference wavelengthy = 550 nm,

tri
and n= 0.62. The spectral slope coefficient was takerbdp =1.2 according to
Dupouy et al. (2008a). The value bf, (550) was 0.475 rmg?, also taken from
Dupouy et al. (2008a).

For modelling purposedrichodesmiumvas assumed to be amassed in the top
2 m of the water column which agreed with vertipadfile data (see section 5.4.1).
Thus, within Hydrolight the vertical Chla distribhon was fixed to 200 mg Chlafin
the top 2 m, monotonically decreasing to 0.1 mgaGff at a depth of 10 m.R,
spectra were modelled for both OB and Bichodesmiunover a spectral range of
400 — 750 nm with 5 nm resolution.

Hydrolight also required environmental parametaichsas solar zenith angle,

wind conditions, cloud cover and optical depth ¢oifput. Within this study we used
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a solar zenith angle of 10° and assumed clear siidsan infinitely deep bottom.
Wind speed was set to 1 knot which was consistéht field observations. Raman
scattering, Chla fluorescence and CDOM fluorescemeee also included in the
model.

5.4 Results and Discussion

5.4.1 Oceanographic Conditions

Sea conditions during field sampling were glass;likith a wind speed of 1 -
2 knots. These wind speeds are consistent withdheept offrichodesmiunsurface
aggregation formation during periods of relaxed dvstress (Capone et al. 1998).
The CTD profile (Figure 5.2a) revealed the surfaemperature and salinity were
29.5°C and 35.28 PSU respectively. Temperaturecetito 27.6 °C at the bottom
depth of 38 m, whereas salinity remained constamiughout the water column. A
small reduction in salinity of about 0.125 PSU wehserved about 2 m beneath the
thick surface layer offrichodesmium This was thought to be a sampling artefact
caused by a high volume dfrichodesmiumpassing through the CTD flow cell
slightly reducing the conductivity. The thicknesfsthe Trichodesmiunsurface layer
was approximately 1 - 2 m as indicated by highagbtbackscattering (Figure 5.2b),
high Chla fluorescence (Figure 5.2c), and optit@raation (Figure 5.2d) within this
layer. Unfortunately the dynamic range of the Ghlarometer was not large enough
for a quantitative assessment of Chla concentratiaithin the surface layer. As an
alternative, discrete Chla sampling provided thedaes. A Secchi disk depthg, of
5.5 m was recorded after breaking the dense sutégee. The diffuse attenuation
coefficient,Kq4, was approximated froy according to Kirk (1994),

K,=172,. [5.5]

Consequently, a resultind<q value of 0.31 ni was estimated beneath the
Trichodesmium Values ofKy were derived from average Secchi depths (De’ath an
Fabricius 2008) within coastal, inner shelf andsbéfre waters of the GBR. These
values were found to be 0.31'm0.17 n" and 0.09 rit respectively. Thus, light
attenuation beneath th@&richodesmiumsurface aggregatiorwas of a similar
magnitude to those expected for coastal waterdmwiitie GBR.
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Figure 5.2: Vertical profile data collected usirg SeaBird Electronics CTD
instrument.  (a.) Temperature (red) and salinityott@tl blue), (b.) optical
backscattering (c.) Chla fluorescence, (d.) optiadenuation collected during a

vertical profile beneath th&richodesmiunsurface aggregation.

5.4.2 Discrete Pigment Samples

The mean Chla concentration for the OB and B®hodesmiunsamples was
57 + 3.5 mg Chla Mand 315 + 39 mg Chlafrespectively. The Pa concentrations
of the OB and BG samples were 9 + 0.3 mg Paand 77 + 10 mg Pa
respectively. Because Pa is a degradation pramfuChla, the ratio of Pa : Chla can
act as a measure of physiological health. Theorafi Pa : Chla for the OB
Trichodesmiunsample was 0.17 and 0.25 for the BG sample. Puswaperimental
studies of freshwater cyanobacteria indicated tiatPa : Chla ratio remains low (<
0.3) during initial growth stages and increasesia> 1) corresponding to Chla
breakdown at the onset of population collapse (Sehial. 2005b; Zhang et al. 2009).
In this study, the Pa : Chla ratios of both the @&l BG samples were low,
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suggestingTrichodesmiumwas in good physiological condition. This resudt i
reasonable for the OB sample; however, the BG samals expected to show a
significantly higher Pa : Chla ratio due to a irased level of Chla breakdown.

The difference in Chla concentration between the 8@ OB samples was
considered to be a sampling artefact. These giaomes are likely due to immersion
of the sampling bucket, which disturbed the striectaf the surface aggregation. This
problem was alluded to by Kutser et al. (2009) windicated that accurate
guantification of dense surface aggregations ofncpacteria is an intractable
problem. Unfortunately, it is likely that this efact also carried through to absorption

coefficient measurements also.

5.4.3 Particulate Pigment Absorption

To compare the spectral shapes of the absorptieffidents of the OB and
BG Trichodesmiunsamples, each spectra was normalised to theiecagp values at
437 nm. The normalised absorption spectra areepted in Figure 5.3. The
absorption spectra of the OB sample exhibited gibisor peaks at 466, 495, 545, 575
and 620 nm assumed to be due to carotenoids, piombn (PUB),
phycoerythrobilin (PEB), phycoeryrthocyanin (PEChda phycocyanin (PC)
respectively. Chlorophyll-a absorption peaks was®d evident at 437 and 675 nm.
This observation was consistent with data repartete literature foffrichodesmium
(Subramaniam et al. 1999a; Dupouy et al. 2008a).

In contrast, the absorption spectra of the B@&hodesmiunsample showed
distinctly reduced absorption between 450 and 640 when compared with the
absorption spectra of OBrichodesmium However, there appeared to be little
difference in the spectral shape within the regib&hla absorption peaks at 437 and
675 nm. The BG sample exhibited a notable redndhabsorption around 495, 575
and 620 nm. Furthermore, the absorption peak a4 appeared to be completely
diminished. This spectral absorption data indidateat BG relative to OB
Trichodesmiuncontained reduced concentrations of phycobilipiginedP?UB, PEB,
PEC and PC, whist the Chla pigment was relativatigat.
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Figure 5.3: The normalised particulate absorptoefficient spectra for the OB and
BG colour modes ofrichodesmium The difference (DIFF) between the normalised

OB and BG absorption spectra is plotted also.
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5.4.4 Dissolved Pigment Absorption

The spectra ofag()l) for seawater surrounding the OB and BG

Trichodesmiumsamples differed greatly in both shape and madeitu When
analysing the dissolved pigments of the BG sangkrong odour was noted and the

seawater was tinted with a pink/rose colourationctvicomplemented observations

by Devassy et al. (1978). Ttag (A) spectra of both the OB and Bichodesmium

samples revealed strong absorption in the UV wiffeak centred at 330 nm and a
shoulder at 368 nm attributed to the presence ofABI&oncurrent with findings of
Dupouy et al. (2008a). Maximum absorption occuaed30 nm with a magnitude of

6.3 m' for the OB sample and exceeding 90 for the BG sample (see Figure 5.4).
The absorption coefficient,a,,;(4), of CDOM surounding the OB
Trichodesmiunexhibited a broad absorption feature centred ab&Qtnm which is
likely indicative of some minor leaching of phycligments (Figure 5.5). The
spectral absorption coefficient,agBG(/l), of CDOM surrounding the BG
Trichodesmiunexhibited a distinct spectral shape when compareitidat of the OB
sample (Figure 5.5). Absorption peaks occurred9gtand 541 nm with magnitudes
of 3.9 and 3.5 Mrespectively. These features corresponded tohieabilipigments

PUB and PEB whose absorption peaks within infaicthodesmiunoccur around 495

and 545 nm (Subramaniam et al. 1999a). A lessswrpbon peak WithinagBG(/l)

occurred around 630 nm and was likely to be aststmith pigment leaching from

PC. Two small shoulders were present withinahg, (1) spectra at 468 and 565 nm

and were deemed to be associated with leachingrotenoids and PEC respectively.

The particulate and dissolved spectral absorpto@ificients indicated that the
BG Trichodesmiumhad indeed leached phycobilipigments resultinghim sample’s
green appearance. Furthermore, these observatigmort the hypothesis that the
BG Trichodesmiumwvas undergoing cell lysis.
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Figure 5.4: (a.) Measured CDOM spectral absorptemefficient for the OB
Trichodesmiunsample. (b.) Measured CDOM spectral absorptiorficeant for the

BG Trichodesmiunsample. Note the scale of the y-axes on thess giffers.
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Figure 5.5: Spectra CDOM absorption coefficieatg, (1) and a, (A1) for the

orange/brown (OB) and bright green (BG) colour nsodaf Trichodesmium

respectively over the spectral range 400 — 700 nm.
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5.4.5 Modelled Remote Sensing Reflectance

Modelled hyperspectraR, (1) spectra for the OB and BGrichodesmium
samples are presented in Figure 5.6 and herebyeefo asR,.;(4) and R,z (A)

respectively. TheR, (/1) spectra of both colour modesTfichodesmiunexhibited a
peak at about 475 nm and troughs at 497 nm anchB6b@espectively. A red-edge
peak was present at 690 nm. THQOB(/]) spectra contained spectral features

consistent with reported hyperspectral measuremenis modelled spectra of
Trichodesmium(Borstad et al. 1992; Subramaniam et al. 199%pdy et al. 2008a;
Hu et al. 2010). In particular, thErSoB(/]) spectra exhibited distinct peaks at 527,
560 and 582 nm, a broad peak from 455 — 477 nm,aaskoulder at 642 nm. In
contrast, theRsBG(/]) spectra was dominated by a distinct peak at 56@mnacked

dips/troughs at 547 and 567 nm exhibited in FR]S%B(/]) spectra. In addition, the

R.ss(4) spectra exhibited no peak at 582 nm whilst thiectdince peak at 527 nm

was greatly reduced in magnitude.

These results showed thaR,,;(4) was spectrally distinct fromR, s (4),
particularly due to the presence/absence of a pe&B2 nm. Unfortunately, there is
no ocean colour band present in MODIS or MERIS reghbn, or near, 582 nm that

could be used to discriminate between OB andTBiGhodesmiun(see Figure 5.6).

However, MODIS has a band centred on 531 nm whial be useful for examining

the reflectance peak at 527 nm which was distioctF{SoB(A) and diminished for
R.ss(4). In addition, the gradient between 490 and 550nas found to be 4 x 10

and 8 x 10 sr* nmi* for R 5(4) and R,c(4) respectively. As MODIS and
MERIS both have bands in the vicinity of 490 and 58n, this gradient may be

useful for discriminating OB from BGrichodesmium However, the gradient
between 490 and 550 nm is likely to vary with Chlancentration. Therefore,
discriminating OB from BGTrichodesmiumusing this approach requires further

consideration.
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Figure 5.6: Hydrolight simulated remote sensinfieotance R, spectra for bright

green (BG) and orange/brown (OB) colour mode3mthodesmium The grey and
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ocean colour sensors respectively. Dashed line®sent gradient between 490nm
and 550 nm.
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5.5 Discussion

This research has shown that the bio-optical dbariatics ofTrichodesmium
may be linked to physiological state. This worklida@tes the observations by
Devassy et al. (1978) who reported colour changes drichodesmiumas it
progressed from low to high concentration and eyedntollapse. We have also
shown that the pinkish-red colour imparted to seawhy decayinglrichodesmium
may be attributed to cell lysis and release of watduble phycobilipigments. The
brilliant green colour offrichodesmiuntolonies which had lost phycobilipigments
indicated that the thylakoid membranes containih¢ga@robably remained intact for
some period after cell lysis began. To determime éxact timescales of these
breakdown processes requires further investigatioNevertheless, these results
indicate that it should be possible to discriminateom health from bio-optical
properties.

An attempt was made to use the Pa : Chla ratioghef BG and OB
Trichodesmiunsamples as a measure of physiological state. TBes&@mnple was
expected to have a high Pa : Chla ratio (> 1); hanehe observed value of 0.25 was
lower than expected. This discrepancy may be exgaldby a lag between leaching of
the phycobilipigments and substantial Chla breakdow Another method for
determiningTrichodesmiunbreakdown may be to use the ratio of phycobilipigtee
Chla. Our results indicate that wh&nchodesmiununderwent cell lysis, the water
soluble phycobilipigments were leached before Chldis agrees with research by
Simis et al. (2005) who showed that the PC : Calm iprovided a good index for the
progress of mass lysis within a cultured freshwat@mobacterial community. The
spectral features observed suggested significachieg of phycobilipigments from
Trichodesmiumwas observed in this study and therefore quantifinaof these
solubilised pigments may assist in assessing ploggaal state. Appropriate metrics
for Trichodesmiunbreakdown may be PEB : Chla or PUB : Chla rati®e.this end,
previous work by Carpenter et al. (1993) may befulse&here ratios of :
phycoerythrin : Chla of 3.2 and 1.2 were estabtlistoe fresh samples df. thiebautti
andT. erythraeumespectively.

The leaching of phycobilipigments from den$eachodesmiumhas strong

relevance to the field of bio-optics and ocean gol@mote sensing. Physics-based
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ocean colour inversion algorithms (Hoge and Lyofi6t L arder et al. 1999; Lee et al.

2002; Maritorena et al. 2002) typically moda) (/1) using an exponential function
defined by Bricaud et al. (1981)

8, (4) =2, (%)™ [5.5]
where A, is a reference wavelength typically chosen to b2 @ 440 nm an&is a
spectral slope coefficient which typically rangestvizeen 0.010 — 0.020 Ah(Kirk
1994). However, this spectral model is not wavgierdependent and is thus not
adequate for seawater containing considerable deant of leached
phycobilipigments.

The question now becomes: what method should ke tasmodela, ()l) for
dense concentrations dirichodesmiumwhere pigment leaching is likely to have
occurred? We briefly investigated the use of Ganssurves alongside a single
exponential function to approximalagBG(/l) using non-linear least squares fitting
(Figure 5.7). The Gaussian curves were centredi’f@n496, 540, 598, and 633 nm to
approximate absorption peaks of carontenoids, PRIBB, PEC and PC pigments
respectively. The optimally fitted exponential weipassed through 510 nm and had a

spectral slope coefficiers of 0.0521 nrit, values that are not consistent with those

typically used for modellinga, (/1) This exercise illustrated that the observed
ag(/l) for BG Trichodesmiumcan be fitted reasonably well. However, this non-

linear least squares fit is not as elegant as tmemporary model fora, (/1) of

Bricaud et al. (1981) and would be difficult to ilament into operational remote

sensing algorithms.

In order to provide a truly robust model aJ(A) for leachedrlrichodesmium

pigments, further work is required to optically deise the process of pigment release
as a surface aggregatidecays. Furthermore, previous studies of seawatkcted
from within Trichodesmiumaggregations found the pink colouration imparted by
phycobilipigments fades and eventually disappetar &4 — 36 hours when exposed
to natural or UV light (Jones et al. 1986). Theebservations suggest
photodegradation of the phycobilipigments leached the water column however,

bacterial consumption (Steinberg et al. 2004) coalso be a potential decay
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mechanism. The degradation processes of leachgoheptis warrants further
investigation.
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Figure 5.7: The measured absorption coefficierdisgolved pigments sampled from
beneath the BG colour mode Tafichodesmiunis represented as blue circles. A fitted
line created using a series of Gaussian basisifurscis shown as a red line. The
dashed lines represent the individual basis curged to fit the data.

148



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

Within this research, Hydrolight used a power tavestimateb,; (1).
However, previous investigations have identifiedvelangth dependence within
B, i ()l) due to reabsorption and fluorescence by the phiygigments
(Subramaniam et al. 1999b; Dupouy et al. 2008a)herdfore, the power law
approximation ofb,, (A1) may have introduced some uncertainty to the madeibf
spectral peaks within the modelld®, spectra. For example, the magnitude of the

modelled R, peak at 582 nm for OBIrichodesmiumappeared to be slightly

underestimated when compared with that of theditee (Borstad et al. 1992,
Subramaniam et al. 1999b; Dupouy et al. 2008a;tHl 010). Furthermore, within

Hydrolight it was assumed thalﬁD had a constant value of 0.02 across all
wavelengths. It is important to use appropriki,teNithin Hydrolight in order for the
model to select an appropriate scattering phasetitm S (Mobley et al. 2002).
Often 60 can be treated as spectrally flat however, fomgigt-containing particleﬁD

can exhibit spectral dependence (Huot et al. 2001us, using a constant valuefngf
across all wavelengths may be inappropriate. Toexgethe spectral characteristics of
60 for Trichodesmiunmequire further investigation.

Furthermore, the spectral absorption measureménigichodesmiumfrom
this investigation suggested that the BRichodesmiumhad lost much of its
phycobilipigments, leading to its green appearanceThis reduction in

phycobilipigments may change the fluorescence aadbsorption properties within

the BG sample. Therefore, the spectral shape aaghitude ofb,, (/1) for lysing

Trichodesmiunis likely to be different to that dfrichodesmiunwith intact pigments.
Research of freshwater cyanobacteria has showmagaitude of optical scattering is
reduced during bloom collapse (Simis et al. 2005/)e backscattering properties of
Trichodesmiumhave been studied in detail by a small number ckeaehers
(Subramaniam et al. 1999b; Dupouy et al. 2008apwever, there are presently no
studies that have examinined the scattering pr@sedf Trichodesmiumat varying
physiological states. Thus, there is a need fahéu investigation of the scattering

properties offrichodesmiunpopulations during mass cell lysis.
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Spatial patchiness and within-bloom optical vatigbipresents an immense
challenge for the optical discrimination dffrichodesmiumphysiological state.
Current ocean colour sensors such as MERIS, Sea@hB3VODIS have local area
coverage (LAC) pixel resolutions of approximatelpO3m, 1 km and 1 km
respectively. The issue of spatial patchiness essussed by Subramaniam et al.
(2002) who developed a method for detectionTathodesmiumusing SeaWiFS
imagery. Subramaniam et al. (2002) suggesteddimato the spatial patchiness of a
Trichodesmium the L,, signal measured within a SeaWiFS pixel of 1 x 1 km
resolution would be the spectral combination Dfichodesmiumpatches and
intermittent patches of clear waters. Field obagowns from this research indicated
that the patches of different colour within thechodesmiunsurface bloom were in
the order of 10 m across and thus of sub-pixelesc@herefore, the sub-pixel patches
of OB and BGTrichodesmiunwould most likely be unresolvable with current atea
colour sensors. However, the relative contributbddrOB and BG patches within a
pixel may be quantifiable.

To illustrate the effect of sub-pixel patchines® kave treated the modelled

Reos(4) and R . (4) of OB and BGTrichodesmiunsurface aggregations as “basis
vectors”. The observe, (/1) for a given field-of-view was then assumed to be a

linear combination ofR,;(A) and R g (4). This effect was simulated using the

following relationship
Rs (/]) =C Rsos(/]) + (1_ () RSBG(A) [5-6]

where,c was the mixing ratio which ranged from 0 — 1. Thsults of this exercise

are shown in Figure 5.8 and illustrates how thalt®, (1) reflectance changes from

a pixel initially dominated by OBTrichodesmium(c = 1) towards one which is
dominated by BGIrichodesmiun{c = 0). It is useful to note that this analysisyonl
considers a pixel completely covered byrchodesmiunsurface aggregation. In
reality, a surface distribution at the MODIS or MBRpixel scales is likely to be
patchy, with intermittent clear water features.

150



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

__0.016}
F':—
& 0.014}
]
2 0.012
8
3 0.01}
©
o 0.008| "
£
2 0.006f
Q
7]
@ 0.004}
£
o 0002 ] [J [ 0O (1]
o0 g0 @8 0 00@P
00 450 500 550 600 650 700 750
wavelength (nm)
__0.016] ——¢=0.7
5 0014 o8
‘é’ PWA —c=0.5
S 0.012 \ ——c=0.4}
g ~~ ¢=0.3
@ 0.01} d
©
o 0.008 %,
% e
< 0.006/ 7=
w Bl
@ 0.004f
£
sg0002[ ] J 0O OO (1]
00 06 0 0O [O0E
%0 450 500 550 600 650 700 750
wavelength (nm)
__0.016} c=0.2
%00 c=0.1
0.014 c=0.0|
2 0.012
8
& o.01}
©
= 0.008
£
2 0.006}
(]
7]
@ 0.004
£
s0002[ ] J 0O OO (1]
OO0 06 0 0O [OO0E
%0 450 500 550 600 650 700 750

wavelength (nm)

Figure 5.8: Estimated totdR, spectra for a pixel containing varying proportiafs

OB and BGTrichodesmiundictated by the mixing ratia;, as defined in Equation
5.6. The grey and white boxes indicate the posstiof the spectral bands of the

MERIS and MODIS ocean colour sensors respectively.
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From Figure 5.8 it is clear that as the mixingaat, decreased from unity

toward zero, the totalR, (/1) spectra shifted from being dominated by OB

Trichodesmiumowards being dominated by BGichodesmium The distinct peaks
at 527 and 582 nm of the ORichodesmiunbecame less prominent after= 0.7.
This observation suggests that after a field-ofwis covered by greater than 70 %
BG Trichodesmiumthe spectral characteristics of QBichodesmiunbecome less

distinct and the peak at 560 nm becomes the daorhfeature.

5.6 Conclusion

This chapter has examined two distinct colour modésTrichodesmium
sampled within the Great Barrier Reef from a laggeface aggregation. The
absorption properties of the OB colour mode werrgsistent with previously reported
literature values. However, the BG colour modeiletd reduced absorption by
phycobilipigments which were shown to have leacima the surrounding seawater
upon examining the corresponding CDOM absorptioaffanent. Thus, the BG
Trichodesmiunwas assumed to be undergoing cell lysis.

Although the BG colonies ofrichodesmiunsampled within this study were
deemed to be undergoing cell lysis, others havedareenTrichodesmiunpresent at
depth. During th®iapalis Cruise Neveux et al. (2006) discovered green colonies of
filamentous cyanobacteria in low concentrationslggiths of 50 — 120 m within the
Coral Sea. The green filaments were hypothesséeé 2 photoacclimated ecotype of
T. thiebautti However, Orcutt et al. (2008) who participatedthe same research
cruise refuted these claims. Instead, Orcutt.€28I08) suggested the green colonies
were T. thiebauttiin senescence based upon an apparent lack ofj@itase activity
and degenerate DNA in comparison to healththiebautti Further discussion of the
green filaments was presented by Neveux et al.8R@® which pulse amplitude
modulation (PAM) fluorometry data was used to shiwe green filaments were
photosynthetically well adapted to lower light levéhan brownTrichodesmium
colonies found in the upper water column.

Unfortunately the bio-optical properties of the are filamentous
cyanobacteria sampled by Neveux et al. (2008) wetemeasured. Thus, a direct

comparison to data presented within this thesim@abe made. Furthermore, the
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greenTrichodesmiumsampled within this study were buoyant and coldi@m
within an extremely dense surface aggregatioraduttion, the pink discolouration in
the surrounding water indicated leaching of thecphylipigments and senescence.
As such, no comparisons have been drawn betweagreébaTrichodesmiunsampled
within this chapter and those collected by Neveual (2006) at depth. However, it
is important to acknowledge that greérichodesmiummay be encountered in other
circumstances other than during cell lysis.

Hyperspectral modelling using Hydrolight showed tRg of OB and BG
Trichodesmiumto be spectrally different. The effect of spat@dtchiness was
examined with results showing the distinct peakkit@ted by OB Trichodesmium
became negligible after 70 % of a pixel was covdrgdBG Trichodesmium It is
likely that OB and BGTrichodesmiumcould be spectrally discriminated using
MODIS and/or MERIS, however both satellites laclspgectral band near 580 nm
which would be ideal for this purpose.

The results of this work are directly applicablébtological oceanographers and
ocean colour scientists who wish to study the apand temporal resolution of
Trichodesmiunabundance using satellite remote sensing. Thik waay assist in
optically determining the physiological state of surface aggregation of
Trichodesmiumwhich is of significance ecologically and biogeenfically. This
research has also mentioned and discussed thesitg@dsmproved measurements of
the scattering properties dfichodesmiunmand in particular, studies into the spectral
properties of the backscattering ratio.

Finally, it should be noted that the findings aktbhapter were based upon only
two samples collected from within a singlechodesmiunevent. As such, the results
should be interpreted with caution. In order tovde a complete and robust
understanding, it is recommended that additionalestigations of the optical
properties of senescinyichodesmunibe conducted. Further work is also required to
determine what contribution that other phytoplanktmay have to the spectral

reflectance characteristics of a complex mixedaggrfaggregation dfrichodesmium
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6 Thesis Conclusions and Future Work

Trichodesmium is a biogeochemically important diazotrophic, marin
cyanobacterium. Not only iSrichodesmiunestimated to be responsible for a large
proportion of biogeochemically inferred nitrogeih¢an also influence heat exchanges
across the air-sea interface. Within the GBR, pdlist, inputs of new-N due to
Trichodesmiunare likely to have order of magnitude uncertaintiéhis is associated
with limited knowledge of spatial and temporal attances ofl richodesmiunwithin
the GBR. Thus, an improved parameterisationTathodesmiumvariability is
essential to enhance regional N-budgets. This ®leBis was therefore concerned
with the development of new methods for the debectand quantification of
Trichodesmiunwithin the GBR for application to ocean colour rémeensing.

An extensive review of contemporargmote sensing method€Hapter 2)
revealed that there were no methods specificaleldped for, and validated within,
the GBR. Thus, this PhD thesis examined the biezalpand radiometric properties
of Trichodesmiunwithin the GBR. This research has resulted in hear methods

being developed:

(1) A MODIS binary flag for detection of dense surfagggregations of
Trichodesmiunwithin the GBR (Chapter 3) and
(i) A hyperspectral inversion method which discrimisasad quantifies

TrichodesmiunabundanceGhapter 4).
In addition,
(i) A brief investigation into the bio-optical propedi of senescing

Trichodesmiunwas conductedZhapter 5).

6.1.1 A Binary Classification Algorithm

Within Chapter 3, surface aggregations dfrichodesmiumwere shown to
exhibit a strong NIR reflectance feature when oleeusing above-water radiometry.
Typically, water-leaving NIR radiances are negligidue to strong absorption of NIR
photons by pure water. When examining the 859 namdbof MODIS,
Trichodesmiumsurface aggregations were found to be distincthlitigeflective
features against a background of low reflectandeurthermore, Trichodesmium

exhibited reduced reflectance within the 678 nm M®MDand due to strong Chla
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absorption. Thus, a nLw(859) value larger than (@48), formed the primary
detection criteria for the presence ofTechodesmiumsurface aggregation. Two
additional criteria which compared nLw(687) to thmagnitudes of nLw(675) and
nLw(555) respectively were used to remove potecbafounding effects.

The binary classification algorithm was validatesingin situ observations of
Trichodesmiumsurface aggregations. The method was found to laewveé85 %
accuracy. Further tests of the algorithm foundrabust against false-positive
retrievals in the presence of potentially confomgdeffects such as highly reflective
coral reefs and riverine plumes containing high @Db@nd suspended sediment
concentration. The method was found to resolvéiadgaatures such as eddy swirls
and windrow well. However, each pixel had a quag£)-m resolution. Thus, small
Trichodesmiunsurface aggregations of sub-pixel scale were likelirave difficulty
in being detected. Nonetheless, this method pesval regionally validated method
for detection of surface aggregationsTofchodesmiunwhich may be applicable to
optically similar regions such as the southwesteacific Ocean in the vicinity of

New Caledonia.
6.1.2 Hyperspectral Inversion Algorithm

Within Chapter 4 a method was developed which combined the QAA and
SIM for the purposes of discriminatingrichodesmiunmfrom hyperspectraR, (/1)

data. Initially, R, (/1) were simulated with Hydrolight usingrichodesmiunspecific
IOPs for examples of Case 1 and Case 2 Waters.Rl;Iﬁé) data were inverted using

the QAA to derive a;?AA(/]) which was compared with a reference absorption of

ref

Trichodesmiuma,; (/1) and six other phytoplankton. The results indidatbat

Trichodesmiumcould be discriminated from six other phytoplankttypes at
threshold concentrations of 0.2 and 1 mg Chid for the Case 1 and 2 waters
considered. ASIMg threshold of 0.6 was established, below whicheheas less

confidence thalrichodesmiumvas well discriminated.

The combined QAA-SIM method was tested upon transRc(4) data

collected within the GBR for whicArichodesmiumwas known to be present. A

flow-through system housing a Chla fluorometer wssd to directly measure along-
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transect Chla concentration. Once an along-trandata point was identified as

containing Trichodesmiumusing the QAA-SIM method, Chla concentration was

estimated based upon the magnitudegf'(A) at 443 nm using a newly established

empirical relationship. The radiometrically dedv€hla, when compared with the
fluorometer-measured Chla values, had strong lityeaith an R-squared value of
0.81. However, Chla concentration was underestichaty approximately 0.05 mg
Chla m®. Nonetheless, this was better than the stands&8ANOC3 and OC4

algorithms which overestimated Chla concentratip®2 mg Chla .

The ability to discriminate and quantifirichodesmiumabundance with the
QAA-SIM method has direct implications for resolgil-fixation rates with a high
spatial and temporal resolution. For the singlegect examined i@hapter 4, it was
estimated that during 1.8 hours, approximatelydrgy of nitrogen was fixed within a
30 knf area. This value was extrapolated and a crudtaast of the annual areal N-
fixation rate was determined to be 0.7 tonnes N km which was within the range

of previous estimates within literature.
6.1.3 Bio-optical Properties of Senescing Trichodesmium

The bio-optical properties of two colour modes Tafchodesmiumsampled
within the GBR were examined ®hapter 5. Trichodesmiunwithin a dense surface
aggregation presented in two distinct colour modesoted as orange/brown (OB)
and bright-green (BG). Particulate and CDOM abisomnpcoefficients revealed that
the BG Trichodesmiumhad leached a large proportion of its water soluble
phycobilipigments into the surrounding seawateowever, the spectral shape of the
OB particulate absorption coefficient was as exgebct This suggested that the BG
Trichodesmiunwere undergoing cell lysis, whilst the OBichodesmiunremained
relatively intact. This was not clearly reflectedPa:Chla ratios which were lower
than expected. This suggested a lag between pitipogiments leaching and Chla

breakdown.

Modelling of hyperspectraR (/1) revealed both colour modes were spectrally
distinct. In particular, thR, (/1) of OB Trichodesmiunexhibited a peak at 582 nm

that was not present within th&, (/1) of BG Trichodesmium Thus, it was

established that the two colours may be distingabhusing MERIS, as there is no
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band on or near 582 nm for MODIS. However, futseasors would benefit from a
spectral band centred on or near 580 nm to aidonlbyt in discriminating different

colour modes oTrichodesmiunbut also in discriminatingrichodesmiunirom other

green phytoplankton. Th&, (/1) properties of a field-of-view containing varying

concentrations of OB and B@ichodesmiunwere also examined. This investigation
found the dominant peak at 852 nm of @Bchodesmiunbecame less distinct when

the field-of-view contained 70% or more B@Gichodesmium

6.2 Overview and Implications

The newly developed methods within this PhD redearoject were shown to
be suitable for the detection dtichodesmiumand were specifically designed for
waters of the GBR, Australia. The methods were abldetecflrichodesmiumin
both dense surface aggregations and dispersed ateand Thus, by combining
radiometric data from ships of opportunity and igeeocean colour sensors it should
be possible to resolve spatial and temporal vanatin Trichodesmiunabundance.
Furthermore, the bio-optical properties dfichodesmiumduring cell lysis were
examined. Thus, the potential to remotely sefsehodesmiunphysiological state
was established.

These results have implications for ecosystem lheaftd bio-geochemistry
studies within the GBR. As established within titerature, Trichodesmiumis
known to contribute significant quantities of newtdNthe GBR. However, order of
magnitude uncertainties are associated with estgnaf N-fixation due to limited
understanding of variability imrichodesmiumabundance. Heat exchanges across the
air-sea interface are also known to be influenced thbe presence of dense
cyanobacterial surface aggregations. Furthermofeichodesmium surface
aggregations have caused fouling and subsequenrelof beaches within the GBR.
The new methods developed within this PhD thesie hiae potential to address these
scientific and management issues.

The QAA-SIM method discussed @hapter 4 was able to resolve information
regarding Trichodesmiumabundance with high temporal and spatial resolution
Furthermore, the ability to resolve along-transBifixation rates using derived

abundance data was demonstrated. In additionbitiey classification algorithm
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discussed inChapter 3 was found to be a robust method for the detectibn
Trichodesmiunmsurface aggregations within the GBR. Thus, byewtihg further

along-transect hyperspectral radiometry and examiMODIS imagery, it should be
possible to significantly enhance present undedstgnof Trichodesmiumabundance
and variability within the GBR.

Information detailed inChapter 5 regarding the bio-optical properties of
senescingTrichodesmium in combination with the binary detection algorithm
developed inChapter 3 could have the potential application to near-realet
monitoring of Trichodesmiumsurface aggregations. Thus, the size, physiolbgica
state and movement ofTaichodesmiunsurface aggregation could be mapped using
ocean colour satellites. This has direct implmadi for management, and response
decisions regarding closure and/or cleanup of @opsivimming beaches within the
GBR should a large-scalgichodesmiunevent occur.

Although the methods outlined within the thesiwvendbeen developed and
validated specifically for the GBR, they may be laggble to other regions. For
example, waters of the south-western tropical Ra€tean (SWTP) are likely to be
optically similar to the GBR. Thus, the methodseleped within this thesis may be
directly applicable to the SWTP. Conversely, igioas such as the Gulf of Mexico
and the west coast of India, the phytoplankton comity is much more complex than
within the GBR. Thus, application of GBR-specifadgorithms may be more
challenging for these regions and as such regienip validation of algorithms is

recommended.

6.3 Future Work

6.3.1 Sampling Strategies and Bio-optical Properties

For the purposes of determining the predictive |skil ocean colour
algorithms,in situ validation points are essential. Large data seth as SeaBAM
have been essential to the development and turiigfpbal ocean colour algorithms.
However, within this PhD project only a small numbeéin situ Trichodesmiuntbio-
optical data points were collected. Thus, ongainfiection ofin situ bio-optical,
radiometric and Chla concentration data within @BR is recommended. Such a

dataset is not only useful for further developmand validation offrichodesmium
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specific algorithms, but has applications for fetutevelopment of region-specific
ocean colour algorithms.

The gquantification of dense surface aggregation§richodesmiunhas been
identified as an intractable problem. Attemptssémple using buckets and Niskin
bottles are fraught with difficulty. In particulathe immersion of instruments,
buckets or Niskin bottles disperses the surfacerlapd as such it is difficult to get a
representative sample. However, it was establistret the boom-mounted
hyperspectral radiometer was useful for monitoriegnse surface aggregations
remotely without disturbing the surface layer. amidinately, due to exceptional self-
shading, it is extremely difficult to draw concloss regardingTrichodesmium
abundance beneath a dense surface aggregationradinghetry. Thus, further work
Is required to establish an understandingla€hodesmiunmvertical distribution in
these situations.

The vertical distribution offrichodesmiumalso has implications upon Chla
estimates derived from the flow-through fluorometgstem. For example, the intake
manifold for the flow-through system aboard the R¥pe Ferguson was 2 m below
the surface. When the water column is well mixbd, flow-through system is likely
to give a good approximation of Chla concentrationthe upper few metres.
However, in the situation where a dense surfaceeagdjon of Trichodesmiumis
present, water sampled at 2 m may not be reprdsentaf the Trichodesmium
abundance at the surface.

Within this PhD thesis, various shortcomings regaydhe sampling of bio-
optical properties were identified. In particulinvas assumedrichodesmiunhad a

spectrally flat backscattering ratio of 0.02. Thue was used within Hydrolight for

the purpose of modelling thie, (/1) of Trichodesmium However, the backscattering

ratio of Trichodesmiummay exhibit spectral dependencies. Thereforentprove
radiative transfer modelling using Hydrolight, tuet studies of the scattering and
backscattering coefficients @fichodesmiunare warranted.

Another potentially useful parameter to quantify fature studies of
Trichodesmiunbio-optical properties is phycobilipigment concatiobn. Within this
PhD thesis, Chla concentration was routinely ctdliéchowever, there were no means
established for quantification of phycobilipigmertincentration. Phycobilipigments

concentration is necessary for development anddawdin of phycobilipigment-
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specfic retrieval algorithms. Furthermore, phyt@iplgments : Chla ratios have been
identified in literature as useful methods for ass®y cyanobacterial physiological
state.

The influence of spatial patchiness was brieflyradgled within Chapter 5, by

examining the effect of varying proportions of OBdaBG Trichodesmiunmupon the

RS(A) for a given field-of-view. However, further stedi regarding the effect of
sub-pixel patchiness upon ttR, (1) spectra would be insightful. In addition, the

effect of vertical variability ofTrichodesmiumabundance uporR,(4) warrants

further investigation.
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Appendix 1. Look-up-table, LUT, of sky reflectance
coefficients p

The following pages contain the look-up-table (LWi)sky reflectance coefficients,
p, used for deriving above-water remote sensingec&dhce according to Mobley
(1999)

R, = [A1.1]
where, the parametets, Lsy andEg are the total upwelling radiance, sky radiance

and downwelling irradiance respectively. The coedht p is dependent upon wind

speed, solar zenith angle and sensor viewing gegmet
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Appendix 1

rho = L(surface reflected)/L(sky) (non-dimen) as in
Mobley, 1999, Appl Opt 38, page 7445, Eq. 4

[(Theta,Phi) are the directions of photon travel

Theta is measured from 0 at the zenith.

Solar photons travel in the Phi = 180 direcifthre sun is
located at Phi = 0).

(Thus Phi = 45 represents the 135 degree vieangle

for minimizing sun glitter.)]

These values are for 550 nm (see RhoNotes.pdf fo

discussion)
I J Theta Phi Phi-view rho
(zenith) (Lrefl/Lsky)

rho for WIND SPEED = 0.0 m/s

deg

10 1 0.0 00 0.0 0.0211

9 1 100 0.0 180.0 0.0211
9 2 100 150 1650 0.0211
9 3 100 300 150.0 0.0211
9 4 100 450 1350 0.0211
9 5 100 600 120.0 0.0211
9 6 100 75.0 1050 0.0211
9 7 100 90.0 90.0 0.0211
9 8 100 1050 75.0 0.0211
9 9 100 1200 60.0 0.0211
9 10 10.0 1350 450 0.0211
9 11 100 150.0 30.0 0.0211
9 12 100 1650 150 0.0211
9 13 100 180.0 0.0 0.0211
8 1 200 00 180.0 0.0213
8 2 200 150 165.0 0.0213
8 3 200 300 150.0 0.0213
8 4 200 450 1350 0.0213
8 5 200 600 1200 0.0213
8 6 200 750 105.0 0.0213
8 7 200 90.0 90.0 0.0213
8 8 20.0 1050 75.0 0.0213
8 9 200 1200 600 0.0213
8 10 20.0 1350 450 0.0213
8 11 20.0 150.0 30.0 0.0213
8 12 20.0 1650 150 0.0213
8 13 20.0 180.0 0.0 0.0213
7 1 300 00 180.0 0.0223
7 2 300 150 1650 0.0223
7 3 300 300 150.0 0.0223
7 4 300 450 1350 0.0223
7 5 300 600 120.0 0.0223
7 6 300 750 1050 0.0223

THETA_SUN = 0.0
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5 70.0 60.0 120.0 0.1404
6 70.0 750 1050 0.1421
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10.0 180.0 0.0 0.0211
20.0 0.0 180.0 0.0213
20.0 15.0 165.0 0.0213
20.0 30.0 150.0 0.0213
20.0 45.0 135.0 0.0213
20.0 60.0 120.0 0.0213
20.0 75.0 105.0 0.0213
20.0 90.0 90.0 0.0213
20.0 105.0 75.0 0.0213
20.0 120.0 60.0 0.0213
10 20.0 1350 450 0.0213
11 20.0 150.0 30.0 0.0213
12 20.0 165.0 150 0.0213
13 20.0 180.0 0.0 0.0213
1 300 0.0 180.0 0.0223
2 30.0 150 1650 0.0223
3 30.0 30.0 150.0 0.0223
4 300 450 1350 0.0223
5 30.0 60.0 120.0 0.0223
6

7

8
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70.0 1050 75.0 0.1421

70.0 120.0 60.0 0.1404
10 70.0 1350 45.0 0.1405
11 70.0 150.0 30.0 0.1410
12 70.0 165.0 15.0 0.1425
13 70.0 180.0 0.0 0.1425
1 80.0 00 180.0 0.3680
2 80.0 15.0 165.0 0.3677
3 80.0 300 150.0 0.3646
4 80.0 45.0 1350 0.3686
5 80.0 600 1200 0.3617
6
7
8
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80.0 75.0 105.0 0.3656
80.0 90.0 90.0 0.3727
80.0 105.0 75.0 0.3656
80.0 120.0 60.0 0.3617
10 80.0 1350 45.0 0.3686
11 80.0 150.0 30.0 0.3646
12 80.0 165.0 15.0 0.3677
13 80.0 180.0 0.0 0.3680

30.0 75.0 105.0 0.0223
30.0 90.0 90.0 0.0223
30.0 105.0 75.0 0.0223
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1 875 0.0 180.0 0.7714 30.0 120.0 60.0 0.0223
2 875 150 1650 0.7771 10 30.0 1350 45.0 0.0223
3 875 300 150.0 0.7745 11 30.0 150.0 30.0 0.0223
4 875 450 1350 0.7663 30.0 165.0 15.0 0.0223
5 875 600 1200 0.7766 13 30.0 180.0 0.0 0.0223
6 875 750 1050 0.7729 1 400 0.0 180.0 0.0256
7 875 90.0 90.0 0.7732 2 40.0 15.0 165.0 0.0256
8 875 1050 750 0.7729 3 40.0 30.0 150.0 0.0256
9 875 1200 60.0 0.7766 4 40.0 45.0 135.0 0.0256
10 875 1350 45.0 0.7664 5 40.0 60.0 1200 0.0257
11 875 150.0 30.0 0.7745 6 40.0 75.0 105.0 0.0257
12 875 1650 150 0.7771 7 40.0 90.0 90.0 0.0256
113 875 180.0 0.0 0.7714 8 40.0 105.0 75.0 0.0257
rho for WIND SPEED = 0.0 m/s THETA_SUN = 10.0 9 40.0 120.0 60.0 0.0257
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deg 10 40.0 1350 450 0.0256
10 1 00 0.0 0.0 0.0211 11 40.0 150.0 30.0 0.0256
9 1 100 0.0 180.0 0.0211 12 40.0 165.0 15.0 0.0256
9 2 10.0 150 165.0 0.0211 13 40.0 180.0 0.0 0.0256
9 3 10.0 30.0 150.0 0.0211 1 500 0.0 180.0 0.0355
9 4 100 450 1350 0.0211 2 50.0 150 1650 0.0354
9 5 100 60.0 120.0 0.0211 3 50.0 30.0 150.0 0.0357
9 6 10.0 75.0 1050 0.0211 4 500 450 1350 0.0356
9 7 10.0 90.0 900 0.0211 5 50.0 60.0 120.0 0.0355
9 8 10.0 105.0 75.0 0.0211 6 50.0 750 1050 0.0355
9 9 10.0 1200 60.0 0.0211 7 50.0 90.0 90.0 0.0355
9 10 10.0 1350 45.0 0.0211 8 50.0 1050 750 0.0355
9 11 10.0 150.0 30.0 0.0211 9 50.0 120.0 60.0 0.0355
9 12 100 165.0 15.0 0.0211 10 50.0 135.0 45.0 0.0356
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165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0

30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0

0.0386

0.0430

0.0446
0.0673
0.0673
0.0677
0.0664
0.0663
0.0662
0.0655
0.0656
0.0654
0.0651
0.0663
0.0657
0.0661
0.1606
0.1592
0.1575
0.1565
0.1552
0.1520
0.1524
0.1496
0.1504
0.1502
0.1497
0.1509
0.1519
0.3269
0.3259
0.3302
0.3312
0.3335
0.3371
0.3381
0.3396
0.3383
0.3382
0.3396
0.3368
0.3386
0.4505
0.4507
0.4779
0.4730
0.4652
0.4914
0.4961
0.5153
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87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0

120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0

0.5102
0.5376
0.5580
0.5370
0.5433
THETA_SUN = 30.0

0.0277
0.0229
0.0238
0.0231
0.0227
0.0229
0.0232
0.0233
0.0280
0.0321
0.0461
0.0628
0.0866
0.1117
0.0221
0.0223
0.0224
0.0225
0.0226
0.0228
0.0233
0.0259
0.0277
0.0604
0.1262
0.2114
0.2325
0.0228
0.0229
0.0230
0.0232
0.0232
0.0234
0.0238
0.0239
0.0254
0.0420
0.1234
0.2343
0.0039
0.0262
0.0268
0.0266



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0

45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0

135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0

0.0264
0.0263
0.0264
0.0267
0.0270
0.0277
0.0298
0.0699
0.2077
0.2927
0.0369
0.0376
0.0369
0.0370
0.0366
0.0365
0.0366
0.0367
0.0369
0.0376
0.0449
0.0882
0.1432
0.0685
0.0686
0.0689
0.0674
0.0670
0.0667
0.0657
0.0658
0.0656
0.0653
0.0670
0.0691
0.0771
0.1627
0.1613
0.1595
0.1582
0.1567
0.1529
0.1529
0.1498
0.1505
0.1504
0.1501
0.1518
0.1530
0.3241
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80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0

0.3232
0.3275
0.3288
0.3315
0.3355
0.3369
0.3387
0.3380
0.3392
0.3431
0.3428
0.3458
0.4400
0.4405
0.4675
0.4631
0.4567
0.4848
0.4925
0.5147
0.5128
0.5448
0.5719
0.5573
0.5679
THETA_SUN = 40.0

0.0231
0.0222
0.0220
0.0224
0.0220
0.0223
0.0225
0.0229
0.0231
0.0240
0.0232
0.0247
0.0286
0.0338
0.0218
0.0220
0.0221
0.0221
0.0222
0.0223
0.0223
0.0230
0.0245
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20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0

135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0

45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0

0.0278
0.0398
0.0726
0.0970
0.0228
0.0229
0.0228
0.0231
0.0229
0.0232
0.0233
0.0236
0.0239
0.0260
0.0617
0.1705
0.2367
0.0263
0.0269
0.0267
0.0264
0.0264
0.0263
0.0266
0.0267
0.0272
0.0281
0.0607
0.2138
0.0058
0.0372
0.0379
0.0372
0.0373
0.0368
0.0367
0.0366
0.0367
0.0370
0.0375
0.0462
0.1859
0.3397
0.0691
0.0692
0.0695
0.0680
0.0676
0.0671
0.0661
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rho for WIND SPEED = 2.0 m/s

deg
10
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1
1
2

60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0

105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0661
0.0659
0.0655
0.0670
0.1124
0.2022
0.1629
0.1616
0.1600
0.1588
0.1575
0.1536
0.1535
0.1503
0.1509
0.1509
0.1501
0.1562
0.1669
0.3222
0.3213
0.3257
0.3270
0.3299
0.3340
0.3356
0.3375
0.3373
0.3400
0.3481
0.3536
0.3600
0.4385
0.4389
0.4652
0.4600
0.4529
0.4805
0.4885
0.5109
0.5108
0.5483
0.5888
0.5919
0.6147
THETA_SUN = 50.0

0.0224
0.0218
0.0216



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0219
0.0216
0.0218
0.0220
0.0223
0.0224
0.0225
0.0226
0.0234
0.0232
0.0239
0.0217
0.0219
0.0219
0.0219
0.0219
0.0220
0.0219
0.0226
0.0230
0.0237
0.0251
0.0274
0.0305
0.0228
0.0229
0.0228
0.0230
0.0229
0.0230
0.0231
0.0234
0.0238
0.0249
0.0283
0.0626
0.0982
0.0264
0.0269
0.0267
0.0265
0.0263
0.0263
0.0264
0.0266
0.0270
0.0276
0.0338
0.1468
0.2595
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50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0

0.0373
0.0380
0.0373
0.0374
0.0370
0.0367

0.0368
0.0367
0.0372

0.0378

0.0429

0.2010
0.0099

0.0689
0.0691
0.0695
0.0682
0.0678
0.0675

0.0665
0.0665
0.0663

0.0659

0.0666

0.1954
0.4727

0.1618
0.1606
0.1592
0.1584
0.1574
0.1538

0.1540
0.1510
0.1518

0.1515
0.1490
0.1925
0.3722

0.3215
0.3205
0.3248
0.3260
0.3288
0.3328

0.3342
0.3359
0.3360
0.3400
0.3524
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rho for WIND SPEED = 2.0 m/s

deg
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1
1
2
3
4
5
6
7
8
9

80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0

165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

0.3680

0.4076
0.4430
0.4430
0.4689
0.4623
0.4534
0.4789
0.4847
0.5050
0.5050
0.5483
0.6096
0.6487
0.7020

0.0219
0.0217
0.0214
0.0217
0.0213
0.0215
0.0217
0.0220
0.0219
0.0220
0.0220
0.0226
0.0224
0.0229
0.0217
0.0218
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1 300 0.0 180.0 0.0226
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1 80.0 00 180.0 0.3215
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3 80.0 300 150.0 0.3247
4 80.0 45.0 1350 0.3258
5 80.0 600 120.0 0.3283
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80.0 75.0 105.0 0.3319
80.0 90.0 90.0 0.3331
80.0 105.0 75.0 0.3344
80.0 120.0 60.0 0.3344
10 80.0 1350 45.0 0.3383
11 80.0 150.0 30.0 0.3510
12 80.0 165.0 15.0 0.4172
13 80.0 180.0 0.0 0.8426

30.0 75.0 105.0 0.0228
30.0 90.0 90.0 0.0228
30.0 105.0 75.0 0.0230
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1 875 0.0 180.0 0.4507 30.0 120.0 60.0 0.0232
2 875 150 165.0 0.4504 10 30.0 1350 45.0 0.0240
3 875 30.0 150.0 0.4759 30.0 150.0 30.0 0.0245
4 875 450 1350 0.4681 12 30.0 165.0 15.0 0.0257
5 875 600 120.0 0.4570 13 30.0 180.0 0.0 0.0263
6 875 750 1050 0.4795 1 400 0.0 180.0 0.0261
7 875 90.0 90.0 0.4816 2 40.0 15.0 165.0 0.0267
8 875 1050 750 0.4982 3 40.0 30.0 150.0 0.0265
9 875 1200 60.0 0.4963 4 40.0 45.0 1350 0.0263
10 87.5 1350 45.0 0.5422 5 40.0 60.0 120.0 0.0262
11 875 150.0 30.0 0.6210 6 40.0 75.0 105.0 0.0262
12 875 1650 15.0 0.7136 7 40.0 90.0 90.0 0.0263
113 875 180.0 0.0 1.0019 8 40.0 105.0 75.0 0.0264
rho for WIND SPEED = 2.0 m/s THETA_SUN = 70.0 9 40.0 120.0 60.0 0.0268
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deg 10 40.0 1350 450 0.0277
10 1 00 0.0 0.0 0.0216 11 40.0 150.0 30.0 0.0296
9 1 100 0.0 180.0 0.0215 12 40.0 165.0 15.0 0.0340
9 2 10.0 150 165.0 0.0212 13 400 180.0 0.0 0.0383
9 3 10.0 30.0 150.0 0.0216 1 500 0.0 180.0 0.0368
9 4 100 450 1350 0.0212 2 50.0 150 1650 0.0375
9 5 100 60.0 120.0 0.0214 3 50.0 30.0 150.0 0.0369
9 6 10.0 75.0 1050 0.0215 4 500 450 1350 0.0371
9 7 10.0 90.0 900 0.0217 5 50.0 60.0 120.0 0.0368
9 8 10.0 105.0 75.0 0.0216 6 50.0 750 1050 0.0368
9 9 10.0 1200 60.0 0.0216 7 50.0 90.0 90.0 0.0368
9 10 10.0 1350 45.0 0.0215 8 50.0 1050 750 0.0369
9 11 10.0 150.0 30.0 0.0220 9 50.0 120.0 60.0 0.0374
9 12 100 165.0 15.0 0.0218 10 50.0 135.0 45.0 0.0389
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189



Appendix 1

P P P P P P P P N DNDNDDNDDNDDNDDNDDNDDNDNDNDDNDDNDOWW®WWW W W W WwWwwwwdsd>ddddsPAdMDPdPEEPDDDD DD Do oo

o N o 0o A~ W DN PP

50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0

30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0

0.0814
0.1600
0.2187
0.0791
0.0792
0.0788
0.0771
0.0751
0.0737
0.0731
0.0717
0.0714
0.0725
0.0801
0.1117
0.1414
0.1688
0.1681
0.1660
0.1664
0.1635
0.1611
0.1612
0.1573
0.1563
0.1570
0.1565
0.1643
0.1706
0.2663
0.2683
0.2747
0.2731
0.2724
0.2855
0.2858
0.2921
0.2852
0.2936
0.3037
0.3054
0.3077
0.3030
0.3075
0.3371
0.3342
0.3353
0.3460
0.3643
0.3741

190

19

110
111
112
113

87.5
87.5
87.5
87.5
87.5

120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.3911
0.4155
0.4430
0.4279

0.4266

rho for WIND SPEED = 4.0 m/s THETA_SUN = 40.0

deg
10

1
1
2
3
4
5
6
7
8
9

© 00 N O U B~ W N P

BoR e
N R O

O o O NN NN NN N NN NN NN 0D om0 om0 0 m 0 0 MM ©© © © © © © © © © © © ©
=
w

0.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0

0.0278
0.0235
0.0247
0.0235
0.0238
0.0238
0.0238
0.0262
0.0286
0.0298
0.0450
0.0529
0.0604
0.0581
0.0228
0.0228
0.0224
0.0226
0.0229
0.0247
0.0246
0.0258
0.0342
0.0487
0.0810
0.1192
0.1348
0.0234
0.0236
0.0235
0.0236
0.0236
0.0239
0.0241
0.0259
0.0274
0.0483
0.1055
0.1603
0.1626
0.0276
0.0280
0.0275



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

N W W W w wwwwwwwwwds>sdsd2dsr2>d>d>dsH>H>ADDPdP>P>2P>o0o oo oo oo o o o o 0o 0o 01 O 0O O OO0 0O O O O o O

40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0

45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0

135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0

0.0277
0.0273
0.0272
0.0275
0.0279
0.0297
0.0421
0.0991
0.1641
0.0034
0.0409
0.0414
0.0409
0.0401
0.0395
0.0391
0.0392
0.0389
0.0392
0.0422
0.0815
0.1978
0.2483
0.0804
0.0806
0.0803
0.0785
0.0763
0.0747
0.0739
0.0723
0.0718
0.0723
0.0862
0.1855
0.3081
0.1690
0.1683
0.1664
0.1670
0.1644
0.1619
0.1618
0.1578
0.1567
0.1573
0.1576
0.2076
0.2794
0.2637
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rho for WIND SPEED = 4.0 m/s
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80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0

0.2657
0.2721
0.2705
0.2699
0.2830
0.2836
0.2900
0.2839
0.2950
0.3117
0.3312
0.3532
0.3008
0.3049
0.3340
0.3302
0.3307
0.3413
0.3598
0.3697
0.3885
0.4189
0.4626
0.4695
0.4792
THETA_SUN = 50.0

0.0236
0.0226
0.0226
0.0226
0.0229
0.0228
0.0228
0.0232
0.0253
0.0242
0.0264
0.0250
0.0286
0.0279
0.0225
0.0224
0.0221
0.0222
0.0224
0.0228
0.0233
0.0237
0.0245
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20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0

135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0

45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0

0.0269
0.0386
0.0527
0.0635
0.0233
0.0235
0.0234
0.0235
0.0233
0.0235
0.0236
0.0243
0.0256
0.0291
0.0539
0.1058
0.1361
0.0276
0.0281
0.0275
0.0278
0.0273
0.0272
0.0272
0.0277
0.0285
0.0302
0.0641
0.1571
0.1884
0.0411
0.0416
0.0412
0.0404
0.0399
0.0394
0.0396
0.0390
0.0396
0.0403
0.0661
0.1790
0.0062
0.0801
0.0804
0.0803
0.0788
0.0768
0.0754
0.0748
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1

rho for WIND SPEED = 4.0 m/s

deg
10
9
9
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1
1
2

60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0

105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0731
0.0726
0.0723
0.0792
0.2213
0.3727
0.1674
0.1669
0.1653
0.1663
0.1642
0.1622
0.1624
0.1586
0.1575
0.1576
0.1560
0.2938
0.5607
0.2629
0.2649
0.2711
0.2693
0.2684
0.2812
0.2815
0.2874
0.2815
0.2945
0.3173
0.3898
0.6182
0.3041
0.3080
0.3368
0.3317
0.3305
0.3390
0.3555
0.3634
0.3818
0.4180
0.4844
0.5387
0.6809
THETA_SUN = 60.0

0.0226
0.0220
0.0221



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0222
0.0223
0.0223
0.0221
0.0224
0.0224
0.0232
0.0235
0.0237
0.0250
0.0236
0.0223
0.0222
0.0219
0.0220
0.0221
0.0224
0.0227
0.0230
0.0235
0.0241
0.0254
0.0290
0.0305
0.0232
0.0234
0.0233
0.0234
0.0232
0.0233
0.0233
0.0239
0.0248
0.0265
0.0311
0.0519
0.0691
0.0275
0.0279
0.0274
0.0277
0.0273
0.0272
0.0272
0.0275
0.0284
0.0302
0.0406
0.1001
0.1519
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50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0

0.0407
0.0413
0.0409
0.0402
0.0399
0.0396

0.0397
0.0393
0.0400

0.0410

0.0509

0.1628
0.2501

0.0789
0.0792
0.0794
0.0782
0.0767
0.0755

0.0756
0.0739
0.0742

0.0745

0.0768

0.2094
0.0142

0.1652
0.1648
0.1633
0.1648
0.1632
0.1619

0.1628
0.1596
0.1589

0.1590
0.1544
0.3178
0.6639

0.2636
0.2654
0.2715
0.2693
0.2679
0.2801

0.2797
0.2848
0.2785
0.2912
0.3134
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rho for WIND SPEED = 4.0 m/s

deg
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1
1
2
3
4
5
6
7
8
9

80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0

165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

0.5150
1.2860
0.3106
0.3145
0.3430
0.3367
0.3334
0.3389
0.3521
0.3564
0.3723
0.4101
0.4916
0.7140
1.6658

0.0220
0.0217
0.0218
0.0218
0.0219
0.0219
0.0217
0.0219
0.0218
0.0224
0.0225
0.0227
0.0229
0.0225
0.0221
0.0220
0.0216
0.0218
0.0219
0.0221
0.0223
0.0225
0.0227
0.0231
0.0237
0.0253
0.0253
0.0230
0.0232
0.0231
0.0232
0.0230
0.0232

THETA_SUN = 70.0
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30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0

90.0
105.0
120.0

135.0

150.0 30.0

165.0 15.0

180.0 0.0

0.0 180.0

15.0 165.0

30.0 150.0

45.0 135.0

60.0 120.0

75.0 105.0

90.0 90.0
105.0 75.0
120.0 60.0

135.0 45.0

150.0 30.0

165.0 15.0

180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0

60.0 120.0

75.0 105.0

90.0 90.0
105.0 75.0
120.0 60.0

135.0 45.0

150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0

90.0
75.0
60.0

45.0

0.0230
0.0235
0.0239

0.0252

0.0268

0.0323
0.0324

0.0272
0.0276
0.0271
0.0275
0.0271
0.0271

0.0271
0.0274
0.0281

0.0301

0.0331

0.0544
0.0796

0.0401
0.0406
0.0403
0.0398
0.0397
0.0395

0.0398
0.0395
0.0405

0.0425
0.0493
0.1115
0.2183

0.0773
0.0777
0.0779
0.0771
0.0760
0.0754

0.0758
0.0749
0.0755

0.0781
0.0819
0.1909

0.3839

0.1630
0.1625
0.1613
0.1629



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

5 70.0 60.0 120.0 0.1619
6 70.0 750 1050 0.1612
7 70.0 90.0 90.0 0.1630
8
9

=
w

10.0 180.0 0.0 0.0218
20.0 0.0 180.0 0.0219
20.0 15.0 165.0 0.0217
20.0 30.0 150.0 0.0214
20.0 45.0 135.0 0.0215
20.0 60.0 120.0 0.0217
20.0 75.0 105.0 0.0219
20.0 90.0 90.0 0.0220
20.0 105.0 75.0 0.0220
20.0 120.0 60.0 0.0221
10 20.0 1350 450 0.0223
11 20.0 150.0 30.0 0.0225
12 20.0 165.0 150 0.0232
13 20.0 180.0 0.0 0.0236
1 300 0.0 180.0 0.0228
2 30.0 150 1650 0.0229
3 30.0 30.0 150.0 0.0228
4 30.0 450 1350 0.0230
5 30.0 60.0 120.0 0.0228
6

7

8

9

70.0 1050 75.0 0.1602

70.0 120.0 60.0 0.1609
10 70.0 1350 45.0 0.1626
11 70.0 150.0 30.0 0.1582
12 70.0 165.0 15.0 0.2925
13 70.0 180.0 0.0 0.0422
1 80.0 0.0 180.0 0.2652
2 80.0 15.0 165.0 0.2669
3 80.0 300 150.0 0.2727
4 80.0 45.0 1350 0.2702
5 80.0 600 120.0 0.2682
6
7
8
9
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80.0 75.0 105.0 0.2795
80.0 90.0 90.0 0.2783
80.0 105.0 75.0 0.2825
80.0 120.0 60.0 0.2752
10 80.0 135.0 45.0 0.2856
11 80.0 150.0 30.0 0.3001
12 80.0 165.0 15.0 0.4748
13 80.0 180.0 0.0 1.4078

30.0 75.0 105.0 0.0230
30.0 90.0 90.0 0.0228
30.0 105.0 75.0 0.0232

P P P P P PP P P FP P FP P NDNDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNWWWWW®W W ww

1 875 0.0 180.0 0.3185 30.0 120.0 60.0 0.0234
2 875 150 165.0 0.3225 10 30.0 1350 45.0 0.0243
3 875 300 150.0 0.3509 30.0 150.0 30.0 0.0254
4 875 450 1350 0.3434 12 30.0 165.0 15.0 0.0268
5 875 600 120.0 0.3379 13 30.0 180.0 0.0 0.0272
6 875 750 1050 0.3403 1 400 0.0 180.0 0.0268
7 875 90.0 90.0 0.3497 2 40.0 15.0 165.0 0.0273
8 875 1050 750 0.3500 3 40.0 30.0 150.0 0.0268
9 875 1200 60.0 0.3615 4 40.0 45.0 1350 0.0272
10 875 1350 450 0.3929 5 40.0 60.0 120.0 0.0269
11 875 150.0 30.0 0.4623 6 40.0 75.0 105.0 0.0269
12 875 1650 15.0 0.7383 7 40.0 90.0 90.0 0.0269
113 875 180.0 0.0 2.9140 8 40.0 105.0 75.0 0.0272
rho for WIND SPEED = 4.0 m/s THETA_SUN = 80.0 9 40.0 120.0 60.0 0.0277

g ol g 0 Ul g0 Ul gl oD 00000000 NN N NN NN N NN N NN om0 m om0 0 00 0 W ©
=
=

deg 10 40.0 1350 450 0.0295
10 1 00 0.0 0.0 0.0216 11 40.0 150.0 30.0 0.0318
9 1 100 0.0 180.0 0.0213 12 40.0 165.0 15.0 0.0389
9 2 10.0 150 165.0 0.0215 13 40.0 180.0 0.0 0.0427
9 3 10.0 30.0 150.0 0.0215 1 500 0.0 180.0 0.0394
9 4 100 450 1350 0.0216 2 50.0 15.0 165.0 0.0400
9 5 100 60.0 120.0 0.0216 3 50.0 30.0 150.0 0.0397
9 6 10.0 750 1050 0.0213 4 500 450 1350 0.0393
9 7 10.0 90.0 90.0 0.0216 5 50.0 60.0 120.0 0.0393
9 8 10.0 105.0 75.0 0.0214 6 50.0 750 1050 0.0393
9 9 10.0 1200 60.0 0.0218 7 50.0 90.0 90.0 0.0398
9 10 10.0 135.0 45.0 0.0219 8 50.0 1050 750 0.0395
9 11 10.0 150.0 30.0 0.0220 9 50.0 120.0 60.0 0.0405
9 12 100 165.0 15.0 0.0221 10 50.0 135.0 45.0 0.0431
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150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0

30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0

0.0505
0.0733
0.1253
0.0759
0.0762
0.0766
0.0759
0.0752
0.0750
0.0758
0.0752
0.0766
0.0816
0.0933
0.1522
0.3550
0.1613
0.1608
0.1596
0.1614
0.1606
0.1605
0.1627
0.1608
0.1622
0.1675
0.1728
0.2531
0.6043
0.2674
0.2689
0.2745
0.2714
0.2689
0.2793
0.2775
0.2808
0.2727
0.2798
0.2860
0.3451
0.1383
0.3265
0.3305
0.3585
0.3499
0.3422
0.3419
0.3483
0.3453
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0.0
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10.0

10.0
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10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0

120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0

0.3514
0.3694
0.3998
0.4359
1.4882
THETA_SUN = 0.0

0.0012
0.1449
0.1372
0.1394
0.1456
0.1394
0.1355
0.1384
0.1355
0.1394
0.1456
0.1394
0.1372
0.1449
0.1508
0.1525
0.1562
0.1574
0.1536
0.1555
0.1484
0.1555
0.1536
0.1574
0.1562
0.1525
0.1508
0.1000
0.1027
0.1011
0.0989
0.1015
0.1003
0.0964
0.1003
0.1015
0.0989
0.1011
0.1027
0.1000
0.0485
0.0532
0.0486
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45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0

135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0

0.0511
0.0526
0.0513
0.0489
0.0513
0.0526
0.0511
0.0486
0.0532
0.0485
0.0446
0.0452
0.0439
0.0436
0.0445
0.0451
0.0452
0.0451
0.0445
0.0436
0.0439
0.0452
0.0446
0.0759
0.0767
0.0774
0.0768
0.0762
0.0768
0.0768
0.0768
0.0762
0.0768
0.0774
0.0767
0.0759
0.1552
0.1550
0.1546
0.1558
0.1541
0.1557
0.1582
0.1557
0.1541
0.1558
0.1546
0.1550
0.1552
0.2425
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10.0
10.0
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10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0

0.2483
0.2543
0.2487
0.2441
0.2554
0.2535
0.2554
0.2441
0.2487
0.2543
0.2483
0.2425
0.2953
0.2931
0.3229
0.3183
0.3009
0.3067
0.3136
0.3067
0.3009
0.3183
0.3229
0.2931
0.2953
THETA_SUN = 10.0

0.1259
0.1330
0.1407
0.1435
0.1508
0.1504
0.1552
0.1537
0.1501
0.1286
0.1173
0.1060
0.0895
0.0004
0.0939
0.0837
0.0948
0.0984
0.1055
0.1288
0.1410
0.1409
0.1493
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45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0

45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0

0.1567
0.1545
0.1535
0.1418
0.0440
0.0466
0.0464
0.0482
0.0555
0.0711
0.0809
0.1079
0.1170
0.1426
0.1563
0.1736
0.1794
0.0294
0.0321
0.0322
0.0337
0.0341
0.0370
0.0441
0.0477
0.0624
0.0811
0.1008
0.1167
0.1290
0.0431
0.0424
0.0426
0.0414
0.0416
0.0428
0.0440
0.0452
0.0487
0.0556
0.0586
0.0673
0.0706
0.0781
0.0789
0.0790
0.0783
0.0772
0.0773
0.0769
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87.5
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10.0
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120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0766
0.0758
0.0785
0.0774
0.0791
0.0795
0.1585
0.1583
0.1574
0.1581
0.1555
0.1564
0.1582
0.1552
0.1534
0.1548
0.1539
0.1538
0.1542
0.2352
0.2414
0.2480
0.2435
0.2402
0.2530
0.2529
0.2566
0.2469
0.2528
0.2598
0.2546
0.2492
0.2714
0.2703
0.3009
0.3000
0.2882
0.2996
0.3125
0.3117
0.3115
0.3348
0.3432
0.3147
0.3178
THETA_SUN = 20.0

0.1388
0.1136
0.0767
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165.0
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0.0
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60.0
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90.0
105.0
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135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0901
0.0959
0.0989
0.1188
0.1272
0.1415
0.1556
0.1381
0.1331
0.1304
0.1155
0.0458
0.0463
0.0468
0.0541
0.0592
0.0767
0.0923
0.1175
0.1377
0.1462
0.1305
0.1051
0.0009
0.0277
0.0271
0.0271
0.0293
0.0321
0.0400
0.0565
0.0785
0.1098
0.1373
0.1513
0.1495
0.1457
0.0287
0.0298
0.0294
0.0297
0.0294
0.0316
0.0339
0.0439
0.0614
0.1002
0.1293
0.1773
0.1899
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0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0

0.0432
0.0434
0.0429
0.0419
0.0417
0.0419

0.0427
0.0446
0.0472

0.0643

0.0937

0.1290
0.1431

0.0819
0.0826
0.0822
0.0808
0.0789
0.0782

0.0772
0.0766
0.0761

0.0809

0.0877

0.1035
0.1125

0.1620
0.1619
0.1606
0.1606
0.1572
0.1572

0.1584
0.1549
0.1531

0.1549
0.1562
0.1575
0.1611

0.2278
0.2344
0.2415
0.2380
0.2358
0.2499

0.2513
0.2564
0.2482
0.2562
0.2657
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15.0
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45.0
60.0
75.0
90.0
105.0
120.0
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150.0
165.0
180.0

0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
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1 80.0 0.0 180.0 0.2237
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3 80.0 300 150.0 0.2363
4 80.0 45.0 1350 0.2315
5 80.0 600 1200 0.2277
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80.0 75.0 105.0 0.2394
80.0 90.0 90.0 0.2389
80.0 105.0 75.0 0.2410
80.0 120.0 60.0 0.2321
10 80.0 135.0 45.0 0.2403
11 80.0 150.0 30.0 0.2490
12 80.0 165.0 15.0 0.3021
13 80.0 180.0 0.0 0.1067

30.0 75.0 105.0 0.1203
30.0 90.0 90.0 0.1093
30.0 105.0 75.0 0.1203

P P P P P PP P P FP P FP P NDNDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNWWWWW®W W ww

1 875 0.0 180.0 0.2625 30.0 120.0 60.0 0.1215
2 875 150 165.0 0.2608 10 30.0 1350 45.0 0.1175
3 875 30.0 150.0 0.2902 11 30.0 150.0 30.0 0.1182
4 875 450 1350 0.2863 30.0 165.0 15.0 0.1223
5 875 600 120.0 0.2716 13 30.0 180.0 0.0 0.1170
6 875 750 1050 0.2793 1 400 0.0 180.0 0.0723
7 875 90.0 90.0 0.2874 2 40.0 15.0 165.0 0.0731
8 875 1050 750 0.2826 3 40.0 30.0 150.0 0.0699
9 875 1200 60.0 0.2802 4 40.0 45.0 135.0 0.0710
10 875 1350 45.0 0.3058 5 40.0 60.0 1200 0.0733
11 87.5 150.0 30.0 0.3264 6 40.0 75.0 105.0 0.0730
12 875 1650 15.0 0.3598 7 40.0 90.0 90.0 0.0702
113 875 180.0 0.0 1.0583 8 40.0 105.0 75.0 0.0730
rho for WIND SPEED = 8.0 m/s THETA_SUN = 0.0 9 40.0 120.0 60.0 0.0733
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deg 10 40.0 1350 450 0.0710
10 1 00 0.0 0.0 0.0010 11 40.0 150.0 30.0 0.0699
9 1 100 0.0 180.0 0.1184 12 40.0 165.0 150 0.0731
9 2 10.0 150 165.0 0.1129 13 400 180.0 0.0 0.0723
9 3 10.0 30.0 150.0 0.1169 1 500 0.0 180.0 0.0541
9 4 100 450 1350 0.1191 2 50.0 150 1650 0.0567
9 5 100 60.0 120.0 0.1150 3 50.0 30.0 150.0 0.0537
9 6 10.0 750 1050 0.1129 4 500 450 1350 0.0554
9 7 100 90.0 900 0.1188 5 50.0 60.0 120.0 0.0550
9 8 10.0 1050 75.0 0.1129 6 50.0 750 1050 0.0557
9 9 10.0 1200 60.0 0.1150 7 50.0 90.0 90.0 0.0529
9 10 10.0 1350 450 0.1191 8 50.0 105.0 750 0.0557
9 11 10.0 150.0 30.0 0.1169 9 50.0 120.0 60.0 0.0550
912 100 165.0 15.0 0.1129 10 50.0 135.0 45.0 0.0554
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120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0

135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0

0.0430
0.0459
0.0528
0.0617
0.0715
0.0893
0.1103
0.1256
0.1400
0.1484
0.0453
0.0461
0.0468
0.0461
0.0461
0.0484
0.0515
0.0535
0.0634
0.0722
0.0843
0.0938
0.1023
0.0822
0.0820
0.0823
0.0809
0.0795
0.0801
0.0817
0.0801
0.0815
0.0870
0.0887
0.0916
0.0919
0.1490
0.1502
0.1514
0.1514
0.1481
0.1506
0.1525
0.1499
0.1472
0.1507
0.1495
0.1492
0.1486
0.2085
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rho for WIND SPEED = 8.0 m/s

deg
10
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1
1
2
3
4
5
6
7
8
9
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80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0

0.2165
0.2215
0.2184
0.2139
0.2274
0.2300
0.2314
0.2215
0.2292
0.2352
0.2316
0.2244
0.2331
0.2388
0.2678
0.2592
0.2545
0.2597
0.2710
0.2714
0.2774
0.2922
0.3102
0.2821
0.2783
THETA_SUN = 20.0

0.1276
0.1237
0.0994
0.1100
0.1122
0.1172
0.1307
0.1388
0.1423
0.1324
0.1188
0.1148
0.1102
0.0936
0.0642
0.0607
0.0667
0.0674
0.0771
0.0974
0.1138
0.1228
0.1343
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20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0

135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0

45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0

0.1313
0.1072
0.0846
0.0007
0.0330
0.0361
0.0385
0.0425
0.0464
0.0568
0.0769
0.1005
0.1215
0.1378
0.1370
0.1249
0.1186
0.0322
0.0324
0.0319
0.0335
0.0336
0.0401
0.0448
0.0619
0.0864
0.1186
0.1439
0.1714
0.1808
0.0467
0.0465
0.0461
0.0452
0.0451
0.0458
0.0472
0.0518
0.0597
0.0897
0.1181
0.1593
0.1698
0.0852
0.0858
0.0856
0.0835
0.0810
0.0805
0.0813
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1

rho for WIND SPEED = 8.0 m/s

deg
10
9
9
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1
1
2

60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0

105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0802
0.0815
0.0932
0.1079
0.1355
0.1448
0.1516
0.1530
0.1539
0.1534
0.1492
0.1511
0.1524
0.1495
0.1471
0.1520
0.1578
0.1657
0.1704
0.2005
0.2087
0.2143
0.2122
0.2090
0.2239
0.2281
0.2311
0.2231
0.2332
0.2430
0.2424
0.2386
0.2146
0.2207
0.2495
0.2439
0.2427
0.2521
0.2678
0.2729
0.2837
0.3037
0.3277
0.3028
0.3012
THETA_SUN = 30.0

0.1088
0.0584
0.0624



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0627
0.0615
0.0726
0.0763
0.0923
0.0919
0.1083
0.1158
0.1337
0.1260
0.1293
0.0351
0.0352
0.0365
0.0409
0.0396
0.0510
0.0609
0.0875
0.1103
0.1305
0.1259
0.1105
0.1002
0.0267
0.0269
0.0277
0.0287
0.0308
0.0323
0.0466
0.0669
0.0927
0.1189
0.1226
0.0947
0.0012
0.0313
0.0314
0.0309
0.0311
0.0309
0.0331
0.0361
0.0442
0.0713
0.1019
0.1346
0.1434
0.1292
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50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0

0.0486
0.0485
0.0478
0.0464
0.0454
0.0451

0.0451
0.0482
0.0560

0.0825

0.1398

0.1931
0.2111

0.0891
0.0896
0.0892
0.0864
0.0831
0.0817

0.0815
0.0795
0.0796

0.0926

0.1360

0.2030
0.2408

0.1528
0.1543
0.1553
0.1546
0.1500
0.1515

0.1523
0.1492
0.1468

0.1552
0.1725
0.2191
0.2549

0.1944
0.2027
0.2086
0.2070
0.2046
0.2202

0.2254
0.2293
0.2228
0.2365
0.2551
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1

rho for WIND SPEED = 8.0 m/s

deg
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1
1
2
3
4
5
6
7
8
9

80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0

165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

0.2822
0.2910
0.2040
0.2103
0.2382
0.2335
0.2337
0.2451
0.2633
0.2709
0.2851
0.3110
0.3474
0.3416
0.3534

0.0581
0.0335
0.0326
0.0348
0.0379
0.0360
0.0475
0.0492
0.0528
0.0675
0.0787
0.0916
0.1086
0.1006
0.0263
0.0245
0.0257
0.0260
0.0285
0.0312
0.0364
0.0466
0.0684
0.0921
0.1124
0.1244
0.1359
0.0258
0.0254
0.0254
0.0258
0.0268
0.0270

THETA_SUN = 40.0
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30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0

90.0
105.0
120.0

135.0

150.0 30.0

165.0 15.0

180.0 0.0

0.0 180.0

15.0 165.0

30.0 150.0

45.0 135.0

60.0 120.0

75.0 105.0

90.0 90.0
105.0 75.0
120.0 60.0

135.0 45.0

150.0 30.0

165.0 15.0

180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0

60.0 120.0

75.0 105.0

90.0 90.0
105.0 75.0
120.0 60.0

135.0 45.0

150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0

90.0
75.0
60.0

45.0

0.0308
0.0371
0.0602
0.0910
0.1215
0.1180
0.1040
0.0315
0.0320
0.0314
0.0310
0.0304
0.0307
0.0314
0.0348
0.0454
0.0814
0.1180
0.1112
0.0020
0.0504
0.0502
0.0495
0.0477
0.0464
0.0457
0.0451
0.0457
0.0498
0.0699
0.1264
0.1668
0.1618
0.0909
0.0915
0.0912
0.0883
0.0848
0.0831
0.0825
0.0799
0.0789
0.0883
0.1405
0.2450
0.3188
0.1521
0.1538
0.1551
0.1547



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

5 70.0 60.0 120.0 0.1502 13 10.0 180.0 0.0 0.0598
6 70.0 750 1050 0.1517 1 200 0.0 180.0 0.0239
7 70.0 90.0 90.0 0.1523 2 20.0 15.0 165.0 0.0239
8 70.0 105.0 750 0.1490 3 20.0 30.0 150.0 0.0235
9 70.0 120.0 60.0 0.1464 4 200 45.0 135.0 0.0240
10 70.0 1350 450 0.1525 5 20.0 600 120.0 0.0243
11 70.0 150.0 30.0 0.1848 6 20.0 75.0 105.0 0.0257
12 70.0 1650 15.0 0.3191 7 20.0 90.0 90.0 0.0267
13 70.0 180.0 0.0 0.4388 8 20.0 105.0 75.0 0.0299

80.0 0.0 180.0 0.1911 9 20.0 120.0 60.0 0.0368

80.0 15.0 165.0 0.1994
80.0 30.0 150.0 0.2053
80.0 45.0 135.0 0.2036

1

2 10 20.0 1350 450 0.0544
3

4

5 80.0 60.0 120.0 0.2012

6

7

8

9

11 20.0 150.0 30.0 0.0766
12 20.0 165.0 15.0 0.0933
13 20.0 180.0 0.0 0.1139
30.0 0.0 180.0 0.0253
30.0 15.0 165.0 0.0252
30.0 30.0 150.0 0.0252
30.0 45.0 135.0 0.0249

80.0 75.0 105.0 0.2169 1
2
3
4
5 30.0 60.0 120.0 0.0251
6
7
8
9

80.0 90.0 90.0 0.2223

80.0 105.0 75.0 0.2263

80.0 120.0 60.0 0.2207
10 80.0 1350 45.0 0.2376
11 80.0 150.0 30.0 0.2712
12 80.0 165.0 15.0 0.3894
13 80.0 180.0 0.0 0.4899

30.0 75.0 105.0 0.0253
30.0 90.0 90.0 0.0261
30.0 105.0 75.0 0.0293

P P P P P PP P P FP P FP P NDNDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNWWWWW®W W ww

1 875 0.0 180.0 0.2008 30.0 120.0 60.0 0.0376
2 875 150 165.0 0.2070 10 30.0 1350 45.0 0.0552
3 875 30.0 150.0 0.2342 11 30.0 150.0 30.0 0.0899
4 875 450 1350 0.2290 12 30.0 165.0 15.0 0.1289
5 875 600 120.0 0.2287 13 30.0 180.0 0.0 0.1341
6 875 750 1050 0.2400 1 400 0.0 180.0 0.0318
7 875 90.0 90.0 0.2582 2 40.0 15.0 165.0 0.0323
8 875 1050 750 0.2660 3 40.0 30.0 150.0 0.0317
9 875 1200 60.0 0.2819 4 40.0 45.0 1350 0.0312
10 875 1350 450 0.3143 5 40.0 60.0 120.0 0.0306
11 875 150.0 30.0 0.3688 6 40.0 75.0 105.0 0.0303
12 875 165.0 15.0 0.4496 7 40.0 90.0 90.0 0.0308
113 875 180.0 0.0 0.5285 8 40.0 105.0 75.0 0.0311
rho for WIND SPEED = 8.0 m/s THETA_SUN = 50.0 9 40.0 120.0 60.0 0.0340

g o o o oo oo g0 000000000 0 0 0 NN SN NN NN NN NN NN 0o o o o o o o o o o o O 0o O

deg 10 40.0 1350 450 0.0527
101 00 0.0 0.0 0.0330 11 40.0 150.0 30.0 0.1026
9 1 100 0.0 180.0 0.0252 12 40.0 165.0 15.0 0.1350
9 2 10.0 150 165.0 0.0244 13 400 180.0 0.0 0.1214
9 3 10.0 30.0 150.0 0.0260 1 500 0.0 180.0 0.0508
9 4 10.0 450 1350 0.0242 2 50.0 150 165.0 0.0507
9 5 100 60.0 120.0 0.0264 3 50.0 30.0 150.0 0.0501
9 6 10.0 750 1050 0.0272 4 500 450 1350 0.0484
9 7 10.0 90.0 90.0 0.0312 5 50.0 60.0 120.0 0.0472
9 8 10.0 105.0 75.0 0.0335 6 50.0 750 1050 0.0464
9 9 10.0 1200 60.0 0.0397 7 50.0 90.0 90.0 0.0458
9 10 10.0 135.0 45.0 0.0455 8 50.0 105.0 750 0.0453
9 11 10.0 150.0 30.0 0.0479 9 50.0 120.0 60.0 0.0466
9 12 100 165.0 15.0 0.0632 10 50.0 1350 45.0 0.0582
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30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
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105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0

0.0983
0.1433
0.0037
0.0905
0.0912
0.0912
0.0886
0.0855
0.0841
0.0837
0.0808
0.0795
0.0825
0.1196
0.2238
0.2630
0.1503
0.1521
0.1536
0.1536
0.1495
0.1515
0.1524
0.1491
0.1462
0.1503
0.1738
0.3745
0.6047
0.1902
0.1985
0.2041
0.2021
0.1993
0.2145
0.2195
0.2227
0.2171
0.2358
0.2780
0.5476
0.9824
0.2029
0.2090
0.2358
0.2294
0.2276
0.2372
0.2535
0.2593
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120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.2747
0.3122
0.3873
0.6380

1.3532

rho for WIND SPEED = 8.0 m/s THETA_SUN = 60.0
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30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0

0.0251
0.0232
0.0233
0.0239
0.0231
0.0239
0.0239
0.0240
0.0251
0.0274
0.0288
0.0326
0.0327
0.0366
0.0235
0.0232
0.0230
0.0232
0.0231
0.0240
0.0237
0.0266
0.0272
0.0341
0.0458
0.0600
0.0625
0.0250
0.0249
0.0249
0.0247
0.0248
0.0249
0.0252
0.0264
0.0296
0.0372
0.0613
0.0952
0.1116
0.0315
0.0320
0.0315
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180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0

0.0311
0.0306
0.0303
0.0306
0.0310
0.0329
0.0414
0.0751
0.1409
0.1667
0.0500
0.0499
0.0495
0.0481
0.0473
0.0468
0.0463
0.0461
0.0470
0.0517
0.0844
0.1667
0.1822
0.0886
0.0894
0.0897
0.0876
0.0852
0.0843
0.0848
0.0820
0.0814
0.0830
0.1053
0.2001
0.0094
0.1482
0.1499
0.1516
0.1519
0.1483
0.1508
0.1523
0.1494
0.1466
0.1502
0.1585
0.3424
0.5062
0.1911
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150.0 30.0
165.0 15.0
180.0 0.0
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15.0 165.0
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135.0 45.0
150.0 30.0
165.0 15.0
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60.0 120.0
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0.1993
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0.2630
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0.2140
0.2409
0.2333
0.2295
0.2365
0.2496
0.2523
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0.3022
0.3825
0.8565
2.5976
THETA_SUN = 70.0

0.0233
0.0225
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0.0224
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0.0245
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0.0264
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0.0230
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0.0228
0.0240
0.0245
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15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
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15.0 165.0
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0.1470
0.1499
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0.1496
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0.2034
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0.2124
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0.2407
0.4454
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0.2208
0.2479
0.2389
0.2331
0.2373
0.2470
0.2461
0.2542
0.2839
0.3445
0.6786
2.2662
THETA_SUN = 80.0

0.0222
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0.0220



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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0.0225
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0.0220
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0.0231
0.0232
0.0243
0.0255
0.0269
0.0284
0.0240
0.0239
0.0240
0.0238
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0.0240
0.0243
0.0245
0.0255
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0.0322
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0.0300
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0.0300
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0.0465
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0.0483
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0.0720

0.1568
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0.0848
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0.0851
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0.4627
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0.1498
0.1484

0.1570
0.1661
0.2595
0.4917
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0.2038
0.2087
0.2051
0.2001
0.2122

0.2142
0.2139
0.2046
0.2143
0.2215
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10.0
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180.0 0.0
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60.0 120.0
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180.0 0.0

0.0 0.0
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45.0 135.0
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90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
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165.0 15.0
180.0 0.0
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15.0 165.0
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45.0 135.0
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90.0 90.0
105.0 75.0
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135.0 45.0
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165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
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45.0 135.0
60.0 120.0
75.0 105.0

15.0

45.0
30.0
15.0

0.2725
0.0882
0.2221
0.2278
0.2550
0.2446
0.2368
0.2385
0.2454
0.2416
0.2449
0.2615
0.2842
0.3235
0.8327

0.0008
0.0998
0.0919
0.0977
0.1020
0.0959
0.0917
0.0985
0.0917
0.0959
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0.0977
0.0919
0.0998
0.1435
0.1380
0.1361
0.1406
0.1356
0.1361
0.1366
0.1361
0.1356
0.1406
0.1361
0.1380
0.1435
0.1321
0.1298
0.1335
0.1326
0.1363
0.1357

THETA_SUN = 0.0
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75.0 105.0

90.0 90.0
105.0 75.0
120.0 60.0

135.0 45.0

150.0 30.0

165.0 15.0

180.0 0.0

0.0 180.0

15.0 165.0
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45.0 135.0
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0.0 180.0

15.0 165.0
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45.0 135.0
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135.0 45.0
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165.0 15.0
180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0

90.0
75.0
60.0

45.0

0.1231
0.1357
0.1363

0.1326

0.1335

0.1298
0.1321

0.0941
0.0943
0.0915
0.0931
0.0932
0.0971

0.0902
0.0971
0.0932

0.0931

0.0915

0.0943
0.0942

0.0654
0.0686
0.0654
0.0659
0.0675
0.0672

0.0613
0.0672
0.0675

0.0659
0.0654
0.0686
0.0654

0.0831
0.0852
0.0851
0.0840
0.0838
0.0846

0.0861
0.0846
0.0838

0.0840
0.0851
0.0852

0.0831

0.1389
0.1409
0.1442
0.1427
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5 70.0 60.0 120.0 0.1401
6 70.0 750 105.0 0.1441
7 70.0 90.0 90.0 0.1471
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10.0 180.0 0.0 0.0003
20.0 0.0 180.0 0.1168
20.0 15.0 165.0 0.1142
20.0 30.0 150.0 0.1183
20.0 45.0 135.0 0.1327
20.0 60.0 120.0 0.1324
20.0 75.0 105.0 0.1450
20.0 90.0 90.0 0.1405
20.0 105.0 75.0 0.1402
20.0 120.0 60.0 0.1222
10 20.0 1350 450 0.1211
11 20.0 150.0 30.0 0.1095
12 20.0 165.0 150 0.1069
13 20.0 180.0 0.0 0.0927
1 300 0.0 180.0 0.0833
2 30.0 150 1650 0.0787
3 30.0 30.0 150.0 0.0818
4 300 450 1350 0.0830
5 30.0 60.0 120.0 0.0997
6

7

8

9

70.0 1050 75.0 0.1441

70.0 120.0 60.0 0.1401
10 70.0 135.0 45.0 0.1427
11 70.0 150.0 30.0 0.1442
12 70.0 165.0 15.0 0.1409
13 70.0 180.0 0.0 0.1389
1 80.0 0.0 180.0 0.1962
2 80.0 15.0 165.0 0.2030
3 80.0 300 150.0 0.2072
4 80.0 45.0 135.0 0.2046
5 80.0 600 120.0 0.1959
6
7
8
9
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80.0 75.0 105.0 0.2095
80.0 90.0 90.0 0.2099
80.0 105.0 75.0 0.2095
80.0 120.0 60.0 0.1959
10 80.0 135.0 45.0 0.2046
11 80.0 150.0 30.0 0.2072
12 80.0 165.0 15.0 0.2030
13 80.0 180.0 0.0 0.1962

30.0 75.0 105.0 0.1168
30.0 90.0 90.0 0O.1161
30.0 105.0 75.0 0.1330

P P P P P PP P P FP P FP P NDNDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNWWWWW®W W ww

1 875 0.0 180.0 0.2224 30.0 120.0 60.0 0.1355
2 875 150 165.0 0.2338 10 30.0 1350 45.0 0.1503
3 875 300 150.0 0.2585 11 30.0 150.0 30.0 0.1461
4 875 450 1350 0.2440 30.0 165.0 15.0 0.1512
5 875 600 120.0 0.2365 13 30.0 180.0 0.0 0.1555
6 875 750 1050 0.2380 1 400 0.0 180.0 0.0529
7 875 90.0 90.0 0.2356 2 40.0 15.0 165.0 0.0517
8 875 1050 750 0.2380 3 40.0 30.0 150.0 0.0531
9 875 1200 60.0 0.2365 4 40.0 45.0 1350 0.0543
10 87.5 1350 45.0 0.2440 5 40.0 60.0 1200 0.0591
11 87.5 150.0 30.0 0.2585 6 40.0 75.0 105.0 0.0728
12 875 1650 15.0 0.2338 7 40.0 90.0 90.0 0.0810
113 875 180.0 0.0 0.2224 8 40.0 105.0 75.0 0.0925
rho for WIND SPEED = 10.0 m/s THETA_SUN = 10.0 9 40.0 120.0 60.0 0.1115
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deg 10 40.0 1350 450 0.1288
10 1 00 0.0 0.0 0.0883 11 40.0 150.0 30.0 0.1449
9 1 100 0.0 180.0 0.1331 12 40.0 165.0 150 0.1572
9 2 10.0 150 165.0 0.1410 13 40.0 180.0 0.0 0.1596
9 3 10.0 30.0 150.0 0.1277 1 500 0.0 180.0 0.0483
9 4 100 450 1350 0.1287 2 50.0 150 165.0 0.0489
9 5 10.0 60.0 120.0 0.1246 3 50.0 30.0 150.0 0.0523
9 6 10.0 750 1050 0.1226 4 500 450 1350 0.0525
9 7 100 90.0 90.0 0.1184 5 50.0 60.0 120.0 0.0521
9 8 10.0 1050 75.0 0.1018 6 50.0 750 1050 0.0541
9 9 10.0 1200 60.0 0.0859 7 50.0 90.0 90.0 0.0619
9 10 10.0 1350 45.0 0.0736 8 50.0 1050 750 0.0618
9 11 10.0 150.0 30.0 0.0685 9 50.0 120.0 60.0 0.0800
9 12 100 165.0 15.0 0.0567 10 50.0 135.0 45.0 0.0908
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15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
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180.0
165.0
150.0
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105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0

0.1087
0.1216
0.1304
0.0836
0.0839
0.0843
0.0824
0.0810
0.0824
0.0861
0.0840
0.0888
0.0948
0.1018
0.1056
0.1059
0.1397
0.1423
0.1450
0.1437
0.1404
0.1439
0.1469
0.1437
0.1412
0.1472
0.1447
0.1461
0.1448
0.1873
0.1945
0.1996
0.1981
0.1912
0.2066
0.2091
0.2110
0.1995
0.2103
0.2153
0.2114
0.2051
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0.2122
0.2371
0.2272
0.2244
0.2311
0.2345
0.2427
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105.0 75.0
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165.0 15.0
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120.0 60.0
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0.1233
0.1352
0.1131
0.1238
0.1164
0.1330
0.1360
0.1331
0.1355
0.1169
0.1047
0.0989
0.0898
0.0754
0.0817
0.0693
0.0854
0.0846
0.1002
0.1101
0.1248
0.1275
0.1319
0.1162
0.0879
0.0693
0.0006
0.0421
0.0475
0.0497
0.0527
0.0617
0.0732
0.0969
0.1142
0.1278
0.1344
0.1207
0.1062
0.0966
0.0351
0.0359
0.0349
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0.0376
0.0372
0.0508
0.0601
0.0867
0.1063
0.1284
0.1516
0.1634
0.1721
0.0501
0.0495
0.0495
0.0488
0.0485
0.0504
0.0516
0.0603
0.0769
0.1144
0.1409
0.1791
0.1902
0.0866
0.0874
0.0873
0.0850
0.0821
0.0818
0.0845
0.0842
0.0861
0.1054
0.1300
0.1656
0.1719
0.1415
0.1442
0.1469
0.1450
0.1409
0.1439
0.1465
0.1432
0.1412
0.1503
0.1604
0.1777
0.1838
0.1787
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30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
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0.1862
0.1920
0.1914
0.1859
0.2027
0.2070
0.2107
0.2012
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0.2256
0.2259
0.2276
0.1828
0.1944
0.2191
0.2122
0.2127
0.2233
0.2315
0.2439
0.2526
0.2703
0.2966
0.2763
0.2678
THETA_SUN = 30.0

0.1143
0.0700
0.0795
0.0788
0.0777
0.1056
0.0859
0.0904
0.1122
0.1178
0.1173
0.1287
0.1181
0.1173
0.0514
0.0423
0.0452
0.0497
0.0509
0.0656
0.0842
0.0993
0.1194



Appendix 1

A A DA M M M DM ool 0101 OO OO O1 OO OO O O O O O O O 0 0 0O 0O NN SN SN N N N N N NN N N oo oo o

20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0

135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0

45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
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0.0355
0.0383
0.0646
0.0841
0.1094
0.1198
0.1106
0.0789
0.0010
0.0343
0.0336
0.0330
0.0336
0.0337
0.0365
0.0437
0.0568
0.0881
0.1106
0.1314
0.1231
0.1082
0.0517
0.0515
0.0512
0.0499
0.0480
0.0477
0.0484
0.0533
0.0705
0.1049
0.1542
0.1889
0.2004
0.0905
0.0913
0.0909
0.0879
0.0841
0.0829
0.0837
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rho for WIND SPEED = 10.0 m/s

deg
10
9
9
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1
1
2

60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0

105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0818
0.0836
0.1027
0.1641
0.2392
0.2606
0.1420
0.1449
0.1477
0.1458
0.1413
0.1439
0.1461
0.1426
0.1404
0.1564
0.1836
0.2477
0.2988
0.1721
0.1798
0.1859
0.1857
0.1812
0.1987
0.2039
0.2086
0.2009
0.2193
0.2429
0.2928
0.3105
0.1724
0.1839
0.2079
0.2019
0.2037
0.2161
0.2271
0.2417
0.2536
0.2773
0.3210
0.3267
0.3556
THETA_SUN = 40.0

0.0689
0.0391
0.0447
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10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0480
0.0445
0.0499
0.0607
0.0606
0.0624
0.0847
0.0996
0.1089
0.1140
0.1181
0.0272
0.0253
0.0291
0.0294
0.0328
0.0379
0.0460
0.0603
0.0847
0.1002
0.1170
0.1211
0.1205
0.0278
0.0268
0.0267
0.0282
0.0284
0.0294
0.0363
0.0467
0.0737
0.1035
0.1213
0.1009
0.0882
0.0339
0.0344
0.0337
0.0329
0.0323
0.0335
0.0343
0.0415
0.0572
0.0936
0.1183
0.0960
0.0016
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50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0

0.0537
0.0536
0.0532
0.0515
0.0492
0.0484

0.0479
0.0494
0.0575

0.0862

0.1350

0.1486
0.1344

0.0924
0.0933
0.0930
0.0899
0.0858
0.0843

0.0846
0.0814
0.0815

0.0984

0.1614

0.2556
0.3054

0.1410
0.1441
0.1472
0.1455
0.1411
0.1438

0.1457
0.1421
0.1393

0.1499
0.2032
0.3582
0.4911

0.1686
0.1763
0.1823
0.1821
0.1777
0.1952

0.2006
0.2053
0.1985
0.2199
0.2639
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1
1
2
3
4
5
6
7
8
9

80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0

165.0
180.0

0.0
15.0
30.0
45.0
60.0
75.0
90.0

105.0

120.0
135.0
150.0
165.0
180.0

0.0

15.0

0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

90.0
105.0
120.0

135.0

150.0

165.0

180.0

90.0
75.0
60.0

45.0

30.0

15.0
0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

90.0
105.0
120.0

135.0

150.0

165.0

180.0

90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

0.4428
0.5554
0.1690
0.1804
0.2036
0.1972
0.1985
0.2108
0.2223
0.2365
0.2500
0.2799
0.3432
0.4625
0.5895
THETA_SUN = 50.0

0.0442
0.0275
0.0254
0.0268
0.0253
0.0306
0.0318
0.0393
0.0411
0.0452
0.0660
0.0584
0.0799
0.0692
0.0247
0.0250
0.0243
0.0254
0.0247
0.0287
0.0284
0.0362
0.0462
0.0713
0.0916
0.1095
0.1153
0.0263
0.0265

0.0264
0.0261
0.0262
0.0267
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30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0

90.0
105.0
120.0

135.0

150.0

165.0

180.0

90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0 180.0

15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0 180.0

15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0 180.0

15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0

0.0282
0.0337
0.0451

0.0678

0.1028

0.1307
0.1258

0.0343
0.0348
0.0341
0.0333
0.0325
0.0322

0.0332
0.0334
0.0395

0.0673

0.1095

0.1211
0.1015

0.0542
0.0541
0.0539
0.0523
0.0501
0.0492

0.0487
0.0479
0.0504

0.0702
0.1120
0.1273
0.0031

0.0918
0.0928
0.0929
0.0901
0.0864
0.0853

0.0857
0.0821
0.0811

0.0878
0.1386
0.2160

0.2264

0.1391
0.1422
0.1455
0.1442



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

5 70.0 60.0 120.0 0.1402 13 10.0 180.0 0.0 0.0463
6 70.0 750 1050 0.1433 1 200 0.0 180.0 0.0240
7 70.0 90.0 90.0 0.1454 2 20.0 15.0 165.0 0.0237
8 70.0 1050 750 0.1418 3 20.0 30.0 150.0 0.0236
9 70.0 1200 60.0 0.1387 4 200 45.0 135.0 0.0240
10 70.0 1350 45.0 0.1446 5 20.0 60.0 1200 0.0238
11 70.0 150.0 30.0 0.1873 6 20.0 75.0 105.0 0.0251
12 70.0 165.0 15.0 0.3980 7 20.0 90.0 90.0 0.0248
13 70.0 180.0 0.0 0.5695 8 20.0 105.0 75.0 0.0296

80.0 0.0 180.0 0.1676 9 20.0 120.0 60.0 0.0313

80.0 15.0 165.0 0.1753
80.0 30.0 150.0 0.1812
80.0 45.0 135.0 0.1805

1

2 10 20.0 1350 45.0 0.0408
3

4

5 80.0 60.0 1200 0.1757

6

7

8

9

11 20.0 150.0 30.0 0.0591
12 20.0 165.0 15.0 0.0755
13 20.0 180.0 0.0 0.0829
30.0 0.0 180.0 0.0260
30.0 15.0 165.0 0.0262
30.0 30.0 150.0 0.0261
30.0 45.0 135.0 0.0258

80.0 75.0 105.0 0.1926 1
2
3
4
5 30.0 60.0 120.0 0.0257
6
7
8
9

80.0 90.0 90.0 0.1974

80.0 105.0 75.0 0.2013

80.0 120.0 60.0 0.1945
10 80.0 135.0 45.0 0.2174
11 80.0 150.0 30.0 0.2661
12 80.0 165.0 15.0 0.6031
13 80.0 180.0 0.0 1.1372

30.0 75.0 105.0 0.0261
30.0 90.0 90.0 0.0266
30.0 105.0 75.0 0.0280

P P P P P PP P P FP P FP P NDNDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNWWWWW®W W ww

1 875 0.0 180.0 0.1705 30.0 120.0 60.0 0.0333
2 875 150 165.0 0.1819 10 30.0 135.0 45.0 0.0459
3 875 30.0 150.0 0.2048 11 30.0 150.0 30.0 0.0791
4 875 450 1350 0.1972 12 30.0 165.0 15.0 0.1090
5 875 600 1200 0.1971 13 30.0 180.0 0.0 0.1247
6 875 750 1050 0.2078 1 400 0.0 180.0 0.0339
7 875 90.0 90.0 0.2177 2 40.0 15.0 165.0 0.0344
8 875 1050 750 0.2296 3 40.0 30.0 150.0 0.0339
9 875 1200 60.0 0.2424 4 40.0 45.0 1350 0.0332
10 875 1350 450 0.2767 5 40.0 60.0 1200 0.0325
11 87.5 150.0 30.0 0.3609 6 40.0 75.0 105.0 0.0322
12 875 165.0 15.0 0.7200 7 40.0 90.0 90.0 0.0329
113 875 180.0 0.0 1.4475 8 40.0 105.0 75.0 0.0336
rho for WIND SPEED =10.0 m/s THETA_SUN = 60.0 9 40.0 120.0 60.0 0.0365

g o o o oo oo g0 000000000 0 0 0 NN SN NN NN NN NN NN 0o o o o o o o o o o o O 0o O

deg 10 40.0 1350 450 0.0509
10 1 00 0.0 0.0 0.0267 11 40.0 150.0 30.0 0.0936
9 1 100 0.0 180.0 0.0236 12 40.0 165.0 15.0 0.1474
9 2 10.0 150 165.0 0.0239 13 400 180.0 0.0 0.1699
9 3 10.0 30.0 150.0 0.0252 1 500 0.0 180.0 0.0533
9 4 100 450 1350 0.0239 2 50.0 150 1650 0.0532
9 5 100 60.0 120.0 0.0253 3 50.0 30.0 150.0 0.0532
9 6 10.0 75.0 105.0 0.0246 4 500 450 1350 0.0520
9 7 10.0 90.0 90.0 0.0250 5 50.0 60.0 120.0 0.0502
9 8 10.0 105.0 75.0 0.0267 6 50.0 750 1050 0.0497
9 9 10.0 1200 60.0 0.0335 7 50.0 90.0 90.0 0.0493
9 10 10.0 1350 45.0 0.0343 8 50.0 105.0 75.0 0.0489
9 11 10.0 150.0 30.0 0.0406 9 50.0 120.0 60.0 0.0503
9 12 100 165.0 15.0 0.0431 10 50.0 135.0 45.0 0.0595
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60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0

30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0

0.1026
0.1608
0.1598
0.0898
0.0908
0.0912
0.0890
0.0861
0.0855
0.0868
0.0832
0.0826
0.0865
0.1186
0.1951
0.0081
0.1371
0.1402
0.1435
0.1425
0.1390
0.1425
0.1451
0.1417
0.1386
0.1433
0.1628
0.3419
0.4450
0.1686
0.1761
0.1818
0.1806
0.1751
0.1910
0.1947
0.1975
0.1895
0.2109
0.2451
0.6269
1.2356
0.1751
0.1866
0.2094
0.2006
0.1987
0.2069
0.2140
0.2224
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111
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rho for WIND SPEED = 10.0 m/s

deg
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1
1
2
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4
5
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87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0

120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0

0.2324
0.2656
0.3483
0.9341
2.5427
THETA_SUN = 70.0

0.0246
0.0227
0.0229
0.0231
0.0229
0.0230
0.0233
0.0236
0.0248
0.0250
0.0251
0.0272
0.0299
0.0265
0.0234
0.0231
0.0229
0.0233
0.0231
0.0237
0.0236
0.0249
0.0260
0.0312
0.0391
0.0455
0.0501
0.0253
0.0256
0.0256
0.0253
0.0252
0.0253
0.0260
0.0264
0.0282
0.0373
0.0519
0.0863
0.1047
0.0329
0.0335
0.0331
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120.0
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180.0
0.0
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15.0
30.0
45.0
60.0
75.0
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0.0
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30.0
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0.0
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165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0

0.0326
0.0322
0.0320
0.0327
0.0328
0.0350
0.0424
0.0747
0.1555
0.1941
0.0515
0.0515
0.0517
0.0509
0.0496
0.0496
0.0496
0.0496
0.0511
0.0583
0.0933
0.2094
0.3003
0.0872
0.0882
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0.0871
0.0848
0.0852
0.0871
0.0845
0.0847
0.0898
0.1158
0.2410
0.2976
0.1354
0.1384
0.1418
0.1408
0.1377
0.1415
0.1448
0.1416
0.1391
0.1454
0.1512
0.2840
0.0266
0.1707
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20.0
20.0
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30.0 150.0
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90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
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135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
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135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
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45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0

0.1782
0.1835
0.1819
0.1755
0.1904
0.1928
0.1943
0.1847
0.2019
0.2194
0.4343
0.8512
0.1814
0.1929
0.2159
0.2058
0.2019
0.2074
0.2115
0.2162
0.2218
0.2471
0.3076
0.6319
1.8849
THETA_SUN = 80.0

0.0228
0.0220
0.0221
0.0222
0.0222
0.0221
0.0223
0.0226
0.0228
0.0229
0.0234
0.0239
0.0242
0.0249
0.0228
0.0224
0.0223
0.0227
0.0224
0.0230
0.0227
0.0236
0.0241
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15.0
30.0
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30.0
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135.0
120.0
105.0
90.0

0.0258
0.0278
0.0303
0.0324
0.0246
0.0249
0.0249
0.0247
0.0247
0.0247
0.0254
0.0256
0.0267
0.0300
0.0374
0.0530
0.0648
0.0319
0.0324
0.0321
0.0318
0.0316
0.0316
0.0324
0.0324
0.0342
0.0397
0.0565
0.1093
0.1570
0.0497
0.0497
0.0500
0.0496
0.0486
0.0490
0.0495
0.0497
0.0516
0.0598
0.0844
0.1950
0.3232
0.0849
0.0859
0.0866
0.0853
0.0835
0.0844
0.0869
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135.0 45.0
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165.0 15.0
180.0 0.0
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15.0 165.0
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45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0850
0.0863
0.0958
0.1204
0.2536
0.4663
0.1343
0.1372
0.1405
0.1397
0.1366
0.1407
0.1440
0.1415
0.1395
0.1489
0.1601
0.2499
0.4327
0.1736
0.1809
0.1859
0.1837
0.1764
0.1901
0.1917
0.1919
0.1810
0.1934
0.1983
0.2476
0.0736
0.1881
0.1997
0.2227
0.2112
0.2054
0.2085
0.2100
0.2117
0.2128
0.2258
0.2490
0.2775
0.6464
THETA_SUN = 0.0

0.0007
0.0870
0.0810
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0.0895
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0.1277
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0.1362
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0.1317
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0.1401
0.1389
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0.1086
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0.1044
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0.1086
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105.0
120.0
135.0
150.0
165.0
180.0
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60.0

0.0

0.0 0.0
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45.0 135.0
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135.0 45.0
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45.0 135.0
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120.0 60.0
135.0 45.0
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30.0
15.0
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0.1824
0.2036
0.2180
0.2352
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0.2179
0.2181
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0.2352
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0.2036
THETA_SUN = 10.0

0.0777
0.1295
0.1306
0.1191
0.1192
0.1152
0.1134
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0.0683
0.0602
0.0495
0.0003
0.1154
0.1190
0.1218
0.1342
0.1322
0.1377
0.1337
0.1296
0.1134
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0.0988
0.0946
0.0820
0.0975
0.0936
0.0913
0.0976
0.1115
0.1227
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Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

5 70.0 60.0 120.0 0.1342 13 10.0 180.0 0.0 0.0650
6 70.0 750 1050 0.1387 1 200 0.0 180.0 0.0994
7 70.0 90.0 90.0 0.1430 2 20.0 15.0 165.0 0.0814
8 70.0 105.0 750 0.1404 3 20.0 30.0 150.0 0.0960
9 70.0 1200 60.0 0.1393 4 20.0 45.0 135.0 0.0944
10 70.0 1350 45.0 0.1475 5 20.0 600 1200 0.1099
11 70.0 150.0 30.0 0.1491 6 20.0 75.0 105.0 0.1169
12 70.0 165.0 15.0 0.1486 7 20.0 90.0 90.0 0.1276
13 70.0 180.0 0.0 0.1480 8 20.0 105.0 75.0 0.1247

80.0 0.0 180.0 0.1735 9 20.0 120.0 60.0 0.1222

80.0 15.0 165.0 0.1806
80.0 30.0 150.0 0.1857
80.0 45.0 135.0 0.1838

1

2 10 20.0 1350 450 0.1036
3

4

5 80.0 60.0 120.0 0.1780

6

7

8

9

11 20.0 150.0 30.0 0.0792
12 20.0 165.0 15.0 0.0606
13 20.0 180.0 0.0 0.0005
30.0 0.0 180.0 0.0528
30.0 15.0 165.0 0.0581
30.0 30.0 150.0 0.0577
30.0 45.0 135.0 0.0619

80.0 75.0 105.0 0.1921 1
2
3
4
5 30.0 60.0 120.0 0.0760
6
7
8
9

80.0 90.0 90.0 0.1952

80.0 105.0 75.0 0.1968

80.0 120.0 60.0 0.1875
10 80.0 135.0 45.0 0.1990
11 80.0 150.0 30.0 0.2020
12 80.0 165.0 15.0 0.2013
13 80.0 180.0 0.0 0.1944

30.0 75.0 105.0 0.0836
30.0 90.0 90.0 0.1051
30.0 105.0 75.0 0.1196

P P P P P PP P P FP P FP P NDNDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNWWWWW®W W ww

1 875 0.0 180.0 0.1824 30.0 120.0 60.0 0.1276
2 875 150 165.0 0.1966 10 30.0 1350 45.0 0.1251
3 875 30.0 150.0 0.2146 11 30.0 150.0 30.0 0.1116
4 875 450 1350 0.2092 12 30.0 165.0 15.0 0.0958
5 875 600 120.0 0.2052 13 30.0 180.0 0.0 0.0854
6 875 750 1050 0.2111 1 40.0 0.0 180.0 0.0407
7 875 90.0 90.0 0.2170 2 40.0 15.0 165.0 0.0437
8 875 1050 750 0.2223 3 40.0 30.0 150.0 0.0430
9 875 1200 60.0 0.2267 4 40.0 45.0 135.0 0.0455
10 87.5 1350 45.0 0.2407 5 40.0 60.0 120.0 0.0489
11 87.5 150.0 30.0 0.2550 6 40.0 75.0 105.0 0.0632
12 875 1650 15.0 0.2393 7 40.0 90.0 90.0 0.0752
113 875 180.0 0.0 0.2253 8 40.0 105.0 75.0 0.1009
rho for WIND SPEED =12.0 m/s THETA_SUN = 20.0 9 40.0 120.0 60.0 0.1188

g o o o oo oo g0 000000000 0 0 0 NN SN NN NN NN NN NN 0o o o o o o o o o o o O 0o O

deg 10 40.0 1350 450 0.1309
101 00 00 0.0 01171 11 40.0 150.0 30.0 0.1494
9 1 100 0.0 180.0 0.1356 12 40.0 165.0 150 0.1523
9 2 10.0 150 165.0 0.1155 13 40.0 180.0 0.0 0.1607
9 3 10.0 30.0 150.0 0.1225 1 500 0.0 180.0 0.0522
9 4 100 450 1350 0.1197 2 50.0 150 1650 0.0521
9 5 100 60.0 120.0 0.1248 3 50.0 30.0 150.0 0.0520
9 6 10.0 750 1050 0.1333 4 500 450 1350 0.0523
9 7 100 90.0 90.0 0.1263 5 50.0 60.0 120.0 0.0519
9 8 10.0 1050 75.0 0.1238 6 50.0 750 1050 0.0563
9 9 10.0 1200 60.0 0.1078 7 50.0 90.0 90.0 0.0642
9 10 10.0 135.0 45.0 0.0969 8 50.0 105.0 750 0.0727
9 11 10.0 150.0 30.0 0.0880 9 50.0 120.0 60.0 0.0915
9 12 100 165.0 15.0 0.0786 10 50.0 1350 45.0 0.1282
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80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0

30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0

0.1503
0.1862
0.1907
0.0862
0.0870
0.0876
0.0848
0.0824
0.0828
0.0859
0.0888
0.0931
0.1214
0.1480
0.1844
0.1921
0.1342
0.1372
0.1404
0.1387
0.1341
0.1379
0.1415
0.1389
0.1400
0.1535
0.1726
0.1964
0.2040
0.1640
0.1721
0.1778
0.1770
0.1725
0.1881
0.1929
0.1964
0.1890
0.2036
0.2204
0.2277
0.2312
0.1652
0.1792
0.1972
0.1944
0.1938
0.2034
0.2138
0.2233
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87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0

120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0

0.2325
0.2521
0.2780
0.2694
0.2595
THETA_SUN = 30.0

0.1164
0.0902
0.0900
0.0888
0.0909
0.1023
0.0946
0.1015
0.1146
0.1164
0.1182
0.1160
0.1072
0.1146
0.0567
0.0517
0.0522
0.0619
0.0619
0.0751
0.0939
0.1063
0.1204
0.1191
0.1046
0.0821
0.0739
0.0360
0.0359
0.0380
0.0380
0.0415
0.0528
0.0737
0.0947
0.1129
0.1181
0.1001
0.0700
0.0009
0.0359
0.0368
0.0371



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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50.0
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50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0

45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0

135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0

0.0370
0.0385
0.0417
0.0533
0.0678
0.0988
0.1145
0.1245
0.1119
0.0968
0.0533
0.0536
0.0530
0.0525
0.0502
0.0509
0.0547
0.0618
0.0865
0.1149
0.1579
0.1808
0.1852
0.0899
0.0905
0.0906
0.0872
0.0832
0.0828
0.0841
0.0850
0.0883
0.1174
0.1802
0.2479
0.2701
0.1341
0.1374
0.1408
0.1391
0.1340
0.1373
0.1401
0.1374
0.1372
0.1587
0.2025
0.2767
0.3242
0.1574
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80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0

0.1655
0.1716
0.1713
0.1676
0.1839
0.1897
0.1942
0.1885
0.2118
0.2473
0.3123
0.3450
0.1551
0.1687
0.1862
0.1843
0.1850
0.1965
0.2092
0.2209
0.2334
0.2593
0.3000
0.3485
0.3706
THETA_SUN = 40.0

0.0780
0.0505
0.0497
0.0547
0.0588
0.0564
0.0683
0.0736
0.0744
0.0937
0.1009
0.1066
0.1153
0.1233
0.0304
0.0331
0.0333
0.0359
0.0402
0.0463
0.0555
0.0718
0.0917
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20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
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30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0

135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0

45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0

0.1060
0.1143
0.1147
0.1123
0.0294
0.0287
0.0294
0.0310
0.0315
0.0352
0.0438
0.0566
0.0818
0.1059
0.1153
0.0913
0.0792
0.0365
0.0363
0.0357
0.0355
0.0343
0.0368
0.0380
0.0508
0.0696
0.0999
0.1145
0.0862
0.0014
0.0554
0.0557
0.0550
0.0536
0.0511
0.0504
0.0508
0.0529
0.0683
0.0980
0.1352
0.1381
0.1210
0.0911
0.0922
0.0925
0.0890
0.0847
0.0839
0.0843
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rho for WIND SPEED = 12.0 m/s
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60.0
60.0
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70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0

105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0822
0.0841
0.1092
0.1719
0.2530
0.2857
0.1328
0.1362
0.1399
0.1385
0.1335
0.1368
0.1394
0.1361
0.1340
0.1504
0.2241
0.3716
0.5019
0.1538
0.1619
0.1678
0.1675
0.1639
0.1802
0.1861
0.1906
0.1856
0.2095
0.2713
0.4772
0.6231
0.1516
0.1650
0.1819
0.1795
0.1799
0.1912
0.2042
0.2157
0.2295
0.2617
0.3270
0.5480
0.7328
THETA_SUN = 50.0

0.0506
0.0328
0.0311



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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40.0
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40.0
40.0
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40.0
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40.0
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30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0308
0.0299
0.0370
0.0381
0.0473
0.0497
0.0559
0.0705
0.0694
0.0912
0.0865
0.0264
0.0262
0.0254
0.0297
0.0285
0.0340
0.0325
0.0464
0.0577
0.0785
0.1014
0.1116
0.1119
0.0279
0.0282
0.0281
0.0275
0.0289
0.0288
0.0316
0.0396
0.0540
0.0782
0.1073
0.1259
0.1194
0.0365
0.0368
0.0362
0.0351
0.0345
0.0343
0.0362
0.0370
0.0500
0.0785
0.1115
0.1122
0.0919
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60.0
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60.0
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70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
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40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0

135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0

45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0

0.1228
0.1146
0.1173
0.1289
0.1389
0.1337
0.1425
0.1422
0.1439
0.1422
0.1376
0.1422
0.1439
0.1422
0.1425
0.1337
0.1390
0.1230
0.1239
0.1184
0.1157
0.1186
0.1202
0.1127
0.1202
0.1186
0.1157
0.1184
0.1239
0.1230
0.0929
0.0922
0.0933
0.0970
0.0946
0.0969
0.0906
0.0969
0.0946
0.0970
0.0933
0.0922
0.0929
0.0953
0.0985
0.0961
0.0948
0.0946
0.0979
0.0951
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rho for WIND SPEED = 14.0 m/s

deg
10
9
9
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1
1
2

60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

0.0
10.0
10.0

105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0979
0.0946
0.0948
0.0962
0.0985
0.0953
0.1294
0.1332
0.1365
0.1361
0.1316
0.1365
0.1395
0.1365
0.1316
0.1361
0.1365
0.1332
0.1294
0.1686
0.1764
0.1806
0.1767
0.1701
0.1817
0.1823
0.1817
0.1701
0.1767
0.1806
0.1764
0.1686
0.1848
0.2022
0.2120
0.2074
0.1974
0.1977
0.2006
0.1977
0.1974
0.2074
0.2120
0.2022
0.1848
THETA_SUN = 10.0

0.0670
0.1260
0.1202
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10.0
10.0
10.0
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10.0
10.0
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10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0

150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.1104
0.1098
0.1058
0.1041
0.0999
0.0753
0.0683
0.0629
0.0519
0.0423
0.0002
0.1140
0.1238
0.1254
0.1357
0.1319
0.1304
0.1269
0.1190
0.1045
0.0982
0.0880
0.0822
0.0713
0.1117
0.1085
0.1009
0.1122
0.1234
0.1286
0.1253
0.1329
0.1261
0.1343
0.1277
0.1363
0.1242
0.0720
0.0727
0.0734
0.0757
0.0884
0.1056
0.1118
0.1209
0.1329
0.1453
0.1547
0.1621
0.1673
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50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
70.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0

0.0638
0.0648
0.0661
0.0653
0.0706
0.0767

0.0880
0.0964
0.1144

0.1234

0.1373

0.1497
0.1615

0.0826
0.0837
0.0879
0.0865
0.0846
0.0881

0.0955
0.0921
0.1050

0.1171

0.1318

0.1430
0.1455

0.1266
0.1305
0.1339
0.1322
0.1280
0.1335

0.1391
0.1371
0.1374

0.1479
0.1535
0.1511
0.1511

0.1596
0.1668
0.1718
0.1696
0.1648
0.1777

0.1814
0.1826
0.1754
0.1878
0.1887
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rho for WIND SPEED = 14.0 m/s

deg
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1
1
2
3
4
5
6
7
8
9

80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0

165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

0.1913
0.1836
0.1642
0.1811
0.1921
0.1911
0.1860
0.1911
0.1994
0.2019
0.2069
0.2224
0.2313
0.2236
0.2063

0.1108
0.1360
0.1178
0.1212
0.1230
0.1166
0.1307
0.1196
0.1122
0.0987
0.0891
0.0771
0.0674
0.0546
0.1170
0.0935
0.1067
0.1042
0.1197
0.1237
0.1303
0.1219
0.1125
0.0909
0.0706
0.0519
0.0004
0.0636
0.0687
0.0656
0.0711
0.0904
0.0939

THETA_SUN = 20.0
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30.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
70.0
70.0
70.0
70.0

90.0
105.0
120.0

135.0

150.0 30.0

165.0 15.0

180.0 0.0

0.0 180.0

15.0 165.0

30.0 150.0

45.0 135.0

60.0 120.0

75.0 105.0

90.0 90.0
105.0 75.0
120.0 60.0

135.0 45.0

150.0 30.0

165.0 15.0

180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0

60.0 120.0

75.0 105.0

90.0 90.0
105.0 75.0
120.0 60.0

135.0 45.0

150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0

15.0 165.0
30.0 150.0
45.0 135.0

90.0
75.0
60.0

45.0

0.1133
0.1250
0.1275

0.1158

0.1024

0.0854
0.0743

0.0464
0.0514
0.0510
0.0535
0.0606
0.0757

0.0902
0.1151
0.1313

0.1333

0.1473

0.1411
0.1493

0.0543
0.0547
0.0546
0.0558
0.0552
0.0622

0.0768
0.0851
0.1061

0.1420
0.1598
0.1934
0.1913

0.0858
0.0866
0.0879
0.0845
0.0828
0.0839

0.0874
0.0934
0.1000

0.1374
0.1661
0.2032

0.2122

0.1269
0.1301
0.1339
0.1325



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef

5 70.0 60.0 120.0 0.1272
6 70.0 750 1050 0.1318
7 70.0 90.0 90.0 0.1364
8
9

=
w

10.0 180.0 0.0 0.1119
20.0 0.0 180.0 0.0619
20.0 15.0 165.0 0.0610
20.0 30.0 150.0 0.0592
20.0 45.0 135.0 0.0742
20.0 60.0 120.0 0.0729
20.0 75.0 105.0 0.0847
20.0 90.0 90.0 0.1037
20.0 105.0 75.0 0.1133
20.0 120.0 60.0 0.1215
10 20.0 1350 450 0.1114
11 20.0 150.0 30.0 0.0950
12 20.0 165.0 150 0.0733
13 20.0 180.0 0.0 0.0631
1 300 0.0 180.0 0.0449
2 30.0 15.0 1650 0.0414
3 30.0 30.0 150.0 0.0434
4 30.0 450 1350 0.0439
5 30.0 60.0 120.0 0.0475
6

7

8

9

70.0 1050 75.0 0.1346

70.0 120.0 60.0 0.1389
10 70.0 1350 45.0 0.1568
11 70.0 150.0 30.0 0.1849
12 70.0 1650 15.0 0.2150
13 70.0 180.0 0.0 0.2242
1 80.0 0.0 180.0 0.1494
2 80.0 15.0 165.0 0.1580
3 80.0 300 150.0 0.1636
4 80.0 45.0 1350 0.1626
5 80.0 600 1200 0.1591
6
7
8
9
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80.0 75.0 105.0 0.1734
80.0 90.0 90.0 0.1789
80.0 105.0 75.0 0.1821
80.0 120.0 60.0 0.1767
10 80.0 135.0 45.0 0.1922
11 80.0 150.0 30.0 0.2153
12 80.0 165.0 15.0 0.2294
13 80.0 180.0 0.0 0.2347

30.0 75.0 105.0 0.0674
30.0 90.0 90.0 0.0827
30.0 105.0 75.0 0.1054

P P P P P PP P P FP P FP P NDNDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNWWWWW®W W ww

1 875 0.0 180.0 0.1477 30.0 120.0 60.0 0.1165
2 875 150 165.0 0.1639 10 30.0 1350 45.0 0.1163
3 875 300 150.0 0.1753 30.0 150.0 30.0 0.0896
4 875 450 1350 0.1767 12 30.0 165.0 15.0 0.0611
5 875 600 120.0 0.1749 13 30.0 180.0 0.0 0.0007
6 875 750 1050 0.1836 1 400 0.0 180.0 0.0375
7 875 90.0 90.0 0.1960 2 40.0 15.0 165.0 0.0400
8 875 1050 750 0.2028 3 40.0 30.0 150.0 0.0412
9 875 1200 60.0 0.2125 4 40.0 45.0 135.0 0.0404
10 87.5 1350 45.0 0.2340 5 40.0 60.0 120.0 0.0434
11 87.5 150.0 30.0 0.2594 6 40.0 75.0 105.0 0.0468
12 875 1650 15.0 0.2626 7 40.0 90.0 90.0 0.0628
113 875 180.0 0.0 0.2512 8 40.0 105.0 75.0 0.0787
rho for WIND SPEED = 14.0 m/s THETA_SUN = 30.0 9 40.0 120.0 60.0 0.1096

g ol g 0 Ul g0 Ul gl oD 00000000 NN N NN NN N NN N NN om0 m om0 0 00 0 W ©
=
=

deg 10 40.0 1350 450 0.1184
10 1 00 0.0 0.0 0.1186 11 40.0 150.0 30.0 0.1176
9 1 100 0.0 180.0 0.1105 12 40.0 165.0 15.0 0.1006
9 2 10.0 150 165.0 0.1005 13 400 180.0 0.0 0.0854
9 3 10.0 30.0 150.0 0.0989 1 500 0.0 180.0 0.0550
9 4 10.0 450 1350 0.1042 2 50.0 150 1650 0.0556
9 5 100 60.0 120.0 0.0991 3 50.0 30.0 150.0 0.0548
9 6 10.0 750 1050 0.1033 4 500 450 1350 0.0551
9 7 100 90.0 900 0.1126 5 50.0 60.0 120.0 0.0524
9 8 10.0 105.0 75.0 0.1169 6 50.0 750 1050 0.0542
9 9 10.0 1200 60.0 0.1150 7 50.0 90.0 90.0 0.0609
9 10 10.0 1350 450 0.1191 8 50.0 105.0 750 0.0702
9 11 10.0 150.0 30.0 0.1033 9 50.0 120.0 60.0 0.1025
9 12 100 165.0 15.0 0.0964 10 50.0 1350 45.0 0.1250
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70.0
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80.0
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80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
87.5
87.5
87.5
87.5
87.5
87.5
87.5
87.5

150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
15.0
30.0
45.0
60.0
75.0
90.0
105.0

30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0

0.1617
0.1726
0.1700
0.0892
0.0896
0.0903
0.0865
0.0823
0.0827
0.0846
0.0883
0.0930
0.1321
0.1962
0.2566
0.2796
0.1263
0.1298
0.1338
0.1324
0.1267
0.1306
0.1341
0.1322
0.1340
0.1609
0.2213
0.3056
0.3496
0.1427
0.1513
0.1572
0.1568
0.1540
0.1691
0.1754
0.1797
0.1761
0.2042
0.2516
0.3319
0.3795
0.1378
0.1535
0.1646
0.1666
0.1664
0.1768
0.1913
0.2001
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110
111
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87.5
87.5
87.5
87.5
87.5

120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.2132
0.2413
0.2790
0.3704

0.3855

rho for WIND SPEED = 14.0 m/s THETA_SUN = 40.0
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0.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0

0.0872
0.0619
0.0546
0.0614
0.0730
0.0630
0.0759
0.0865
0.0864
0.1027
0.1021
0.1044
0.1166
0.1284
0.0336
0.0409
0.0375
0.0425
0.0477
0.0547
0.0650
0.0834
0.0988
0.1119
0.1116
0.1083
0.1040
0.0309
0.0306
0.0320
0.0338
0.0346
0.0410
0.0514
0.0666
0.0900
0.1084
0.1093
0.0817
0.0703
0.0391
0.0382
0.0377



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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60.0
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120.0
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0.0
15.0
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45.0
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90.0
105.0
120.0
135.0
150.0
165.0
180.0
0.0
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120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0

0.0381
0.0362
0.0401
0.0417
0.0602
0.0820
0.1061
0.1107
0.0765
0.0012
0.0571
0.0579
0.0569
0.0556
0.0529
0.0523
0.0537
0.0563
0.0791
0.1098
0.1355
0.1276
0.1077
0.0897
0.0911
0.0921
0.0882
0.0836
0.0836
0.0841
0.0830
0.0867
0.1199
0.1825
0.2505
0.2659
0.1247
0.1284
0.1326
0.1315
0.1259
0.1299
0.1331
0.1301
0.1288
0.1509
0.2450
0.3849
0.5127
0.1389
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20.0
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20.0

15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0

0.1475
0.1533
0.1530
0.1502
0.1653
0.1716
0.1759
0.1726
0.1992
0.2786
0.5116
0.6908
0.1342
0.1497
0.1603
0.1617
0.1612
0.1715
0.1862
0.1948
0.2090
0.2434
0.3107
0.6334
0.8762
THETA_SUN = 50.0

0.0571
0.0382
0.0368
0.0347
0.0345
0.0434
0.0444
0.0554
0.0583
0.0666
0.0750
0.0804
0.1025
0.1037
0.0282
0.0274
0.0265
0.0340
0.0322
0.0392
0.0365
0.0566
0.0692
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90.0
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165.0
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15.0
30.0
45.0
60.0
75.0
90.0

45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0

0.0857
0.1111
0.1138
0.1085
0.0294
0.0298
0.0297
0.0290
0.0317
0.0308
0.0349
0.0455
0.0629
0.0885
0.1119
0.1210
0.1129
0.0387
0.0388
0.0383
0.0369
0.0364
0.0363
0.0391
0.0407
0.0606
0.0897
0.1135
0.1033
0.0823
0.0575
0.0583
0.0576
0.0564
0.0535
0.0524
0.0533
0.0534
0.0587
0.0890
0.1244
0.1100
0.0025
0.0889
0.0904
0.0917
0.0882
0.0840
0.0843
0.0845
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rho for WIND SPEED = 14.0 m/s
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135.0 45.0
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180.0 0.0
0.0 180.0
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30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0
0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0
165.0 15.0
180.0 0.0

0.0 0.0
0.0 180.0
15.0 165.0

0.0818
0.0835
0.1045
0.1614
0.2008
0.1830
0.1227
0.1265
0.1308
0.1300
0.1247
0.1290
0.1323
0.1287
0.1270
0.1414
0.2066
0.3911
0.5177
0.1379
0.1464
0.1520
0.1513
0.1481
0.1625
0.1681
0.1716
0.1680
0.1918
0.2772
0.6355
1.1131
0.1350
0.1506
0.1608
0.1613
0.1595
0.1684
0.1814
0.1880
0.2011
0.2389
0.3077
0.8647
1.8881
THETA_SUN = 60.0

0.0376
0.0257
0.0285



Optical Detection and Quantification of Trichodesmium spp. within the Great Barrier Reef
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15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
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150.0
165.0
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180.0
165.0
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135.0
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60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
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105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
180.0
165.0
150.0
135.0
120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0276
0.0276
0.0277
0.0312
0.0369
0.0422
0.0520
0.0497
0.0642
0.0677
0.0608
0.0259
0.0261
0.0260
0.0260
0.0262
0.0294
0.0316
0.0369
0.0459
0.0633
0.0814
0.0949
0.1034
0.0289
0.0289
0.0289
0.0285
0.0287
0.0290
0.0302
0.0338
0.0452
0.0709
0.1030
0.1336
0.1391
0.0381
0.0382
0.0379
0.0367
0.0364
0.0359
0.0370
0.0391
0.0465
0.0729
0.1206
0.1508
0.1573
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45.0 135.0
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150.0 30.0
165.0 15.0
180.0 0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0
90.0 90.0
105.0 75.0
120.0 60.0
135.0 45.0
150.0 30.0

0.0562
0.0571
0.0567
0.0560
0.0534
0.0528

0.0539
0.0531
0.0569

0.0773

0.1242

0.1536
0.1328

0.0867
0.0883
0.0899
0.0869
0.0834
0.0843

0.0853
0.0826
0.0814

0.0938

0.1404

0.1818
0.0066

0.1209
0.1246
0.1290
0.1283
0.1234
0.1279

0.1315
0.1280
0.1252

0.1362
0.1810
0.3244
0.3788

0.1387
0.1472
0.1525
0.1513
0.1474
0.1608

0.1653
0.1674
0.1625
0.1828
0.2256
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30.0
15.0
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0.0
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15.0 165.0
30.0 150.0
45.0 135.0
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75.0 105.0

90.0
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120.0
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180.0
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60.0

45.0

30.0

15.0
0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

90.0
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120.0

135.0

150.0

165.0

180.0
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75.0
60.0
45.0
30.0
15.0
0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0
60.0 120.0
75.0 105.0

0.6032
1.0202
0.1388
0.1546
0.1646
0.1640
0.1605
0.1672
0.1776
0.1811
0.1911
0.2263
0.3037
0.9981
2.1014
THETA_SUN = 70.0

0.0272
0.0241
0.0244
0.0246
0.0255
0.0250
0.0253
0.0260
0.0293
0.0308
0.0381
0.0365
0.0404
0.0428
0.0255
0.0246
0.0246
0.0249
0.0249
0.0260
0.0275
0.0280
0.0342
0.0432
0.0581
0.0776
0.0752
0.0279
0.0280

0.0280
0.0278
0.0277
0.0279
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45.0
30.0
15.0
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0.0 180.0

15.0
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45.0
60.0
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75.0
60.0
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30.0
15.0
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0.0 180.0

15.0
30.0
45.0
60.0
75.0
90.0
105.0
120.0
135.0
150.0
165.0
180.0
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120.0
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90.0
75.0
60.0
45.0
30.0
15.0
0.0

0.0 180.0
15.0 165.0
30.0 150.0
45.0 135.0

0.0287
0.0305
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Appendix 2: FLNTU Linear Offsets

During seven separate research cruises within teat@arrier Reef aboard
the RV Cape Ferguson, a total of 108 situ chlorophyll-a (Chla) samples were
collected and later compared with Chla concentnatiderived using a WETLabs
combination Chla fluorometer and nephelometric itlitph sensor (FLNTU). In situ
Chla samples were filtered onto Whatmann GF/Fréland then frozen (-20°). Upon
return to shore, Chla concentration was determihextometrically using a Turner
Designs 10AU fluorometer after grinding filters90 % acetone according to Parsons
et al. (1984). Whereas, the FLNTU instrument waased within a flow-through
system and designed to measure along-transectcGhézntrations.

Figure A2.1 shows strong linearity{R 0.86) betweein situ Chla values and
those derived using the FLNTU. However, the FLNTdtrument appeared to
slightly overestimate Chla concentration by appreately 0.05 mg M. A line of

best fit through the data was determined

Chla, ;, = 0.9289 Chlg,,]- 0.06: [A1.1]

where, Chla,, andChla.,;, arein situ measured and FLNTU measured Chla

respectively. This linear relationship was thusdut correct FLNTU values.
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Figure A2.1: Values of Chla concentration derivesing a WETLabs FLNTU

instrument plotted against situ measurements.
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Appendix 3: The Quasi-Analytical Algorithm

The Quasi-analytical algorithm of Lee et al. (20@®rives the I0Ps of
absorption and backscattering coefficients from vaboater remote sensing

reflectanceR, (/1) by analytically solving the relationship of Gordenal. (1988)

()= 0. [u(1)] [A3.1]

i=1
where,g; andg, are pre-determined coefficients ar,usc(A) is the sub-surface remote

sensing reflectance just beneath the surface.pﬁrmfnetem(/]) is defined

u(r)=— A [A3.2]

where, a(1) and b, (1) are the total absorption and backscattering azeffts

respectively. The following outlines the stepstltd QAA v5 processing algorithm
(http://www.ioccg.org/groups/Software_ OCA/QAA_v5fpd

Processing Steps
1.) Semi-analytical Approach

First derive the sub-surface remote sensjp@) from above-water remote sensing

___ R.()
=(1)= (0.52+1.7R, (1)) A3

2.) Semi-analytical Approach

The quadratic expression A2.1 is solved to deti{4)

W)= -g5+(%)" +44.1, (4)

[A3.4]
29,

where,g; andg, are given values of 0.089 and 0.125 respectively.

3.) Empirical Approach
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Total absorptiona(,)is determined at a reference wavelengjk 550, 555, or 650

nm, whereR, (1) can be accurately measured

a(/‘o) =a, (/]o) +10—1.14fr 1.366- 0.469° [A3.5]

where, aW(AO) is the absorption coefficient of pure waterfgt(Pope and Fry 1997)

Is a constant angy is determined by

¥ =log " (443) 2;27()490 [A3.6]
rrS
4.) Analytical Approach
Using a,(4), a value offy, (4,) can be derived to solved for as follows
u(4)a(4o)
A)=—"—F—F A3.7
bD ( 0) 1_ u (AO) [ ]

The particulate backscattering coefficientigtis denoteobop(AO) is then determined
by subtracting the backscattering coefficient ofepwater at/,, bnw(/lo) (Pope and

Fry 1997) fromb, (A,)

bﬂp (/]0) = bo(/‘o) - bow(/‘o)

5.) Empirical Approach
The spectral power coefficient of the particulate backscattering coefficidzgg(A)

is estimated using the following empirical relasbip

n=2.0(1- 1.2°1-9-0]) [A3.8]

6.) Analytical Approach

The value ofby, (1) is determined using the following equation
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555jy [A3.9]

bop (/1) = bnp(/]o)(T

7.) Analytical Approach

Using b, (4), the spectral absorption coefficieafA) is determined analytically by

solving

_[1-u(A) ][ B (4) * By(4)
o=

[A3.10]

8.) Empirical Approach

The QAA estimates the absorption coefficient of oodal dissolved and detrital
matter at 440 nm denoteg (440). This first requires three parametérsand { and

Sto first be derived

0.2
=0.74 A3.11
¢ +O.8+(rrs(443)/rrs () [ ]
0.002
S=0.015+ A3.12
0.6+r,(443/r.(4,) [ ]
E — es(44:;1—43:)
9.) Semi-analytical Approach
The value ofay, (4,) is then determined using
410)—a( 44 410- 44
2y, (440) = [2(410)7a(449] [a.(419-a,( 44p [A3.13]

§-¢ $-¢

10.) Analytical Approach
The spectral absorption coefficient of coloured alssd and detrital matter can then
be determined by
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8y (1) = 2y, (440) &+ [A3.14]

11.) Analytical Approach
The spectral phytoplankton absorption coeﬁiciea;t(/]) can then be derived as

follows
a,(1)=a(A)-a,(1)- a,(4) [A3.15]

Quality Control Constraints
The following quality control constraints are placedon the above-water

remote sensing reflectance at 667 ng(667) before being processed with the

QAA.

Upper limit of R, (667)

R.(667)= 2q R,(667]" [A3.16]

Lower limit of R (667)

R.(667)= 0.9 R,( 667]" [A3.17]

If RS(667) is outside of the defined limits an estimationitsfvalue is made using

the following

R, (667)=1.27 R,( 555] '+ 0.000f8R.( 4Y0R( 55 [A3.18]
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Appendix 4. N-fixation Estimates  from Derived
Trichodesmium abundance

Several methods have been presented to estifratkodesmiumspecific N
fixation using ocean colour remote sensing (Hoodle2002; Westberry and Siegel
2006). We present a simple estimate of along-getrs-fixation rates based on using

Trichodesmiumspecific Chla concentration derived from hyperﬂwéd%s(/i) data.

This method allows localised estimates of N-fixattonbe made using high-spatial
resolution, hyperspectral data for a particulariaegof interest. The aim was to
develop a method that is reproducible for othehlsgatial, hyperspectral sensors.
Furthermore, N-fixation estimates may then be @xti@ed to a larger region.

The method relies upon values of N-fixation rates qadl of Trichodesmium
reported by Carpenter et al. (1983a). In additiofprmation regarding the Chla
content per trichomand the number of cells per trichome was also redquand
sourced from Letelier and Karl (1996) and Caponealet(2005) respectively (see
Table A4.1). Using these data an estimate of Thechodesmiunspecific
volumetricN-fixation rate, derived as a function@iila concentration, was estimated
to be 3x10™° grams Nmg Chla)* m™ hr,

This Chlorophyll-a specificlrichodesmiumN-fixation rate was multiplied by
the derived Chla values at each data point to ya@dg-transect N-fixation per cubic
metre per hour as shown in Figure A4.1. By integgaunder the curve, the quantity
of N-fixed per cubic meter over the duration of thensect was estimated to be 1
x10°® grams N rif. The N-fixation rate offrichodesmiumhas been shown to
decrease to 9 percent of surface values at a @¢pi m (Carpenter and Price 1977).
Assuming that N-fixation monotonically decreaseshwdepth, the N-fixation rate,

Nrate at a given depth can be expressed as
Nrate( 2 = Nratd0) &° [A4.1]

where, the decay constartis 0.0491. We integrated Eqauation 4.15 over a
depths from O - 30 m to estimate the along-transeal N-fixation to be
2x10“*grams N nf. This calculation was performed under the assiompthe
average depth of the GBR is about 30 m (WolansR#4)19 The length of the transect

was known to be 30 km and the width of the radi@metfield-of-view was
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approximately 1 m. Thus, the total area viewedrduthe transect was approximately

3x10* m?. By multiplying areal N-fixation by the total @®iewed, the total quantity

of N-fixed during the transect was estimated t@ lggams.

To determine if the volumetric N-fixation rate okB0™° grams N (mg Chla)*
m* hr' was reasonable, we derived a value for annual Ardixation. Firstly, the
along-transect areal fixation rate was divided loy ime duration of the transect (1.8

hours) to yield an areal fixation rate of10™* grams N rif hr’. It was next assumed
N-fixation occurred for 10 hours a day, 365 day=ar, which yielded an annual areal
N-fixation rate of 0.7 grams N fryr* which has equivalent units of tonnes Nkgr

! The value of 0.7 tonnes N Knyr* was similar magnitude to annual areal fixation
rates reported by Furnas et al. (1996) and Bell.€0.999).

We thus used the derived areal fixation rate torede annual N-inputs for the
Far Northern, Northern, Central and Southern Gré&arrier Reef due to
Trichodesmium Table A4.2 details the areas spanned by eadbrregUsing this
information, we estimate the total amount of N-fixey Trichodesmiunfor each
region. When considering the Northern GBR, the uahnN-input due to
Trichodesmiunwas estimated to be 10,000 tonnes N yThis value is within the
range of previous estimates (Furnas and MitcheB61®Bell et al. 1999). For
comparative purposes, we compiled annual N-inptimesed for rivers along each
region of the GBR (see Table A4.2). The data ssiggehat N-inputs from
Trichodesmiumare of similar magnitude to N-inputs from from nige which
complements previous studies (Furnas and Mitcte€l61Bell et al. 1999).

Although, similar to results of others (Furnas avidchell 1996; Bell et al.
1999), these order of magnitude estimates are efitive, and should be heeded
with caution. For example, we assumed a steadyistg crop ofTrichodesmium
between 0.2 — 0.5 mg Chla“mand have not considered periodic population

fluctuations. Thus, more transeRf, (/1) data is necessary for determining temporal

variability in Trichodesmiunabundance within the GBR and hence improving N-load
estimates. Furthermore, N-fixation ratesTochodesmiunhave been shown to have
dependence upon photosynthetically available ratiatPAR) and euphotic depth
(Hood et al. 2002). Euphotic depth and diffuseerataition coefficients can be
determined using IOPs derived using the QAA (Lealet2005; Lee et al. 2007).

Thus, it may be possible to implement a more stighied model for estimating
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Trichodesmiuniixation such as that of Hood et al. (2002). Trigspect is worthy of
further investigation.

Table A4.1: Values used for estimation of Ghpecific TrichodesmiunN-fixation
rate

Parameter Value Units Data Source
Average N-fixation rate 0.10 pg Ncell* h Capone et al. (2005)
Chlorophyll-a concentration 0.3 ng Chla trichomé Letelier and Karl
per trichome (1996)
Average number aofells per 100 cells trichome* Carpenter (1983a)
trichome

Table A4.2: Nitrogen inputs from rivers amdchodesmiunto the Great Barrier Reef

Region Latitude Area River Trichodesmium Percentage
°S km? Inputs* Inputs* Difference
Far Northern ~ 10-16 45,000 7,000 30,000 23 %
GBR
Northern 16-18 15,000 4,000 10,000 40 %
GBR
Central 18-21 65,000 16,000 40,000 40 %
GBR
Southern 21-25 75,000 14,000 60,000 23 %
GBR
Total GBR 10-25 200,000 41,000 140,000 72 %

River input data sourced from Furnas (2002).

*Units: tonnes Nyt
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Figure A4.1: Plot of along-transect volumetric ogen fixation rate derived from

Trichodesmiunspecific Chla concentration.
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