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The first two distributions were chosen due to their proven ability as moment-matched
equivalent distributions in atmospheric physics. In addition, these distributions can be
conveniently expressed analytically as a function of their effective radii and variance.
The second two distributions were chosen due to their common use in the marine bio-
optical field [Bricaud & Morel 1986, Campbell 1995, Morel 1973, Boss ef al. 2001].
Note that the Junge distribution is the only formula that is not explicitly expressed in
terms of effective radius and variance, and equivalent distributions were calculated by
iteratively adjusting the Junge slope £ until dgg of the Junge distribution matched that of
the measured distribution. It should also be noted that the effective variance of a Junge
distribution cannot be independently manipulated, unlike the first three formulae, when
using a given size range [Boss et al. 2001]. The single size approximation was analysed
as a simple and computationally economic alternative. Two analyses were carried out
with regard to the effective variance vz the first using the variable experimental vy
values determined for each sample, and the second using a constant v.g value of 0.63, the

mean value for all samples.

2.2.7 Optical Modelling
Analogous expressions to Equation 2.2 can be used to express the relationships between

the attenuation coefficient c(4), the scattering coefficient 5(4), the backscattering
coefficient b5(A) and their relative efficiency factors, given appropriate particle size
distributions and complex refractive index spectra. Additional detail on such models can
be found in Morel & Bricaud [1986]. In addition, the dimensionless package effect
parameter (Q. ) can be calculated from the following expression [Morel & Bricaud

1981]:

;=3 L 29)

“2a,d

where a.n is the absorption of cellular material (m™) and is given by a.,=4m"/A [ibid.].

For each sample two calculations of the suite of IOPs were made. The first was made
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distribution The following four size distributions functions were assessed, expressed in

radial terms for algebraic simplicity:

1. The special —7/2 generalised inverse Gaussian distribution [ Alexandrov & Lacis
2000].

r—7/2 r5/2 1 7 r
F(r)= ASF & S exp[ ( -9 _ —]] 2.5)
JZnV,ﬁ (1+3v; +3vy) 2V, rorg
2. The Standard distribution [Hansen & Travis 1974}
F(r)=ASF A0 " explr ry v )] (2.6)

3. The 0% order log normal distribution [Hansen & Travis 1974, Jonasz & Fournier
1996]

F(r):Aswexp[_(ln(r)“m(r‘» } 2.7

20,
where 7, = rog/(1+ veg)”? and &’ = In(I+ veg).
4. The Junge distribution [Junge 1963, Bader 1970]
F(r)=ASFr* (2.8)
In addition to the above distributions, a further approximation was assessed:

5. A single size approximation of d=d g
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and inherent optical properties that are derived from them, should be considered as
representative theoretical values generated for the sole purpose of comparing the optical
properties of equivalent size distributions. Accurate determinations of /-+€, in the context
of the anomalous diffraction approximation, would require additional use of attenuation
or scattering data, not available to this study [Bricaud & Morel 1986, Stramksi ef al.
1988].

All refractive index determinations, and subsequent optical modelling runs, were made
with Chl a-specific data to negate the impact of varying biomass concentration upon
model performance assessment. Both algal absorption and size distribution data, as
discussed above, were normalised by measured Chl a values i.e. a4(4) and F(d) were
simply divided by the appropriate Chl a concentration. Whilst Chl a-specific
phytoplankton absorption is a common bio-optical parameter [e.g. Bricaud ef al. 1995],
Chl a -specific size distributions are rarely used. However, test results employing
absorption and size data normalised to Chl a concentrations both before and after optical
modelling confirmed that such scaling made no impact upon the refractive index and
efficiency factor analyses.

2.2.6 Equivalent Size Distributions

All size distributions were expressed in equivalent terms to the processed algal spectral
density measurements: a diameter range of 1 to 100 pum, at a 1 pm bin spacing.
Equivalent distributions were calculated using the same effective diameter as the
corresponding measured size distribution and scaled to the total projected surface area

<SA> of the measured algal size distribution, as given by:
<s4>=| I‘W-Z-dz F(d)d(d) (2.4)

The ASF (Area Scaling Factor) term is introduced here as the total projected surface area
scaling parameter. i.e. it is used to manipulate the magnitude of the equivalent

distributions by matching the total projected surface area to that of the measured
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where a4 (4) is the algal absorption coefficient (m*mg™), 0, (A)is the absorption

efficiency factor (where the overbar signifies the mean efficiency factor of a particle
population), d is the particle diameter (m), F(d)d(d) is the number of particles per unit
volume in the size range d + 2 d(d), and A denotes wavelength (nm). Using the
experimental algal absorption coefficients and size distribution data as described above,

0, (4) can therefore be calculated for natural algal assemblages. Employing the
anomalous diffraction approximation [Van de Hulst 1957],
27 e’ -1

Q, (D)=l+—+2— (2.3)
P Iy

dimensionless absorption efficiency factors can be expressed in terms of the optical
thickness o' = 4am’, where « is the Mie size parameter dz/4, and n'(4) is the imaginary
part of the refractive index. Equations (2.2) and (2.3) can thus be employed iteratively to
derive n' for an algal population. To allow calculations of additional inherent optical
properties, namely attenuation and scattering coefficients, representative values of the
real part of the refractive index were also derived. The Kramers-Kronig relations [Bohren
& Huffman 1983, Bernard ef al. 2001] were employed to derive spectral variations in the
real part of the index, typically denoted as 4n(4), from the imaginary part of the index.
The Kramers-Kronig (KK) relations are used as a replacement for the Ketteler-Helmholtz
theory of Bricaud & Morel [1986], which employs Lorentzian oscillators. The KK
relations describe the mutual dependence of the real and imaginary parts of the refractive
index through dispersion, as does Ketteler-Helmholtz theory, but it is essentially more
simply applied than the tedious and sometimes inaccurate use of summed
oscillators.[Stramski ef al. 1988]. Computational difficulties in the KK relations, -
specifically the evaluation of the Cauchy principal integral, were overcome using a
Hilbert transform in Matlab (R14, The MathWorks) on the imaginary part of the
refractive index to calculate An(A).The central value of n{4) around which 4An(4) varies,
denoted as /-+¢€, was fixed at 1.05 for all samples, chosen as a representative value for
phytoplankton [Bricaud & Morel 1986, Bricaud ef al. 1988]. Note that both the n(4) data,
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fit was then subtracted from the total measured size distribution to obtain the algal
particle size distribution. These distributions were extrapolated to a minimum size of 0.7
pum (nominal GF/F pore size) by fitting a log-normal function (Equation 2.7, v, = 0.5) to
the minimum measured diameter. Algal size distributions were also extended to an upper
limit of 100 um by extrapolation with a fitted Jungian distribution of exponential slope
£=4. Finally, data for optical analyses were resampled to linear size bins of 1 pm, with a
range of 1 um to 100 um, through calculation of the spectral density.

2.2.4 Pigments

Pigments were analysed using High Performance Liquid Chromatography (HPLC).
Seawater was filtered through 25 mm GF/F filters and filters stored frozen in liquid
nitrogen until analysis. Filtration volumes were adjusted to maintain approximately
constant amounts of material on the filter and ranged from 0.1 1 to 2 1. Pigments were
extracted in acetone, containing frans-f-apo-8'-carotenal internal standard, with the aid of
ultrasonication and clarified by centrifugation. Analysis of pigments followed the
reverse-phase HPLC procedure outlined by Barlow er al. [1997] using a 3 pm Hypersil
MOS2 C8 column (100 x 4.6 mm), a Varian ProStar pump, a Thermo Separations
AS3000 autosampler, a Thermo Separations UV6000 diode array absorbance detector,
and ChromQuest chromatography software. Pigments were detected at 440 and 665 nm,
identified by retention time and on-line diode array spectra, and quantified relative to the
internal standard. Chlorophyll a standard and trams-f-apo-8-carotenal were obtained
from Sigma-Aldrich Ltd. Other pigment standards were purchased from the DHI Institute

for Water and Environment, Denmark.

2.2.5 Refractive Index Determinations
The absorption coefficient of a phytoplakton population can be described by the
following expression [Morel & Bricaud 1986]:

a,()=70. D[ F@)dd(a) 22)
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manner as the samples. Filtration volumes were adjusted to maintain a large amount of
material on the filter while avoiding excessive clogging, and varied between21and 0.1 1
Raw optical density values at 438 nm, corrected for blank absorption, ranged from 0.9
(Chl a =195 mg m™ with 100 ml filtered) to 0.4 (Chl @ = 0.5 mg m™ with 2000 mi
filtered). Absorption coefficients were calculated using the pathlength amplification
factor of Roesler [1998], assuming a null-point correction at 750 nm. Detrital
measurements were made using methanol extraction on the filter, followed by re-reading
in the spectrophotometer [Kishino ef al. 1985]. Phytoplankton absorption a4(4) data were
then obtained by subtraction of detrital absorption a;(4) from total particulate absorption

a,(A).

2.2.3 Particle Size Distributions (PSD)

Particle size measurements were made using a 128 channel Coulter Multisizer II with
either a 50 yum or 140 um aperture in manometer mode, using freshly prepared 0.2 um
filtered seawater as both blank and electrolyte. Choice of aperture size was dictated by
size of the dominant algal species, with 140 pm used for all samples other than those
dominated by the small pelagophyte Aureococcus anophagefferens. Samples were diluted
to keep coincidence levels below 10%, and 40 mi of sample was typically counted.
Particle size distributions measured in this manner pertain to the total particle population.
A numerical technique was employed to fractionate measured size distributions into algal
and non-algal components, designed to produce data analogous to the phytoplankton
absorption data fractionated using the methods of Kishino ef al. [1985]. The detrital
component of the particle population was assumed to obey a Junge distribution (Equation
2.8), with diameters ranging from 0.7 um to 100 um, in log-spaced bins. An inverse
anomalous diffraction model, employing a Nelder-Mead (simplex) non-linear
optimisation routine to solve for magnitude Ny, was then used to fit fneasured detrital
absorption ag(A). An imaginary refractive index of n'=0.001066 exp(-0.0071684) was
employed [Stramski ef al. 2001}, with the implicit assumption that all non-chlorophylious
matter retained on the GF/F filters have similar refractive index characteristics, e.g.
detritus and bacteria [Morel & Ahn 1990]. The detrital size distribution resulting from the
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2.2 Methods

2.2.1 Approach

Bio-optical measurements were made on near-surface samples from diverse water types,
ranging from the near oligotrophic to high biomass algal blooms dominated by a variety
of algal species. Sampling was conducted from 1999 to 2003 in the southern Benguela
from a variety of platforms (see Table 2.1), and thirty-four samples in total were analysed
for this study. Principal measurements consisted of particulate absorption, particle size
distributions and intra-cellular pigments. Identification of dominant algal species and
groups were made using a combination of microscope analysis of fresh and preserved
samples, and chemotaxonomic information from HPLC pigment analyses. Particulate
data were separated into algal and detrital components, and inverse anomalous diffraction
models [Bricaud & Morel 1986], in combination with refractive index dispersion models
[Bernard et al. 2001], were used to derive algal refractive index data. These data were
employed to assess the ability of several, common size distribution formulations to
simulate the optical properties of algal populations calculated with measured size
distributions. Equivalent size distributions were scaled to have the same total projected
area and effective diameters as the measured size distributions. The performance of the
equivalent distributions was assessed with regard to their ability to simulate the
absorption, attenuation, scattering, backscattering and package effect parameter as both

one- and two- parameter formulations.

2.2.2 Particulate Absorption

Particulate absorption data were measured with the quantitative filter pad technique
[Yentsch 1962, Roesler 1998] using a Shimadzu UV-2501 spectrophotometer equipped
with an ISR-2200 internal integrating sphere. Discrete seawater samples were filtered
under less than 10 mm mercury pressure using Whatman GF/F filter pads, which were
placed at the entrance port of the sphere, and scanned from 350 nm to 750 nm using an
air reference and baseline. In cases where filters could not be read immediately, they
were stored frozen in liquid nitrogen. Blank filter pads were prepared by filtering several
hundred ml of Milli-Q water through fresh GF/F filters, which were then read in the same

18



identical moments display the same optical characteristics [Hansen &Travis 1974, Hu &
Stamnes 1993, McGraw et al. 1998], where the kth diametric moment of a size
distribution is given by:

<d* >=[" d* F(d)d(d) (2.1)

where d is the particle diameter (m), and F(d) d(d) is the number of particles per unit
volume in the size range d + % d(d). The best single parameter describing the optical
properties of a size distribution is the effective radius r.5 or diameter dyy — the ratio of the
third to second moment (<d *>/<d?>), or the mean volume to surface area ratio of the
distribution [Hansen & Travis 1974, Lacis et al. 1992]. An additional parameter of
importance is the effective variance v, (<d *><d ?>/<d’>-1), which describes the width
of the distribution [Hansen & Travis 1974, Alexandrov & Lacis 2000]. Using size
distributions of dissimilar shapes but identical effective diameters, optical properties have
been accurately matched in a variety of cases: attenuation coefficients, single scattering
albedos and asymmetry parameters for water clouds [Hu & Stamnes 1993], aerosols
[Alexandrov & Lacis 2000], and non-spherical ice crystals [Grenfell & Warren 1999];
and phase functions for aerosols [McGraw ef al. 1998]. The dependence of particle
optical properties upon effective radius, given an appropriate distribution function, has
been shown to hold even when considering distributions of different shape, skewness,
width and modality [Hu & Stamnes 1993].

This study seeks to establish whether a moment-based approach can be employed to
define single parameter equivalent size distributions for the simulation of algal optical
properties through a wide range of algal assemblage types. A functional size distribution
form that is based upon optical equivalence rather than the replication of sometimes
complex observed phytoplankton size distributions would have application in bio-optical
and ocean colour modelling and inversion techniques. Such techniques are of particular
relevance to the bio-optical monitoring and detection of harmful algal blooms.
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populations are rarely monospecific, and the use of log-normal or gamma distributions
has been restricted to application with total marine particle distributions, either
decomposition techniques to describe measured distributions [Campbell 1995, Jonasz &
Fournier 1996], or distribution functions suitable for oligotrophic waters [Risovic 1993].
The most commonly used distribution type for marine particulate, with specific regard to
modelling optical properties, is the power law or Junge distribution [Junge 1963, Bader
1970]. The Junge distribution has been used to describe marine particle distributions for
angular scattering function inversions [Morel 1973, Twardowski 2001}, determine
relationships between beam attenuation spectral shape and Junge distribution slope
[Kitchen et al. 1982, Boss ef al. 2001}, establish backscattering budgets for marine
particulate types [Morel & Ahn 1991}, and provide basis vectors in reflectance inversion
schemes [Roesler & Boss 2003]. However, such applications have typically considered
the total marine particle population, as opposed to the chlorophyllous fraction which is
under consideration in this study. Particle size distributions in phytoplankton-dominated
waters typically display complex shapes, with variable intermediate maxima associated
with the presence of dominant phytoplankton groups or species [Sheldon 1972, Jonasz &
Fournier 1996]. Such complex size distributions deviate markedly from the smooth
exponential representation of a Junge distribution [Bernard e al. 2001]. Thus, whilst a
Junge distribution offers a simple scheme conforming to general trophic and dynamic
paradigms [Sheldon & Parsons 1967, Sheldon 1972], and allows robust application to
optical inversion, there is some doubt as to whether it is the most suitable function to
describe algal optical properties, particularly in productive waters [Kitchen 1982, Jonasz
& Fournier 1996, Boss et al. 2001].

An alternative approach, from an optical perspective, to finding best-fit functions to
measured size distribution data is to consider simply parameterised equivalent size
distributions: formulations that, whilst dissimilar in distribution shape, can reproduce the
optical properties of polydispersed particle populations. The approach has been
successfully employed by atmospheric physicists to describe the optical properties of
aerosol and cloud size distributions for the purposes of radiative transfer inversions.

Central to the concept of equivalent distributions is that dissimilar size distributions with
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2.1 Introduction

Phytoplankton size is of considerable importance to phycologists, exerting a strong
influence upon metabolic rates and physiological behaviour [Banse 1976, Finkel & Irwin
2000, Raven & Kubler 2002], algal optical properties [Morel 1973, Morel & Bricaud
1981, Stramski & Kiefer 1991], algal cell density, biomass, and carbon concentrations
[Agusti et al. 1987, Montagnes ef al. 1994] and physical behaviour [Raven 1986,
Rodriguez et al. 2001]. There is thus a need to provide simple descriptors of algal size,
and formulations for algal size distributions, that can account for both morphological
variations and the polydispersity typically displayed by phytoplankton populations. Such
schemes, by reducing algal size descriptors to one or more proxy parameters, can allow a
greater understanding of cultured and natural algal populations from optical,
physiological and ecological perspectives. In addition, size distribution formulae for
marine particle populations allow the rapid and semi-continuous assessment of marine
particle size variability through the application of inversion techniques to marine optical
measurements [Boss ef al. 2001, Twardowksi et al. 2001, Roesler & Boss 2003].

The effects of morphological variations on size estimates can be overcome to first order
through volume equi&'alence schemes, either explicitly with geometrical calculations
from microscopic observations [Montagnes ef al. 1994] or implicitly through volume-
based particle sizing techniques such as the Coulter method [Sheldon ez al. 1972, Olivieri
1985]. However, whilst the Coulter Counter and analogous instrumentation allow
measurements of marine particle size distributions to be made with relative ease, there
still appears uncertainty as to whether such distributions can be approximated using
analytical formulations, or characterised through simple descriptors.

A variety of distribution formulations have been employed to represent both
phytoplankton and total marine particle distributions, typically from fitting such functions
to measured size distribution data. Monospecific phytoplankton cultures display
expectedly narrow size distributions, and can be represented by log-normal [Bricaud &
Morel 1986] and gamma [Risovic 1993] distributions. However, marine phytoplankton
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Chapter 2

Optically Equivalent Size Distributions
of Natural Phytoplankton Assemblages
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The study necessarily addresses several issues relevant to characterising the optical
properties of natural algal assemblages; issues distinct in their nature but closely inter-
linked through their relevance to ocean colour. The structure of the study is deliberately
chosen to reflect these considerations, and is specifically written as four self-contained
chapters — the last of which integrates the various aspects of algal optical characteristics
addressed in the first three. It is hoped that such a format promotes clarity, and ultimately
aids in the greater understanding of phytoplankton optics and ocean colour that is the

major aim of this study. A table of notation for the entire thesis is given in Appendix III.
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simplest geometry capable of simulating the observed angular scattering of algal cells
[Quinby-Hunt ef al. 1989]. Chapter 4 thus investigates the suitability of the two-layered
spherical model [Aden & Kerker 1951] for the simulation of the major IOPs of algal
populations, with a particular focus on algal backscattering characteristics. Intra-cellular
structure and micromorphometrics, appropriate refractive index ranges and methods of
determination, detailed comparisons of homogeneous vs. heterogeneous I0Ps for both
single cells and populations, and a preliminary validation of the two-layered model are all
undertaken. The parameterisations and insights offered by the previous two chapters, in
addition to a wide range of data from the literature, are all used to construct algal IOP
models based on a two-layered spherical geometry. Such models move towards allowing
the holistic description of the suite of algal IOPs necessary to quantitatively describe

ocean colour, based on known values of core causal variables.

The final chapter of the study seeks to integrate the results of the previous chapters, in the
form of a reflectance inversion algorithm for use with hyperspectral remote-sensing
reflectance data. Employing the frequently used reflectance approximation [Morel &
Prieur 1977, Roesler & Perry 1995, Zaneveld 1995], the algorithm seeks to simulate
measured reflectance data by iteratively manipulating the absorption and backscattering
of the algal assemblage and other major constituents. This allows the quantitative
derivation of algal IOPs and biomass. In addition, by using the algal IOP model
previously discussed, the algorithm allows an estimate of the major algal optical causal
variables from reflectance data: descriptors of assemblage effective size and relative
accessory pigment concentrations. Algorithm performance is tested with an independent
set of bio-optical data gathered in the southern Benguela, encompassing a wide range of
water types and natural algal assemblages. In addition to providing the basis for
operational detection and monitoring of HABs through autonomous bio-optical sensors,
the algorithm returns allow further comment on the nature of particulate and algal
backscattering in the highly productive waters of the Benguela upwelling system.
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the southern Benguela [Pitcher et al. 1998]. However, establishing simple descriptors for
algal cell diameter, and a sufficiently accurate means of simulating the effects of size on
algal IOPs, is complicated by the typically complex particle size distributions of natural
algal populations. Chapter 2 thus investigates the use of equivalent particle size
distributions, and the means of effectively and simply parameterising the IOPs of algal

assemblages with regard to effective cell diameter.

Understanding the processes underlying algal absorption is key to the effective use of
ocean colour. Chapter 3 seeks to quantify the effects of causal variables on algal
assemblages in the Benguela, and establish to what extent these can be measured through
inverse absorption models. In addition to the well-known effects of cell size, variations in
the intracellular concentration of Chl a and accessory pigments are responsible for a large
proportion of observed variability in algal absorption coefficients [Bidigare ef al. 1990,
Morel & Bricaud 1981]. A central construct of the analyses conducted in Chapter 3 is the
use of the package-effect to decouple the effects of the three major casual variables —
such data are used statistically to assess causal influence and to construct a diagnostic
absorption inversion model. Accessory pigment effects have been utilised successfully in
the past to identify algae using chemotaxonomic groupings from direct measurements of
absorption [Hoepffner & Sathyendranath 1993, Johnsen et al. 1994, Millie ef al. 1995].
These effects are analysed here as an assessment of the ability to obtain diagnostic
chemotaxonomic information from inverse absorption models - a necessary intermediate

step in the construction of inverse reflectance models.

A better understanding of algal backscattering is key to the effective use of reflectance
algorithms for HAB applications. Given the critical role Mie modelling has played in the
past in advancing the understanding of algal optical variability, it can be argued that a
necessary first step is the adoption of a modelling theorem that is capable of adequately
simulating algal backscattering, Ideally, such a theorem would pertain to all relevant algal
optical properties, e.g. allow a realistic description of cellular absorption and
backscattering using a single simulation. Given the previously discussed importance of

cellular internal structure on algal scattering, the two-layered sphere appears to offer the
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with the additional influence of the material responsible for inducing changes to the real
part of the cellular refractive index [Morel & Bricaud 1986, Stramski ef al. 2001].
However, whilst the absorption and total scattering of algal cultures have been
successfully simulated using Mie theory [Bricaud & Morel 1986, Ahn ef al. 1992], the
few direct measurements made of algal angular scattering suggest that Mie theory is less
well suited to describe backward scattering [Quinby-Hunt ef al. 1989, Volten ef al. 1998,
Vaillancourt et al. 2004]. These studies, and others investigating the effect of internal
cellular structure on angular scattering [Witkowsi ef al. 1993, 1998] indicate the
importance of internal structure on algal scattering at large angles [Bricaud ef al. 1992,
Kitchen & Zaneveld 1992].

Whilst causality is well understood with regard to algal absorption, and at least partially
understood with regard to algal backscattering, the interpretation of ocean colour data
based on a metric rooted in explicit algal optical causality has yet to be fully realised.
This study seeks to construct an inverse reflectance model, suitable for HAB application,
by establishing quantitative relationships between the variables causal to the optical
properties of natural algal populations, the inherent optical properties that influence ocean
colour, and the apparent optical properties that constitute ocean colour. The study will
thus address several themes: the means of simply parameterising the IOPs of natural algal
populations in terms of causal variables, testing the ability to detect causal variability in
optical data from natural algal populations, and establishing optical models able to
simulate algal backscattering and other IOPs. Finally, all of these structures will be
integrated into a reflectance model allowing the estimation of IOPs and related causal
variables through numerical inversion - a model tested with independent bio-optical data

sets gathered in the southern Benguela.

Size of the algal cell, or the effective size of the algal assemblage, is known to be one of
the dominant causes of variability in algal optics [Ciotti ef al. 2002, Morel & Bricaud
1981, Raven 1984]. Size is also of considerable value in HAB applications, where bloom
onset is often characterised by changes in the effective size of the algal assemblage,

particularly with regard to the relatively large dinoflagellate cells commonly observed in
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harmful algal groups or species, and that such a metric can be applied to data from
available sensor systems within sufficiently small error margins. Understanding the
variables causal to the absorption and backscattering of phytoplankton, and establishing a
quantitative paradigm in which to apply such an understanding, must therefore be one of
the central tenets of bio—opticai oceanography as regards HABSs.

Mie inodelling, and the related anomalous diffraction approximation [Van De Hulst
1957], have played a central role in advancing the understanding of the processes
underlying algal optical properties [Morel & Bricaud 1986, Ahn ef al. 1992]. Algal
absorption is well understood from this theoretical perspective, and is governed by three
causal variables: the effective size of the algal cell or assemblage; the intracellular
concentration of the pigments that are the predominant cellular absorbing material; and
the spectral character of these pigments [Kirk 1975, Morel & Bricaud 1981, Morel &
Bricaud 1986]. Experimental confirmation can be found from observations of cultured
algae [Bricaud ef al. 1988, Geider & Osborne 1987, Johnsen ef al. 1997] and field studies
of algal assemblages, showing absorption dependencies on both algal size and accessory
pigmentation using either an empirical metric [Ciotti et al. 2002], a mechanistic approach
[Bricaud et al. 1995, Lohrenz 2003], or a chemotaxonomic $pproach [Bricaud et al.
2004]. Additionally, absorption is a dominant source of light attenuation in the sea [Kirk
1980, Morel 1988], and there would thus seem considerable opportunity to utilise the
signal offered by algal absorption for HAB detection through analytical ocean colour
algorithms [Roesler ef al. 2003].

Backscattering, the integrated angular scattering that is responsible for returning light to
the surface of fhe sea, is considerably less well understood than absorption due to several
factors. These include the historical difficulties of measuring the backscattering
coefficient directly; an incomplete knowledge of the major soﬁrces of backscattering in
the sea; and the difficulties of modelling the angular scattering properties of complex
algal cells with sufficient verisimilitude [Stramksi et al. 2004]. Backscattering is
nevertheless understood to be theoretically controlled, albeit in a less predictable mannér,
by the same causal variables as absorption: size and intracellular pigment configuration,



the sea. Radiometric sensor systems provide spectral reflectance or ocean colour data by
measuring the light field both leaving the sea and incident to it, and offer several
advantages for HAB applications. First amongst these is that ocean colour reflectance
inversion algorithms offer considerable potential for HAB application through the
identification of dominant algal groups and size classes [Roesler & Boss 2003, Roesler e?
al. 2003}]. In situ radiometric data can be considered analogous to space-based ocean
colour measurements, and the use of reflectance inversion algorithms allows the potential
derivation of equivalent algal products from both point measurements and at the synoptic
scale offered by satellite data. Passive hyperspectral radiometric sensors have several
other positive attributes for autonomous HAB application: robust sensors with low power
consumption; high resolution semi-continuous spectral data offering a rich signal; data
that can be calibrated in absolute units; and the ability to provide validation of the
satellite signal in high biomass bloom water types [Cullen ef al. 1997, Chang et al. 2004].

An important construct in contemporary bio-optics is the division between inherent
optical properties (I0Ps) and apparent optical properties (AOPs) [Preisendorfer 1976]:
this allows a quantitative evaluation of the aquatic light field in terms of the optical
properties specific to the various marine constituents [Morel & Prieur 1977, Zaneveld
1995]. Of these, it is the absorbing and backscattering properties of the marine hydrosol
that can be considered most important from the perspective of ocean colour applications
[ibid.]. The ability to understand and characterise the absorbing and backscattering
properties of the algal assemblage is thus central to the effective use of reflectance
algorithms for HAB-related applications. It must be possible to make a distinction,
through bio-optical means, between non-harmful algae, present in the majority and
making an essential contribution to system productivity, and those species or algal groups
deemed harmful. However, it could be argued that ocean colour data are blind to the
majority of morphological and genetic distinctions underlying conventional algal
taxonomy§ its effective use demands instead a metric based on the variables causal to the
optical characteristics of the algal cell. Successful bio-optical HAB detection thus
requires that causal optical variables are identified, a metric based on causality is

constructed and linked to the conventional taxonomy required for the identification of



Harmful algal blooms (HABs) are a frequent occurrence in the Benguela system (Pitcher
& Calder 2000), often resulting in severe negative impacts to local marine ecosystems and
communities, in addition to commercial marine concerns such as aquaculture operations.
Harmful impacts of HABs, most often composed of a variety of dinoflagellate species, are
associated with either the toxicity of some species present in the algal assemblage, or the
high biomass such blooms can achieve. Collapse of high biomass blooms through natural
causes such as nutrient exhaustion can lead to hypoxic events and in extreme cases, the
production of hydrogen sulphide, frequently causing extensive mortalities of marine
organisms. Effective ecosystem management requires a greater understanding of the
variability of HABs as ecologically prominent phenomena, and the means of detecting and

monitoring blooms in real time, through both in situ observation platforms and satellites.

Bio-optical methods are well suited to algal monitoring applications, offering a variety of
robust, cost-effective in situ and satellite-borne sensor systems capable of measuring the
variation of light in the sea: a signal strongly influenced by phytoplankton [Morel &
Prieur 1977, Cullen ef al. 1997]. Simple bio-optical in situ instrumentation, such as
fluorometers, and conventional satellite-derived chlorophyll a products (Chl a) have
become routine tools for the estimation of algal biomass in the sea. However, it has been
demonstrated that bio-optical techniques can offer considerably more than simple algal
biomass estimates, allowing the detection of changes in biomass-normalised algal optical
properties and thus assemblage size and broad taxonomic identification [Bricaud ez al.
2004, Ciotti et al. 2002, Roesler et al. 2003]. The provision of some form of assemblage
description from bio-optical measurements offers significant advantages over simple
biomass estimates. These include the detection of precursive and formative bloom
conditions; an enhanced capacity to determine whether a bloom is of a potentially harmful
nature; a better facility to monitor bloom growth, movement and decay; and a greater
understanding of the bio-physical dynamics underlying bloom formation.

A wide variety of both passive and active in sifu bio-optical sensors is currently
commercially available for the purposes of autonomous, real-time algal monitoring, most

commonly measuring the absorbing, scattering, fluorescent and radiometric properties of



Chapter 1

Introduction



Abstract

An analytical framework for the simulation and quantitative interpretation of

ocean colour data is presented, providing an inverse reflectance algorithm designed for the
detection of harmful algal blooms. The adopted framework focuses on establishing
quantitative relationships between optically important algal intracellular properties and
inherent optical properties (IOPs), such as the absorption and backscattering coefficients, and
the resultant effects on remote-sensing reflectance.

A principal aim of the study is to establish the determinant variables of the IOPs associated
with natural algal assemblages, and provide a means of simulating these IOPs. Algal size is an
important determinant of optical properties, and the study demonstrates algal IOP simulation,
using equivalent particle size distributions that can be simply parameterised with regard to
effective cell diameter. Statistical analyses of causal variability are also conducted on
absorption data from a variety of natural algal assemblages, revealing the relative importance
of cell size, intracellular Chl a concentration, and accessory pigment complement. An
improved understanding of algal angular scattering is regarded as key to the analytical
modelling of ocean colour, and the use of two-layered spherical models for the simulation of
algal scattering properties is investigated. Preliminary validation of the combined use of the
equivalent size and two-layered models indicates that they are capable of adequately
simulating the remote-sensing reflectance properties of high biomass bloom waters.

The equivalent size distribution model, in conjunction with an algal optical model employing
a two-layered geometry, and a spectral mixing model based on common algal groupings for
upwelling systems, is used to construct a reflectance inversion algorithm. Designed for use
with hyperspectral remote-sensing reflectance data, the algorithm is tested with an
independent data set representing a wide variety of water types in the southern Benguela. The
algorithm allows the derivation of Chl a concentrations, an algal size descriptor, and coarse
accessory pigment identification, with sufficient accuracy to indicate that it could be of
considerable use as a bio-optical means of monitoring algal dynamics and detecting harmful
algal blooms.
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using the measured algal size distribution {calculated ag described in section 2.2.3) with
carresponding refractive index data (as described in section 2.2.5) - these are referred to
as the “measured” properties. The second was made using the equivalent algal size
distribution {calculated as described in section 2.2.6) using exactly the same refractive
index data as for the “measured” calculations — these are referred to as the “equivalent”
properties. Again, it should be noted that the purpose of the exercise is to assess Lhe
ability of a simple equivalenl size distribution to match the TOPs calculated using a

relatively complex measured size distribution.

The ability of the equivalent size distnibution to match the IOPs calculated from the
measured size distribution were assessed using the mean and standard deviations {S0D) of

the RMS errors (in percent) of the entire data set for each wavelength, as given by

RMS error{d)= |:Jmean [H_..,.,WH] ~nen(4) ]:| 2.10
... (4A)
2
SDof RMSerror(A)= NSD (ﬂ““”{’”_“’“‘{’”]J 211
apr ()

where ., 15 the modeled absorption of the equivalent size distribution, and @, 1s the
modeled absorption of the measyred size distribution. The above expression are for

absorption — analogous expressions are employed for other TOPs,

The Aden-Kerker | 1951] formulations, as provided by the Fortran code of Toon &
Ackerman [1981] were employed for all forward optical modelling, in a combined
Matlab/Fortran environment. T'he Aden-Kerker formulations allow the absorbing and
scattering properties of a two-layered particle to be calculated using size and refractive
index data as input, in a way analogous 1o Mie theory use tor a homogeneous particle.
The suitability of the Aden-Kerker formulations for homogenous particle geometry was
confirmed by testing sample resulis agamst the Fortran code of Bohren & Huffman
[1983].
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Table 2.1 General description of sampled assemblages, with Chl & ranges in mg m™, and

phytoplankion absorption a, (674) ranges in m™' (see Appendix I[).

Datc Location/Cruise Chl a ay(674) Dominani Assemblage Types
(mgm”) | (')

1999 | Lamberts Bay/shore based | 50-120 (.8-1.8 |Dinoflagellates

1999 | Saldanha Bay/shorc based 9-12 0.3-04  |dwreococens anaophagefferens

1999 | Southern Benguela/Benefit | 0.5-14 | 0.02-0.2 |Mixed

2000 | Lamberis Bay/SBHARE 19-46 0.4-08 |Diatoms/Dinoflagellares

2004 False Bay/shore based i9 036 |Karemia mikimotod

2001 | Lamberts Bay/shore bused | 2-195 0.04-3.9 |Dinoflagellatcs/Ciliates

2003 | Saldanha Bay/shore based | 12-14 | 0.25-0.35 |durescoccus anophagefferens

Table 2.2 Maximal mean RMS5 crrors (%), with standard deviations in brackets, between

measured and equivalent distributions. The single size distribution is assessed with regard

to efficiency factors rather than volume coetficients due to the unknown volume integral

associated wiath a single size— mean efficieney (actor ervors for the inverse Gaussian are

shown lor comparison. The two most effective distbutions for potential application are

in bold. Errors for phytoplankton atienuation ¢4, scattering b, absorption ay,

backscattering by, and package effect parameter (O are shown, Realistic values of the

maximum cxpected crrors can be obtained by summing the mean RMS error and standard

deviation.
Distribution Vit Errorcg | Errorb, | Emoray | Errorbys | Frror Qo
(Wess) | (%) (%) (%) (%) (%)

Inverse Gauss | Measured | 3.1(4.6) | 406(58) | 09{531) | 26(21) 1.4 {49
Inverse Gauss 0.63 2.8(49) | 3.9(5.5) 1.0 (3.8) | 7.7(12.7) | 1.1 (4.6}
Standard Measured 551(4.2) TB(52) 19(27) | 81(174) | 08(57)
Standard 0.63 4.9(4.1) | 64(4.8) | 0.9(35) | 8.4(17.1) | LY (52)
Log-normal | Measured | 3.4(8.4) | 3.1(108) [183 (118)}196(17.9)| 84(79)
Log-normal 0.63 27(62) | 26(78) | 183(1.4) [195(12.0)| 88(6.1)
Junge Variable [36.6(12.9)(36.7(128)] 27.4(3.0) | 14.4(22.0)|33.3 (285)
Erior Q. | Eror )y | Error O, | Error Oy | Frror O,

Inverse Gauss | Measured | 30§47 | 43(54) | 06§27 86(97) 1.4 (4.9
Single size . 6.7(253) | 8.1(246) | 145(8.2) |333(17.6)| 41(3.0)
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Figure 2.1 Optical and size related data for all samples analysed. A) Chl a-specific
phytoplankton absorption, B) Algal size distributions by volume, C) Tmaginary part of the
phytoplankton relractive index, D) Real part of the phytoplankton refractive index, E)
Effective diameter vs. effective vanance of the phytoplankton size distributions, where
bubble size represents measured Chl @ concentrations [mg m™], F) Slope £ of the
equivaleni effective diameler matched Junge phytoplankton disiributions. The complex
and sometimes highly peaked algal size distributions can be observed in 13). Distributions
dominaled by the pelagophyte 4. anophagefferens are scaled by 0.2 to facilitate

comparison,
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2.3 Results and Discussion

All Chl a-specific phytoplankton absorption, size distnbutions and refractive index data
are dhsplayed in Figure 2.1. The absorption data (Fig. 2. 1A) demonstrate the effects of
varying assemblage size and pigmentation | Morel & Bricaud 1981, Bncaud ef o, 1988];
the effects of which can also scen in the imaginary refractive index data (Fig, 2.1C), the
magnitudes of which compare well with alpal culturc data [Ahn ez af. 1992, Volten et al.
19981 The multimodal phyioplankion volume distributions (Fig. 2 1B) are typical of the
productive, phytoplankton-dominated waters of the sputhern Benguela, and demonstrate
the difficulties of simulating the complex shapcs of natural phyloplankion distributions

using simple distribution functions.

Figurc 2. 1L shows the ranpe of cffective diameter and variance data in rclation to algal
Chl ¢ concentrations. There would appear to be little systematic vaniation with regard to
shape of the algal size distribution and algal biomass, and the range of efTeclive variance
with regard to Chl & concentrations demonstrates that many of the high biomass algal
blooms obscrved in the Benguela are composed of multiple species of a wide range of
sizes [Pitcher ef ¢f. 1998], The range of effective variance data compares well with algal
culture data | Volien ef af. 1998], although the variance data from this study typically
display higher valucs, as might be expected from more widely polydispersed natural algal
assembiages. Figure 2.1F shows the relationship between Junge slope £ and effective
diameter for the matched Junge distmbutions: the range of slope values falls between 2.74
< &< 42, a vimilar range of values to those previously published for total marine
particulate [Boss ef of. 2001, 20018, T'wardowski et af. 2001]. The relationship between £
and dy can be closely approximated with a power law function (& =4.94 ds""" ¢ =
(.99, n—34}, but such an spproximation is only appropriatc to the diameter range (1 to

100 pum } and linear size interval {1 um} ysed for this study [Boss ef af 2001].
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2.3.1 Optical Properties of Equivalent Size Distributions

The two equivalent size distributions previously used for analogous atmospheric work,
the inverse Gaussian [Alexandrov & 1.acis 2000} and Standard [Hansen & Travis 1974].
perform well in simulating the optical properties of algal assemblages. Maximal RMS
errors and their standard deviations are reported in Table 2.2 & Figure 2.2 for all
distributions, calculated in percentage terms for all ophcal properties relative to the
derived optical properiies of the full, i e. measured, distributions. Reaiistic values of the
maximum expecied errors can be obtaned by summing the mean RMS error and standard
deviation — the single values in Table 2.2 represent the largest spectral errors seen in
Figure 2 2. The best performing inverse (Gaussian distribution therefore appears capable
of simulating beam attenuation ¢ and total scattering # to within 10%, absorption g and
package effect parameter Qﬂ‘ to within 6%, and backscattering by ta within 20%. The
Standard distribution, offering a simpler algebraic expression, gives similar performance

with the exception of slightly higher maximum backscattering errors of ~25 %.
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ettect parameter, High magniiude morphology-dependent resonance effects [Mishchenko
& Lacis 2000] can cause extremely hiph mean errors in phase function simulations, and
such errors are therefore not calculated for the phase function, Figure 2. 2F shows 2
comparisen between computed phase functions from the full, inverse (Gaussian and Junge

distributions at 530 nm for the same example assemblage as Figure 2.3.



Both these distributions appear capable of reproducing salient bio-optical variables with
sufficient accuraey for inversion application through a wide range of algal assemblage
types. (f particular importance is the ability of the inverse Gaussian and Standard
dstnbutions to reproduce speciral absorption coefficients and package effect parameters
accurately (< 6 %), as phytoplankton absorption is an often dominant determinant of hight
attenuation in the sea [Morel 1988]. and offers an optical signal with the ability to
provide algal assemblage descriptors [Ciotti et af. 2002, Lohrenz ef af. 2003, Bricaud et
af. 2004,

T'he relatively high errors associated with the backscattering coefficient (—20%) relative
to the other coefficients (5 % to ~10 %o} are presumed to be a result of the greater
sensitivity to small size changes of the scattering phase function relative to integrated
variables such as the attenuation or absorption coefficient [Llansen & Travis 1974,
Mishchenko & Lacis 2000], Both interference phenomena and morphology dependent
resonances, at their most pronounced in the phase function [Mishchenko & Lacis 2000,
are hkely to result in much larger size-dependent variations (and errors) in phase lunetion
dependent vatiables such as the backscattenng coefficient. Previous studies considering
hypothetical particle polydispersions [Morel & Bricaud 1986, Stramksi & Kiefer 1991]
have demonstrated that the relationship between optical efficiency and particle size 13
congiderably more complex for backscattering (which can show decadal varations in the
I to 100 wm size range) than those for attemuation, scattering or ahsorption {which tend to
limiting values in the same size range), It must also be appreciated that Mie formulations
employing a homogenous spherical particle geometry have been shown to be sub-optimal
for algal angular scattering caleulations, due priman)y to cellular internal structure
[Quinby-llunt ef gf. 1989, Witkowski et gf 1993, Zapneveld & Kitchen 1995, Volten ef al
1998, Witkowsk ef af. 1998]. Nevertheless, the aim of this study is to demonstrate the
utility of equivalent size distributions, which appear able to reproduce the simulated
backscattering properties of measured algal size distributions within an aceeptable level

of uncertainty.
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Forcing both the inverse Gaussian and Standard distributions to a constant vz appears to
have had hittle adverse cffect on the returned errors, allowing both distributions to be
expressed through two parameters for potential inversion applications: the effective
diameter and a scaling parameter. The relative lack of sensitivity to v,y would appear to
be due at least in part to the relatively dispersed nature ot the majority of the algal
assemblages analysed, even in high biomass bloom scenarios. Thus, whilst the
assumption of a relatively high constanl vigof 0.63 appears appropriate tor natural algal
assemblages n productive coastal systems. application cither in truly oligotrophic waters
or to very highly size-constrained mono-specific blooms or cultures may require further

validation.

The single size approximation would appear to offer poor returns for all oplical variables
{—25% to —50% errovs), with the important exception of the package cffect parametor
(~7% error) which offers comparable performance to the inverse Gaussian and Standard
distributions (~6% to ~7% errors). The acceplable performance of the single-size package
effect derivation, in companson to the poorer performance with regard to the other
optical coefficients, is likely to result both from the monotonic nature of the () vs digg (o1
£ relationship [Morel & Bricaud 1981, and the high relative impact of the optical
thickness o' upon direct()" calculations (Equation 2.9). Whilst (. and (), are obviously

both directly dependent upon ¢, the average deviation of ©(675) is four times higher
than (2.(675) when considering the entire data set  thus the assemblage-averaged
effective diameler and imaginary refractive index data play a greater role in the package
effect calculations relative to those of the other inherent optical properties. The good
performance of the single-size package-effect denvation otfers a potentially extremely
usefiil formulation: the ability to robustly express the Chl a-specific phytoplankton
absorption of natural assemblages through 2 single etfective diameter parameter via the

packagc effect [e.g. Marel & Bricaud 1981]

The Tunge size distribution, perhaps the most commonly used in marine oplics,

performed markedly less well, with errors ranging from 35% to 62% (Table 2.2}, Given
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the peaked nalure of the measured phytoplankton size distributions, and the noted
limitations of the Junge distribution for phytoplankton-dominated waters [Sheldon ef /.
1972, Risovic 1993 Jonasz & Fournier 1996, Boss ef @d. 2001, the poor performance of
the Junge distribution is not unexpected. The log-normal distribution, while offering
mare accurate returns than the Junge distribution, offers a mixed performance in
comparison to the inverse Gaussian and Standard distributions. The log-normal returns
for the attenualion and scattering coetticients (109 to 14% errors) are comparable to
those of the inverse Gaussian and Standard distnbutions. The log-normal returns for the
absorplion and backscattering coeflicients, and the packaue effect parameter, are however
noticeably poorer (Table 2.2). Whilst this may be partially due to the particular 0 order
formulation of the log-normal distribulion employed here [Hangen & Travis 1974], 1t is
also likely to be due to the less desirable asymptotic characteristics of the log-normal

distribution at higher sizes [Jonasz & Fournier 1996, Alexandrov & Lacis 2000],

Figure 2.3 details the measured and equivalent algal size distributions, and associated
optical properties of & mixed dinoflagellate and diatom bloom in the southern Benguela.
The example station is specifically chosen to illustrate the close simulation of optical
properties using eguivalent size distributions very ditferent in shape to the highly
multimodal measured size distnbution. The eguivalent size distrbutions in Fig. 2. 3A are
calculated using the mean effective variance of 0,63, and can therefore be paramelerised
using a maximum of two variables: the effeclive diameler d.y, and the scaling parameter
ASF. Such data demonstrate both the utility of equivalent size distributions with regard (o
optical simulation, and the disadvantages of replicating size disiributions by matching
measured shape. Simulation of the measured volume size distribution shape in Fig 2.3 A
would require a minimum of three discrete distributions, each described by two
parameters [e g. Campbell 1995, Jonasz & Fournier 1996]. With regard (o the optical
properties of the example assemblage, the close replication of all optical properties by the
inverse (Gaussian and Standard distributions can be observed. The approximate 7%
difference between the measured phytoplankton absorption and that reproduced from the
Mie modelling (Fig 2.3C) can be attributed to the errors associated with the anomalous

diffraction approximation, used to derive the spectral refractive index data.
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Figure 2.3 Lguivalent size distributions and their inherent aptical praperties for an

example assemblage, composed of mixed dinoflagellate and diatom species. All dala are

shown for Chl a=1 mg m™. Data shown are A) Measured and equivalent phytoplankton
size distributions B) Phytoplankton beam attenuation coefficient ¢, C) Phytoplankton

absorption coefficient a, D) Package effect parameter (| 1) Phyvtoplankton scattering

coetficient b, and F) Phytoplankton backscattering coefficient 5;. Close matches for the

calculated optical properiies ol the equivalent inverse-(aussian and Standard

distributions can be observed, as can the difference in the shapes of the equivalent size

distributions relative to the highly multimodal measured distribution.
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2.4 Application and Conclusions
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Figure 2 4 Scaling parameters 45 for the A} inverse Gaussian and B} Standard
distributions, calculated as surlace area equivalent to the thirty-four measured algal Chi
specific size distributions. The results suggest that A5F can be conlidently expressed asa

function of d.4 for a wide variety of algal assemblages for the above distnibutions,

Further consideration of the scaling parameter A5/ for the inverse Gaussian and standard
distributions reveals a close relationship with effective diameter dr for the samples
analysed using a mean effective variance of 0.63 (Fig. 2.4). The ASF parameter is used to
manipulate the magnitude of the eguivalent distributions by matching the total projected
surface area to that of the measured distribution. The ability to express the ASF to doy
relationship using a power law allows both distributions to be parameterised using a
single variable, the eflective diameter (Fig 2 4). This further simplifies potential inversion
of the inverse Gaussian and Standard equivalent distributions by allowing Chl a-specific
algal size distributions to be expressed as single variable functions, assuming a mean

effective variance of 0.63:

1, Tnverse Gaussian Chl a-specific algal size distribution
F-TFZ r5.-'2 P 2
FEM =2x10°(2r,) 2" | —L_ | exp| 0.7937 | 2- 2 — 2.12
*) 2%g) [?.9232} '{ [ ror, 218
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i Standard Chl a-specific algal size distribution
P =1 10° (20, Y200 R e /0,637, ] {2.13)

It should also be noted that il is possible to use the ahove expressions as simple weighting
formulae without the scaling paramcters shown in Figure 2.4, [or example (o caiculate

optical efficiency factors given refractive mdex data.

The equivaleni distribution approach demonstrates that by shifting paradigm from
attempting to simulatc or reconstruct the shape of a marine particle distrbution o
simulating the optical properties of a size distribution, simple parameterisations of
common size distnbution formulae can be employed for optical purposes. In particular
such an approach circumvents the necessity to consider the detailed structure of complex
particle size distributions in biologically dominaied waters, even in the case of intense
algal blooms, The current study has several limitations: those of a methodological nature
with regard to the derivalion of algal size distributions, subsequent refractive index
determinations, and the simplifications arising from the use of homogenous particle
geomctrcs in optical calculations. Nevertheless, the study demonstrates the utility of the
equivaleni size distribution approach, providing the ability to simulate the primary
inherent oplical properties of a wide range of algal assemblage types. Tn addition, the
distributions described here allow simple size descripiions of the chlorophyllous particle
population, as opposed to the more general size distribulion [ormulations used in the past

for the total marine particle population.
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Chapter 3

Analysing and Modelling the Effects of Assemblage Size and
Intracellular Pigmentation on Phytoplankton Absorption
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3.1, Introduction

Understanding the absorbing properties of algae is a requirement for the description of
light propagation through the ocean, one of the primary goals of optical oceanography,
Absorption of light by phytoplankton is of considerable ecological importance: as a
constraint upon photosynthetic rate, and as an often dominant source of light attenuation
in natural waters [Kirk 1980, Maorel 1988|. The processes causal to algal absorption are
soverned principally by three variables: the size of the algal cell or mean size of the
assemblage, the intracellular concentration of the pigments that are the predominant
cellular absorbing material, and the spectral character of these pigments [More! &
Bricaud 1981]. The ways in which these vanables control algal absorption are well
understood both from a theoretical perspective [Duysens 1956, Kirk 1975, Morel &
Bricand 1981}, and with regard to observations of cultured algae [Agusti 1991, Bricaud ¢f
gl 1983, 1988, Gewder & Osborne 1987, Johnsen ef gf. 1997]. In addition, ficld studies on
algal assemblages have shown absorption dependencies on both algal size and accessory
pigmentation using either an empirical metric {Ciottl ef af 2002], a mechamstic approach
[Bricaud ef ¢f. 1995, Tohrenz ef gl 2003 ], or a chemptaxonomic approach [Bricaud ef af.

2004].

Algal absorption specira thus olfer a means of providing inforimation on algal bio-
mass, average assemblage size, and accessory pigment composition. Such information
has obvious application in coastal monitonng, specitically in the detection of harmful
algal blooms. The most effective realisation ol such an applicalion requires the remote
measuyrement or derivation of algal absorption, e.g. the use of moored in sifi
mstrumentation providing semi-continuous measurements in real-time, or satellite ocean
colour measurements providing synoplic data [e.g. Cullen ef af. 1997]. However, algal
absorption is difficult to measure directly using autonomous iz sise instrumentation,
given currenily available lechnologies, and cannol he measyred directly from space. Ht
thus must be denived either trom measurements of total absorption [Fisner ef el 2003,
Pegan et gf. 19935), or using inversion technigques on spectral reflectance data {Roesler &
Perry 1995, Garver & Siegel 1997, Roesler & Boss 2003]. Such methods are necessarily
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reliant upon numencal techmgues to denve algal absorption spectra: through either
spectral deconvolution from tolal absorption [Roesler e al. 1989, Bncaud & Stramski
1990]; reflectance inversion models representing algal absorption with single [Roesler &
Perry 1995] or mulliple speciral basis vectlors [Roesler ef af 2003]; empirically derived
power law models [Bricaud ef al. 1995, as cited in Garver & Siepel 19971, or hyperbolic
tangent functions [Carder ef af. 1991]. However, the majority of such inverse models are
designed for the calculation of Chl @ concentrations - typically through single value
parameterisations of the Chl a-specitic absorption coetficient - rather than size and
chemotaxonomic pigment data. Exceplions to this are the spectral mixing model of
Roesler ef af [2003], and the phycobiliprolein-targeted models of Subramaniam et af.
[1995], specifically designed te provide additional chemetaxonomic information on the

algal assemblage.

There are a variety of technigues available to derive size and marker pigment
information from direct measurements (as opposed to those derived indirectly through
inverse medels) of algal absorptien. The spectral mixing medel of Ciotti ef af. [2002]
offers a robust means of determining mean assemblage size, and the approach has been
demonstrated for inverse application by Roesler ef af [2003]. Chemotaxonomic
techniques include accessory pigment quantification using (zaussian deconvolution
{Hoepttner & Sathyendranath 1993, Stuart ef af 1998, Lohrenz ef al. 2003, speciral
discriminant analvsis [Johnsen ef a/. 1994], and fourth derivative analysis [Millie ef ai.
1995, Kirkpatrick ef af 2000]. These technigues, designed for direct as opposed to
inverse application, and reliant upen the direct measurement of algal absorption with a
high signal to noise ratio and spectral resolution, are not ideally suited to data from
autonemeus bie-optical instruments or satellites. The signal from these instrument
systems, to which algal absorpiion typically makes only a partial contrbution, cannot
currently offer the degree of precision required by the above technigues, constructed
around accessory pigment related fine structure in data from highly resolved discrete
analytical methods such as the quantitative filter lechnique [Yentsch 1962, Roesler 1998].
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Remote or autonomous bio-optical measurcment systems require inversc algal
optical models offering the ability to assess the viabihity of denving algal size and marker
pigment data, n addition 10 biomass proxies. Simple, robust spectral mixing algorithms,
capable of mverse apphication, that allow deterrmination of algal assemblage size through
an empirical metric [Cioth ef af. 2002] and the 1dentification of algal tunctional groups
[Roesler 2003] have already been demomstraled. However, such models are essentially
cmpirical in that they directly utilise admixtures of measured Chl g-specific absorption
spcctra, rather than cxplicitly accounting for absorption cansality. This study sceks to
establish the effectiveness of formulating such mverse models in terms of the assemblage
descriptors causal 10 algal absorption: size, and intra-celiular pigment concentration and
composition. The anomalous diffraction approximation (ADA) and derived package
cifect [Morcl & Bricaud 1981] offer such a formulation: allowing algal absorption to be
cxpressed in terms of both gross and mtra-cellular Chl @ concentration, the abserbing
material [orming the cell, and cellular size. The package effect expresses the effects of
placing cellular material in a discrete particle as opposed 1o in a sohition [More! &
Brcaud 1981]. It is a simple and profound expression that allows the effective
decoupling of the principal causal effects on algal absorplion: those of accessory pigment
relaled speciral variability, intracellular pigment concentraiion, and changes in cellular
sizc. It has been uscd extensively in the analysis of algal optical propertics. in
applications ranging from allomctric photosynthetic and motabolic medels [Finkle &
Irwan 2000, Finkel 2001 |, algal ftuorescence [Collins ef al 1985}, and absorption
modelling |Bricaud ef «f. 1988, Sosik & Michell 1991, Lobrens ef of 2003].

This study will seek to implement and test an inverse algal absorption formulation
expressed in ierms ol the package eftect and spectral admixtures of appropnate
unpackagcd absorption spectra, bascd upon analyses of data from a wide varicty of algal
assemblages using the anomalous diffraction approximation, The explicit use of the
package cffect is intended to provide a madel structure that, by decoupling the three
primary variables causal to phytoplankton absorption, has the ability to denive algal size
and marker pigment bascd chemotaxenomic descriptors from algal absorption data. The

medcl is designed to form the algal absorption component |e g Roesler & Perry 1995] of
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an mverse reflectance model for application with moored and satellite-derived bio-optical
systems providing data pertaining to coastal algal dynamics. In addition, the ability to
describe the absorption of a wide range of natural algal assemblages in Lerms of causal
processes may provide further insight into characterising phytoplankton absorption from

an allometric perspective,

Phytoplankton absorption, particle size distribution and HPLC pigment data from
a variely of nalural assemblages in the southern Benguela are used to analyse the
influence of size and niracellular pigmentation on phytoplankton absorption. These data
are then employed in cenjunction with tire anomalous diffraction approximaltion to

construct and lest several inverse phytoplankton absorption models, based on spectral
basis vectors of unpackaged absorption a;‘ {A}, exphicit values of intracellular Chl a
concentration ¢, and a package effect parameter Q: {A) based explicitly on the effective

diameter d.g of the algal assemblage. Model performance is assessed with regard 10 both
the cost, in terms of the number of unknowns required for a solution, and the benefit, as
given by the accuracy and precision of medel determinations, the number of returmed

algal descniptors, and their potential utility in algal monitoring,
3.2 Absorption Theory and the Anomalous Diffraction Approximation
Revisiting optical theory explored in Chapter 2, the absorplion coeflicient of a

phytoplankton population can be described by the tllowing expression [Morel &
Bricaud 1986]:

a, ()= 10, (D | Fd)d’d(d) G.D)

where a4 (4] is the algal absorption coefficient (m™), {J, (1) is the absorption efficiency

facior {where the overbar signifies the mean factor for a population), & is the particle

diameter (m), Fididid) is the number of particles per unit volume in the size range o + 1%
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dfdd), and A denoles wavelength (nm). Using the experimental algal absorption
coefficients and size distribution data as described above, O (1) can therefore be

caleulated for natural algal assemblages. Employing the anomalous diffraction

approximation [ Van de Hulst 1957],

=g P
Oopei st gt = (3.2)

e £

dimensionless absorption eflictency factors can be expressed in terms of the the
absorption of the cellular material ., {m™) and the diameter of the particle  (m™)

through the dimensionless optical thickness o' — a..d and @, 4”4, Similarly, the

dimensionless package effect parameter Q; , as given by [Morel & Bricaud 1981}
. .3 4
o A i 33
e (3)

can be calculated. The Chl a-specific absorption of phytoplankton a (m” mg™') and the

unpackaged Chl a-specific absorption ), (m® mg’'} can therefore be expressed as:
* £f - -
ay==2()" (3.4) e 1 (3.5)
c,

where ¢; is the intracellular Chl g concentration (kg m™). Equations (3.1) to (3.5) can thus
be used in conjunction with measurements of absorption, particle sixe distributions and
HPLC intracellular pigment concentrations to derive absorplion efficiency factors and
causal vanables for algal populations. Detailed methods reparding these derivations are

presented in Chapter 2.2
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Table 3.1 Notation and pigment abbreviations and chemotaxonomic usc.

] abborptmn coefficient [m ]

8
m&m absorption of cellular matcrial [m™]
a, phytoplankton absorption coefficient [m'I]__
a, detrital absorption coctficicnt [m ]
& chlorophyll @ specific phytoplankton absorption [m mg Chla ']
i unpackaged chlorophyll @ specific phytoplankton absorption [m” mg Chl &
¢, | intraceflular chiorophyll ¢ concentration [kg m T
Chl total algal chlorophyl] & concentration [mg m™]
d diameter [um|
Ay effective diameter [pm]
Fed) number of particles per unit volume [Hg]
A in vacuo wavelength [nm]
Q. absorption cfficiency factor [dimensionless]
Qs package cffcct parameter [dimensionless)
o optical thickness [dimensionlcess]
Pigment Abbreviations Chemotaxonomic [dentifier’
Allo alloxanthin Cryptophvtes -
But-fuco | 19°-butanoyloxvfucoxanthin some Haptophytes, Pelagophvtes |
Chl a chlorephylla /| Ubiquitous ]
Chl b chlorophyll A Chlorophytes, Prasinophytes,
Euglcnophytes '
Chl ¢ chlorophylle - - '
Diadino Dladmcrxanthm - :
Fuco Fucoxanthin Diatoms |
Hex-fuco | 19'-hexanoyloxyfucoxanthin Prymnecsiophyics I
Perd | Pendinin | Dinoflagellates
Viola Violaxanthin Chlorophytes, Eustigmatophytes
Tpips ratio of all pigments (cxcluding chlorophyll &) to chlorophyll 2

1 Jeffrey et al. (997,

3.3 Field Methods and Analysis

Big-optical measurements were made on surface samples from diverse water types,

ranging from the near oligotrophic to high biomass algal blooms dominated by a variety

of algal species. Sampling was conducted from 1999 to 2003 in the southern Bengucla

from a variety of platforms (see Table 2.1 and Appendix I1). Principal measuremenis
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consisted of particulate absorption, particle size distributions and intra-cellular pigments
from 34 samples. ldentification of numerically dominant algal species and groups were
made using a combination of micrescopic analysis of fresh and preserved samples and
chemotaxonomic information from HPLC pigment analyses. Particulate data were
separated into algal and defrital components and inverse anomalous diffraction models
[Bricaud & More| 1986] were used to derive algal refractive index and cellular material

information. Detailed methods for all measurements are presented in Chapter 2.

3.3.1 Particulate Absorption

Particulate and detrital absorption data were measured with the quantitative filter pad
technique | Yenisch 1962, Roesler 1998, Kishino g7 af 1985 using a Shimadzo UV-2501
spectrophoiometer equipped with an ISR-2204) internal integrating sphere. Phyloplankton
absorption a;(A) data were then obtained by subtraction ef detrital absorption a,; (4} from

total particulate absorption «, (4).

3.3.2 Particle Size Distributions {PSD)

Particle size measurements were made using a 128 channel Coulter Multisizer T1 with
gither a 50 um or 140 um aperture in manometer mode, using freshly prepared 0.2 um
filtered seawater as both blank and electrolyte, Numerical techniques [Chapter 2] were
emploved to fractionate measured size distributions into algal and non-algal components,
and extend both lower and upper ranges of measured size distributions to match
absorption measurements. A discussion of the potential errors intreduced through this

approach is presented in Appendix L

Polydispersed algal particle size distributions are described by the effective diameter ey
{Hansen & Travis 1974, Ahn ef ¢l 1992] as @mven by;

1%

| ’;id‘F(dyf(d)
edn =2 » (3.15')

af L)

| ;idf‘-ﬁ(d)d{d)




3.3.3 Pigments
Pigments were analysed using HPLC. Seawater was filtered through 25 mum GF/F filters
and filters stored frozen in higuid mitrogen until analysis [Barlow ef al. 1997, Chapter 2|.

Intraceliular Chl & concentrations ¢, (kg m™) were calculated from HPLC and algal

particle size data using the following expression [Bricaud & Morel 1986]:

¢, =Chla %j Ftd d-‘ur(d)] (3.7)

3.3.4 Statistics

Statistical analyses were carried out to assess the covariance between all pigment and size
related data (Table 3 2), and the spectral cectficients of determination between spectral
algal absorption data and plgment and size related data (Figure 3.2). All statistical
analyses werc camricd out using & bootstrapping technique, as much of the data were not
normally distributed, as determined by the Lilliefors test [Conover 1980]. A bootstrap
analysis using 1000 rcsampled replicates was madc using Matlab R12 [The Mathworks],
using a Fisher transform [Fisher 1921] on correlation data from bootstrap replicates to
cnsure a normal distribution, Coefficients of determination were detcrmined using
medhan replicate values, and significance levels were determined at a 95 % confidence
level using the 2.5™ and 97 5 percentile of the replicated correlation data, i.e. p<0.05,
Sigmficance levels vary amongst the accessory pigments analysed due to the different
number of samples analysed: cases with non-detectable pigment concentrations were
cxcluded from analysis. Correlation analyscs on absorption data were carried oul on all

wavelengths from 400 nm to 700 nm al an inlerval of 1 nm.
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3.4 Results of Field Data

Example measured and unpackaged Chl a-specific absorption spectra, fourth denvative
spectra [Butler & Hopkins 1970], and package effect parameler spectra are presented in
Figure 3.1A to 3 11 "The four assemblages shown are an offshore low biomass (Chl & —
0.5 mg m) sample dominated by chrysophytes, chlorophytes and cyanobacteria
{flageliate), a igh biomass (Chl a— 120 mg m'j) bloom dominated by the dinoflagellates
Alexandrivm catenella and Ceratizm furca (dinoflagellate) a high biomass (Chl a = 195
mg m™) bloom dominated by the ciliatc Mesodinium rubrum (cryptopine), and a
monospecific bloom (Chl = 13.1 mg m™) of Aurcococcus anophageficrens
{pelagophyte). The examples are chosen to show the maximum range of variability
observed in the phytoplankton absorption dala, from a range of assemblages likely Lo
cncompass the major suites of accessory pigmentation found in upwelling systems
[Hutchings ef ad. 1994]. The pelagophyie asscmblage has similar accessory pigment
composition to the majority of diatom species [Jeffrey 1997], regarded as a numerically
dominant class in upwelling systems, and serves 1o demonstrate the expectled pigment
rclated characteristics of the diatom group. The effects of both varying size and accessory
pigmentation can be observed in Fig 3. 1A; specifically the higher Sorel and red peaks ol
the smaller s1ze pelagophyte- and flagellate-deminated samples, and the effects of
phycoerythrin absorption al ~550 nim [Sciandra et af. 2000] for the cryptophytc-
dominated sample. Note that the sample in question was dominated by the ciliate
Mesodinium rubram, and the cryptophyie pigments observed are thus most likely Lo be

associaled with endosymbiotic chloroplasts [Gustalson 2000, Kyewelyanga 2002].
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Figure 3.1 A) Packaged (a,— lines) and unpackaged (a,, — dots) Chl a-specific
phytoplankton absorption for four example assemblages. B} Example fourth derivative
ty, (4) spectra for the same samples. C) Example package effect parameter O}(4), D)
Effective diameter d.y vs. intracellular Chl @ coneentration ¢, identified by dominant
aigal group .

Table 3.2 Coefficients of determination (r°) values for all size and pigment related data
Only relationships significant at the 95 % confidence level are shown.
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The fourth derivative spectra (Fig 3.1B) [Butler & Hopkins 1970] show that prigment-
related absorption variabilily 1s greatest in approximately nine absorption bands
corresponding to the spectra of Chl ¢ and the major accessory pigments [Millic e af,
1995, Kirkpatrick ef af. 2000, Kyewelyanga 2002 |. The association of fourth derivative
peaks with specific accessory pigments is somewhat imprecise, duc to the spectral shifts
between iz vive and i vitro pigment absorption peaks resulting from denaturisation in
the extraction process, and the spectral sumilarities between most of the major
carotenonds, e g, fucoxanthin, peridinin, alloxanthin, diadinoxantiun [Bidigare et af
1990|. Nevertheless, the peaks at 438 nm and 674 nm are likely to be associaled with Chi
a, thosc between 466 nm and 525 nm with chlerophyil ¢ and the maijor carotenoids such
as fucoxanthin {and derivatives), penidinin, dhiadinoxantiin and alloxanthin, the 547 nm
peak with phycaervthnn, and the 644 nm peak with chlorophyll b [Bidigare ef af. 1990,
Johnsen ef af 1994, 1994a Millie of af. 1993

Calculated package cffect parameter for the same examples (Fig 3.1C) are in the most
part larger, ((J7{A) closer to zero) than those reported for algal cultures using ccll
disruption techmques [Osborne & Geider 1989, Somk & Mitchell 1991, Johnsen ef af
1997] but are comparable in magnitude io those calculatcd for natural asscmblages
[Bricaud cf ¢ff. 1995, Bricaud ef af. 2004, Lohrenz ¢t of, 2003] The very high packaging
ofthe large celled dimoflagellate dominated assemblage (effective diameter = 28 Lim),
compared 1o that of the small pelagophyte {eflective diameter = 2.5 pm} 4.

anophagefferens, is clearly cvident at 438 nm.
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The relationship between the effective diameter drand the intracellular Chl a
coneentration ¢, , two of the variables causal to both packaging and phytoplankton
absorption, are shown in Figure 3 1D for all assemblages analysed. Previous studies have
shown guantifiable inverse relationships between ¢, and cell volume [l htchoock 1982,
Moal ef ¢f 1987, Montagnes ef ol 1994], in addition to rough inversc relationships
between ¢, and oy [Taguchi 1976, Malone 1980, Brncaud ¢f i 1988], Howoever, the ¢;
vs. tlp relationships from these studies have typically shown a great deal of scatter, and
there is ample evidence indicating that environmentally induced variability in ¢ can be
comparable i magnitude to interspecific variability. Photoadaptive state, nutrient
limitation, growth phase and tecmperature [Messer & Ben-Shaol 1972, Thinh 1983, Rosen
& Lowe 1984, Osbome & Raven 1986, Sositk & Mitchell 1991, Stramski ef af 2002]
have ali been shown to cause large variations in intraccllular pigment concentrations. It is
not unrcasonable to assume that the assemblages considered in this study arc high light
adapted, given that they are all surface samples taken in daylight. The ¢; values shown in
Figure 3.1D (0.7 to 4.2 kg m™) compare well with published data for high light grown
cultures of the diatom fhalassiosira spp.(1 to 3 kg m™, Stramski ef o/, 2002) and a range
of specics presented in Bricaud ef af 1988 (0.3 to 6 kg m™). Given the lack of any
statistically signiticant relationship between effective diameter and intracellular Chl &
concentration (Table 3.2), it would appear that environmental influcnces are greater
determinants of ¢; than taxonomic groupings for the natural surface assemblages

considered here.

Figure 3.2 and Table 3.2 shows the results of the siatistical analyses between all size,
pigment and absorption data. Figure 3 2A indicates that mean assemblage size is the
major influence on packaged algal absorption, explaining up to 45 % of absorption
variability, and most strongly correlated in the Soret and red peak absorption regions.
Intracellular Chl & concentration ¢; is only significantly correlated in the blue and red
spectral regions, and can explain up to ~ 16 % of absorption variability at blue

wavclengths.
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Figurc 3.2, Results of the spectral bootstrap analyses for measured Chl g-specific
absorption, and unpackaged Chl g-speeific absorption. Spectra of signiticant (p<0,05)
coefficients of determination (r°) are presented for: A) deq, ¢ and total accessory

pigments (relative to Chl a) vs, a; . B) dig €, and total accessory pigments vs. a;
{unpackaged absorption), C) Accessory pigments vs. a_; . D) Accessory pigments vs. a;‘

{unpackaged absorption). Note the effeciive decoupling of size and pigment effects
associated with the unpackaging of absarption. Discontinuous arcas in the spectra are

indicative of wavelengths where no significant comrelation occurred,
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The relatively minor apparent etfects of ¢; on absorption are consistent with the lack of
interspecific ¢, vanality previously discussed. The eftects of total cellular pigmentation,
Le. all accessory chlorophylls and carotenoids normalised to Chl a0, can be seen as most
proncunced between 300 nm and 540 nm, explaining ~30% of absorption variability
This result is consistent with published absorptron discriminant [Johnsen ¢f &, 1994] and
decomposition |Hoeptther & Sathvendranath 1993, Stuart ef ol 1998] techniques, which
successlully used a 530-535 nm wavelength to account for the spectral influence of the

major light harvesting carotenoids,

Analyses of the unpackaged Chl a-specific absorption show that Lhe process of
unpackaging partially decouples the effects of assemblage size, intracellular Chl &
concentration and accessory pigmentation {Fig. 3.2 and D). There is no significant
correlation between unpackaged absorption and 4 in the blue region, and no significant
correlation with ¢; at any wavelength. The correlations between unpackaged absorption
and size remaining in the red region (~25%) are less than lor packaged absorption
{~40%0), but still sigrificant at 95 % confidence limits, and indicative of incomplete
decoupling. Problems with direct and theoretical package effect determinations at red
wavelenygths have been observed previously [Geider & Osborne 1987, Osborne & Geider
1989, and are subject to a number of potettial error sources, both random and
systematic. These include mstrumental errors atfecting measurement precision, scattering
errors in absorption measurements, residual absorption inappropnately removed by the
750 nm mull point correction, and inappropriate caiculation of detrital particle size
distributions, In addition, the anomalous diffraction approximation’s (ADA) assumption
of homogenous sphericity is very much a simplification with regard to algal morphology.
There are many possible departures from umflormity, which the ADA cannot account for,
known te affect absorption packaging. These include variability in: mumber, shape and
position of chloroplasts per cell, thylakoid stacking, intraceilular biochemistry, and areal
chlorophyll thylakoid density: [Rosen & Lowe 1984, Geider & Osborne 1987, Berner ¢!
af. 1989, Osbome & Geider 1989]. Nevertheless, the removal of size effects at blue
wavelengths by unpackaging absorption suggests that an absorption formulation making

explicit use of the package effect can account for mean assembiage size. The enhanced
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comrclation between total pigments and absorption resulting from unpackaging absorption
{comparison of Fig 3 1A and 3 1B) also suggests that techniques aimed at discriminating
accessory pigment related changes in absorption should have greater success when size
and intraccllular pigment concentration effects have been removed by unpackaging

absorption.

The apparent explained variability in absorption by accessory pigments is depicted in
Figures 3.2C and 3 21, Tt appcars that Chl » can cxplain 60 % to 70 % of absorption
variabilily al ~ 650 nm: the location of a unique Chl & abserptien band successfully uscd
by previous researchers for chemotaxonomic discrimination of Chl & conlaning algal
groups [Llocpffner & Sathyendranath 1993, Johnsen er af. 1994]. Whilst the explained
variability associated with Chl & at 650 nm would thus appear to be of causal
significance, the apparent comelation of the caroteneid Viola at similar wavelengths (at
which it does not absorb) i unlikely to be causal: 1t is more likely to result from the high
Viola: Chl b covariance (r2={}_88, n=34, p<0.05, Table 3.2). This high correlation also
indicates that the majority of Chl & containing algae in this study arc Chlorophytes and
Prasinophytes as opposed to Fuglenophytes, which do not contain Viola [Jeftrey ef ol
1997]

Similar considerations indicate that the other accessory pigments showing modcrately
significant corrclations in Figure 3. 2C and 3.2 cannot explain absorption variability i a
causal manner. Peaks in r* values for Perid and Chl ¢ are not consistent with the location
of absorption bands in these pigments | Bidigare er afl. 1990, Johnsen ef af. 1994, 1997].
The r* valucs of Alle, cxplaining ~ 15 % of absorption variability at 520 nm, arc similarly
not located either in the vicimity of the ~ 4935 nm Allo absorption band or the 545 nm
phycoerythrin abserption band absorption band [Prezelin & Boczar 1986, Hewes ef af.
1998], bul are located at wavelengths previously used tor carotenoid determinations

| Johnsen ef af. 1994, Hocpffner & Sathyendranath 1993]. The Alle related 1 values can
therefore only be interpreted cquivocally. The elfects of unpackaging absorption resulis
in an ~10% increase in the r values {or causally significant pigment absorption

relationships.



In conclusion, it appears expressing absorption through a package effect formulation
allows significant decoupling of the three causal absorption vanables: .5 ¢, and
accessory pigmeni composition. It also appears that without recourse to the sophisticated
discriminant techniques [fohnsen e @f 1994, Kirkpatnck ef @l 2000] unavailable for
application to inverse absorption models, it will only be possible to discern the absorption
effects of algal oroups containing umquely absorbing pigmenis, such as chlorophyl!l 5.
(nven Lhe unique location of phycoervthrin absorption bands between ~ 540 nm and 600
tim | Prezelin & Boczar 1986], there would be some hope of discriminating
phycobiliproteins from absorption. However, phycobiliproteins cannot be determuned
using the [1PLC pigment techniques used in this study; alternative means of
phyccerythrin delermination from unpackaged absorption [Sciandra ef af. 2000] cannot
result in measurements independent to absorption. Without such independent data,

phycobiliprotein concentrations are not congidered 10 a quantilative manner jn this study,
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3.5 Inverse Model Development

Haviny established that assemblage size and accessory pigmentation have significant
effects upon the absorption coefficients of natural algal assemblages, the study seeks to
establish whether it is possible to quantitatively calculate these causal variables through
inverse absorption models. These models seeks to caleulate Chl @ concentration, eifective
alzal diameter, and appropriate accessory pigment concentrations by simulating measured
algal absorption with a reconstruction based on a package effect based formulation, Algal

absorption spectra are approximaled using basis veclors of unpackaged Chl a-specific

algal absorption spectra a;u {A), an assumed intracellular pigmenl concentration ¢, , and a
package effect parameter () (4) caleulated explicitly from an algal diameler value. The

four algal groups depicted n Figure 3.1 A are used to compose the a:ﬁf {A) admixture,

making the assumption thal the majorily ol algal absorption spectrum can be
approximated by an appropriate mixture of these four diverse algal proups. Two models
are assessed: a single spectral vector model returning Chl & concentrations and effective
diameter {1V model) and a four spectral vector model {4V model) that additionally
returns accessory pigment concentrations. Revisiting Fauation 3 4, phytoplankton
absorption can thus be expressed as a tunction of the Chl & concentration and packaged

absorption such Lhat:

a, {A)=Chi E;w (AYD(A) {3.8)
where E;u represents either a single predetermined mean a;u vector {1V model) or the
mean admixture of four unpackaged Chl a-specific algal absorplion spectra (4V model)

as given by

Ty (A= R () 1 Pap (A) 1| Pl (A) 4 P, (A) (3.9)
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where the unknowns P, represent the normalised scaling parameter (0 <P, < 1) fora

single vector in the admixture such that:

¥ =l {3.10)

n-lnad

and (1) represents the package cffect determined from an explicit eTective diameter
value d.y (um), the average Ez; (A1) vector (m® mg™) and a predetermined value of ¢, (kg

m'j):

3_G@ (3.11)

e S (Ded,

where the absorption efficiency factor () (A) 1s a function of the dimensionless optical

thickness o' (=@, ¢; dey ) as given by Equation 3.2,

The inverse model thus accepts an input of a measured absorption spectrum, and seeks to
simulate this absorption by iteration of the independent unknowns described below,
which are the linal model cutput. Equations 3.8, 3.9 and 3.10 are thus solved for
iteratively using a non-linear regression technigue (Nelder-Mead Simplex, Matlab R12
The Mathworks) [Nelder & Mead 1965], where the number of unknowns (model outputs)
is either two for the 1V model (Chl a and ¢.4) or six for the 4V model (Cht a, d.rand Py,
4, Tepresenting the relative concentrations of the alpal spectral basis vectors). Relative

accessoTy pigment concentrations, to be used as chemotaxonomic markers, are calculated

through a mean pigment suite admixture E where:
p_x=P| ps 4 Pops, + Bops, + Pyps, (3.12)

and ps, represents a vector of accessory pigment concentrations associated with each

algal group; the values of which can be seen in Table 3.2,
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The validity of using a single effective diameler value in representing complex

polydispersed algal size distributions has already been demonstrated in Chapler 2.

Unpackaged Chl e-specific absorplion spectra a;u{/l] were all normalised to & value of

0.027 m* mg™ at 674 nm [Johnsen ef @i, 1994a], selected as the theoretical maximum
unpackaged absorption at this wavelength — the spectra can be seen in Figure 3.3A  This
normalisation ensures Lhat the inverse model selects alga! group ratios only on spectral
pigment related differences in unpackaged absorpiion rather than ¢; related variations in

absorption magnitude. Accessory pigmenl concentrations calculated using Equation 3.12

were scaled using these a; {675) normalisation factors to ensure consistent relaiive

accessory ptgmenl concentralions between algal groups,

The basis vector used for the 1V medel was generated using the mean of the pelagophyie,
Fagellate and dinoflagellate vectors. It should be noted that the [our basis vectors are nol
exphicitly used in the models as an attermpt to identify these specitic algal groups: the
basis vectors are chosen rather Lo represent generic unpackaged absorption by the most
commuon light harvestmg chromoprotein suites 1n upwelling systems [Hutchings e af,
1994], These are chlorophyll e-fucoxanthin-diadinoxanthin (pelugopinte, representing
hoth diatoms and pelagophytes), chlorophyll c-chlorophyll 5-fucoxanthin dertvatives
{flagellate), chlorophyll e-peridimin-diadinoxantmin (dinoflageliate), and chlorophyll e—
alloxanthin {ervprophvie, or more probably algal groups contaiming endosymbiont
cryptophyte organelles), The representation of diatoms. so important to upwelling
systems, with a speciral basis vector derived from a pelagophyle assemblage can be
Justified on the basis of their very similar chromoprotein characteristics from a spectral
perspeclive [Bidigare ef al. 1989, Jeffrey er af. 1997]. An intracellular pigment
concentration ¢; = 2.75 kg m>. representing a median value of the ¢; dala displayed in
Figure 3. 1d, was used for all model calculations, All statistics used to assess model
performance were calculated using the bootstrapping techniques described in Section 3.3,
with the exception of standard error of prediction estimates (SE), which were calculated
using parametric methods. The model was lesied on an independent dala set, in thal the

samples used to dernve the model basis vectors were removed before analysis.
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Figure 3.3, A) Unpackaged Chl a-specific absorption basis vectors used by the 4V and

1V models, 3) Example spectra from the 1Y model demenstrating the effects of changing
size upon phyteplankion absorption, C) Lxample spectra from the 4V model
demenstrating the effects of changing assemblage type from dinoflagellate- to
cryptophyte-dominated at an effective diameter of 20 um, and 1Y) Example spectra from
the 4V model demonstrating the effects of changing assemblage type from pelagophyte-
to flagellate-dominated at an effective diameter of 5 m.

Table 3.2 Accessory pigment concentrations relative 1o Chl & for the tour unpackaged
absorption basis vectors used in the 4V model, from HPLC analyses of the respective
assemblages

| pelagophyte | flagellate | dinoflagellaie | eryptophyte
NN © o072 0.286 0.225 0.125
Perid - 1 0.051 1.036] 0.628
But-fuce 0219 0.120 i :
Fuco 0.365 0.086 0.107 0.048
Hex-fuco : 0.014 0.028 0.246 -
Viola . o oo TReanen OB e B :
Diadmo 0.149 0.0%1 0.110 0.018
Alla 0.015 0.013 0.042 0.180
Chl & 0.025 0.184 - ;
Tpigs 0.860 0.879 1.767 0.350
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Figures 3.3B to 3 3D demonstrate the forward response of the 1V and 4V models to
changes in assemblage size and structure. Figure 3.3B shows the change in shape of the
Chl g-specific phytoplankton sbsorption spectra, utihsing the 1V model with effective
diameter ranging from 2 pm to 30 um. Spectra associated with larger mean cell sizes
display fattened and lowered absorption spectra, as previously shown from theoretical
studics [Duyscns 1956, Morel & Bricaud 1981 and field data [Bricaud et af. 1995, Cioth
er al. 2002], Figures 3 3C and 3 31 show the cffect of changing assemblage type by
manipulating the basts vector admixture compasition, The spectral cffects of asscmblage
change are most noticeable m the 450 nm — 350 nm regions, pnmarily duc to differing
relative carotenoid congentrations, and in the 550 nm region due to the effects of

phycoerythrin absorption.

3.6 Inverse Model Results

3.6.1 Chl «t and Effective Diameter

Both the 1V and 4V absorption models were able to predict the Chl @ concentration and
ettective diameter of a wide variety of algal assemblages suffiviently well foruse in a
predictive operational capacity. In the majonty of cases both models were able to
accurately reconstruct measured algal spectral absorption, with the cxception of

accessory pigment related features not available to the 1V model

Figurc 3.4 shows reconsirucied spectra of both models for lwo example assemblages: a
high biomass bloom dominated by the small dinoflagellate (yrodinium zefa (Fig 3 4A),
and an intermediate binmass asscmblage dominaied by a variety of dialom species (Fig
3.4B). The example assemblages are specifically chosen for therr dissimilarity to the
asscmblages uscd for derivation of the basis veclors used in the inverse models. Whilst
hoth the 1V and 4V models appear capable of reproducing the gross features of the
absorption spectra, the 4V model is better abie to reproduce accessory pigiment related

absorption fine structure due to the choice of spectral basis vectors available to it
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Figure 3 4 Performance of the 1V (0) and 4V (+) inverse absorplion models with regard
to: A) Example matched absorption of a bloom of the small dinoflagellate Cyrodinium
zeta, B) Example matched absorption of a mixed dialom population, C) Predicted
effective algal diameter ¢y using the 1V model, D) Predicted Chl @ concentrations using
the 1V model, E) Predicted ellective algal diameter d.yusing the 4V model, and F)
Predicted Chl & concentrations using the 4V model, The solid tine in C) to F) represents
the linear best fil, while dashed lines represent the percentage standard error {(SE) of the
prediction, which were not calculated using bootstrapping techniques, The open circles in
() and F) represent a mixotroph dominaied assemblage - the effects of lower ¢;
associated with mixotrophy can be seen in the poor prediction of d.s for this assemblage
Note the higher standard error and dala scatter in predicted ey for the 4V model,
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Figure 3,5 Performance of the 4V inverse absorption models with regard to A) Predicted
Chl A: Chi a ratio, B} Predicted Allo : Chl a mtio, C) Predicted Viola: Chl a ratio, )
Predicted But-fuco : Chi a ratio, E) Predicted total pigment concentration ({pigs), and F)
effective diameter o7 vs. total pigments fpigs. The solid line represents the linear best
fit, while dashed lines represent the percentage standard error (SE) of the prediction, The
very similar performance with regard to Chi 4 and Viola prediction 15 indicative of the
high covariance between these prgments as they occur in this dataset, as discussed
previously. No ather accessory pigments were predicted at sigmificance levels of P<0.05,
Note also the changing sample size with regard to the different accessory pigments, due
to non detectable pigment concentrations in some samples.
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This is also the case when considering the whole data set (n=34), wath  values ranging
from 0.960 to (999 for the 4V model, as compared to r* values from 0,933 to 0.999 for
the 1V model. The lower * values associated with the 1V medel rosult from the limited
spectral ability te reconstruct absorption spectra from assemblages associated with
different accessory pigments to those used in the derivation of it's basis vector e.p.
cryplophyte dominated assemblages. Despile the reduced capability of the 1V model to
reproduce the finer fealures of measured absorption spectra, the mode! demonstrates the
ability Lo predict Chl ¢ concentrations (Fig 3 4D) and effectlive diameter (Fig 3 4C) with
some success. Returned Chl ¢ values are highly correlated with measured values
{r2={}_99} and are predicted with a standard emor of 11 % through a range of 0.5 to 130
mg m™, Returned effective diameter values are sli ghtly less well correlated with
measured values {r1=ﬂ.83} and are predicted with a standard ermor of 24 %5 through a
range of 2.5 to 28 um, In comparison, the 4V model shows a correlation between
predicied and measured Chl @ values of r'=0 99, with a standard error of 16 % (Fig 3 4F),
and a correlation between predicted and measured effective diameter values of r'=0.75,

with a standard emror of 30 % (Fig 3 4F).

3.6.2 Accessory Pigments

Figure 3,5 shows the performance of the 4V model as concerns the prediction of relative
concentrations of accessory pigments, of use as chemotaxonomic markers. The model
was able to predict the relative concentrations of four accessory pigments with some
degree of confidence: Chl A (Fig. 3.5A), Allo {Fig. 3.5B), Viola (Fig. 3.5C), But-fuco
{Fig. 3.5D), m addition to total prgments (Fig. 3.5E), The ability of the model to
determinc Chl » valucs with a rcasonably high degree of accuracy (Fig. 3.5A, =085,
SE=28 %) 1§ consistent with the siatistical analyses discussed in Section 3.4, and is likely
to result from the ability of the model to diseriminaie the unique absorplion band al 650
nm associated with Chl &, The very similar performance of the model with regard to
Viola (Fig. 3.5C. r'=081, SE=26 %) should however be considered an artifact of (he
particular dala sel congidered here - il ig extremely unlikely that Viela as a minor
pigment will have any significant effccl upon absorplion in a causal manner, and Chl

and Vicla have already been shown to be highly covariant (Table 3.2).
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The moderately good predictions of the other two aceessory pigments depicted in Figure
3.5 are somewhat more oper to conjecture. Allo is a major carotenoid in assembiages
dominated by cryptophytes or species containing endosymbiont eryptophyte chioroplasts
[Table 3.2, Jeffrey ef af 1997], and is therefore likely to have a significant effect upon

absorption in such cases (Fig 3.2).

llowever, the cryptophyte associated assemblages in Lhe test data set are known to consist
predominately of endosymbiont containing species, such as Mesodiniim rubrum and
Dinaphysis spp., and Lhere is a strong probability that there 15 significant covariance
between intraceltular concentrations of Allo and unquantified phycoerythrin [Gustafsen
2000, Hackett ¢f gf. 2003], shown to influence absorption strongly at wavelengths where
the carotenoids have no significant absorption bands (530 —570 nm), The inverse
absorplion model may discriminate al least partially on phycoerythrin related absorption
features, resulting in & vicaripus ability to predict covarving Allo concentrations (Fig
3.5B, +'=0.75, SE=33 %), Further vicarious discrimination may arise from the fact that
Allo concentrations are significantly correlated with total pigment concentrations (Table

3.2), already demonstrated to have significant effects upon absorption (Fig 3.2),

The performance of the 4V model with regard 1o But-fiico, which may be used as a
marker pigment for some haptophyte species and pelagophytes [Jeftrey 1997, Zapata ef
al 2004], 1 hkely to arise from similar phenomena. Whilst But-flico can form a
significant fraction of the total intraceilular pigment complement {e.g. 25 % for the
pelagophyte vector accessory pigmentation}, it is not spectrally distinct from fucoxanthin
and others of its derivatives, and is therefore very untikely to be directly discriminated by
the absorption model. It would thus appear that the apparent ability of the madel to
determine But-fuco congentrations 15 based upon discrimination of some covariant
variable; Table 3 2 would indicate that the significant correlation between ¢f.» and But-
fuco may be responsible. burther evidence for a size covariant influence upon But-fuco
predictions arises from the small sized picoplankton algal classes typically associated

with the presence of But-tuco, e g. the genera Aureccoceny, Dicrateria, fmantonio and
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Phaeocystis (as a single cell) | Zapata et el 2004|. The ability of the 4V model to also
predict lotal intracellular accessory pigment concentrations moderaiely well (Fig 3.5E) is
consistent with the earlier findings of the study indicating that total accessory
pigmentation exerts a significant intluence upon both unpackaged and packaged
absorption {Iig 3.2). Whilst there would seem little doubt that the model's ability to
predict total pigments is reoted in causality and may therefore be used relatively robustly,
there is & need to ascertain whether the total pigment descriptor has any use in HAB
detection. Figure 3.5F indicates that there may be some potential in this regard: large
dinoflagellates, as the most commaon problem species in the southern Benguela |Pilcher
& Calder 2000], may be distinguished from other large celied organisms, c.g. Mesodinum
rubrum, on the basis of their increased accessory pigment concentrations. The statistical
results presented in Iigure 3.2, and the performance of the inverse model, indicate the
small likelihood of establishing a predictive capability te distinguish diatoms from
dinoflagellates based on their mgment related signatures, 1.¢. through fucoxanthin vs.
peridimn markers. In the southern Benguela, eflective HAB detection through bio-optical
means requires an abtlity to distinguish between diatoms and dinoflagellates as the two
most common non-harmful and harmiul algal groups, respectively. There is a need to
establish whether other bio-physical descriptors can be identified that may prove uselul in
this regard, Further research is needed to establish the operational utility of a total

pigment descriptor in HAB detection.

3.6.3 Non-Linear Inversion Considerations

The relative performance of the two models demonstrates the payoif demanded by
tncreasing the number of unknowns to allow the estimation of accessory pigment
concentralions. Whilst the 4V model has an enhanced abilily Lo more closely reconstruct
measured absorption spectra, with a choice of assemblage type with winch to synthesize
spectral absorption features, the increased number ef unknowns result in slightly less
confident Chl er and eflective diameter predictions, The superior performance of the 1V
model with regard to Chl & and effective diameter prediction demonstrates the benefits of
both a robust parameterisation with regard to algal absorption, and minimising the

number of unknowns when seeking the solution to the simplex non lingar inversion. A
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balance must be found between seeking to obtain maximal chemotaxonomic data (as
oiven by the relative concentrations of the spectral basis vectors), allowing the model the
necessary freedom to simulate the absorption of a wide varety of algal assemblages, and
the robustness of the non-imear solution method, which ideatly should solve for a
minimal number ol unknowns. In addition, any bio-oplical data to which the inverse
model 1s applied will have a limited number ol wavelengths which represent the number
of independent variables, In the casc of hyperspectral data (as used here), whilst there
may be scveral hundred wavelengths hypothetically available to solve with, there will be
a finite number of pgment absorption bands which will effectively represent the number
of independent variables, e.g. the nine bands shown in Fig 3.1B. TL must aiso be
appreciatcd that the intended application of the inverse absorption model is as a nested
component of an inverse reflectance model [e.g. Roesler & Perry 1995, Roesler & Boss
2003], These models will introduce other unknowns, e.g. those associated with gelbstoff
absorption or backscattering components. Thus the choice belween the 4V spectral
mixing model, with it's greathy increased number of unknown parameters, and the simpler
and more robust 1V model, must be dictated by the potential model application and both

the cost and effectiveness of making accessory pigment relurns available

3.6.4 Theoretical and Methodological Considerations

There 13 little doubt that the intracellular Chl ¢ concentration, as given by ¢, has a
profound etfect upon both celiular absorption and physiological efficiency [Morel &
Bricaud 1981, Raven 1984,] The assumpiwon ol a constant ¢; is therefore a somewhat
artificial constraint that effectively ascribes all changes in packaging to size variations
rather than changes in intraceitular pigment density. Given that both size and ¢, varations
can resull in apparently similar packaging eftects [Morel & Bricaud 198 1], it is unlikely
that an inverse absorption model of the type prescated here would be capable of
distinguishing the effects on absorption of these Lwo causal variables. The models
presented here were tested with a varicty of formulations allowing both ¢; and size to be
solved for as independent unknowns — 1n all cases the models were unable to predict
either variable with success. Estimation of size using an inverse package effect

formulation therefore appears to require either an assumption of constant ¢;. or the
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adoption of an empirical ¢; to size relationship, such as those explicitly formulated with
regard to cell volume [Moal et al. 1987, Montagnes et al. 1994, Menden-Deuer &
Lessard 2000] or the approximate relationships suggested by the data of Bricaud ez al.
[1988] or Malone [1980].

This has obvious implications for the use of inverse absorption models of this type where
photadaptation must be accounted for, for example with absorption data from increasing
depth through a waier column. Whilst the models tested here appear capable of predicting
size and Chl a concentrations sufficiently accurately for high light adapted assemblages,
it rather unlikely such models could be applied across assemblages of varying
photoadaptive states. Variation in c; related absorption with changing light history and
other environmental variables [Raven 1984, Sosik & Mitchell 1991, Stramski et al. 2002]
is known to be significant, and an inverse absorption model seeking to impose an algal
size metric by keeping ¢; constant is unlikely to perform successfilly under highly
variable photoadaptive states.

In addition to the simplifications imposed upon the inverse models with regard to
intracellular Chl a concentration, there are considerations concerning other variables
causal to absorption, primarily parameterisations of algal size. Chapter 2 demonstrates
the utility of the effective diameter as the single most important descriptor of an algal size
distribution, or in fact any size distribution of assumed spherical particles with regard to
their optical properties [Mishchenko et al. 1997]. Chapter 2 also demonstrates that a
single effective diameter value may be used to simulate the packaging of a wide variety
of polydispersed algal populations with a maximum 5 % error, given the size distribution

and optical properties of that population.
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In addition to assessing potential variability associated with formulation of the inverse
model, it is necessary to understand potential errors arising from the methods used to
fractionate the size distribution data upon which the models are based and tested. The
sensitivity study presented in Appendix I indicates that in the context of the large
observed variability in the whole data set for absorption and related bio-physical
descriptors, the sensitivity to changes in the assumed detrital parameters used in
processing the algal size distribution data are generally small. Nevertheless, the study
shows that errors from the detrital assumptions are most likely to be manifest in the ¢;
values of assemblages dominated by very small cells, and the unpackaged absorption
values of assemblages dominated by very large cells. Such considerations emphasise the
need for an increased knowledge of algal size and intracellular pigment concentration
characteristics for natural algal samples. The ubiquitous presence of non-algal particulate
matter [Roesler ef al. 1989, Iturriaga & Siegel 1989] and the typically greatly increased
polydispersity of natural samples in comparison to algal monocultures create
methodological difficulties, particularly with regard to Coulter measurements of algal
size distributions. Such difficulties can only be overcome by using numerical techniques,
or employing methods other than those that are Coulter based e.g. flow cytometry [Green
et al. 2003] or staining techniques [William ef al. 1995].
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3.7 Conclusions

The study demonstrates that assemblage size, as given by the effective diameter, is causal
to algal absorption, and is the single factor responsible for the greatest variability (20 %
to 45 %) in the Chl a specific absorption of natural algal assemblages. Such findings are
consistent with anomalous diffraction theory [Morel & Bricaud 1981] and previous field
studies [Bricaud et al. 1995, Ciotti ef al. 2002]. The total intracellular accessory pigment
concentration is also shown to have a significant effect upon absorption (12 % to 30 %),
with the effects of ¢; less significant (12 % to 16 %), as has been demonstrated previously
[Bricaud ef al. 1995, Stuart et al. 1998, Lohrenz et al. 2003]. The discernable effects of
specific accessory pigments are limited to narrow spectral ranges corresponding to
unique absorption bands, e.g. those of Chl 5 at 646 nm. The use of the anomalous
diffraction approximation allows the unpackaging of algal absorption spectra,
demonstrating the effective decoupling of the principal variables causal to absorption:
effective size of the algal assemblage, the intracellular pigment concentration, and
spectral variability associated with the absorption bands of specific accessory pigments.

Decoupling the variables causal to absorption allows the formulation of two inverse
absorption models expressed in terms of the Chl a concentration, unpackaged absorption
vectors associated with a variety of algal groups defined through their different accessory
pigment complements, and the size of the algal assemblage expressed through the
effective diameter. Both the simple 1V and more complex 4V models shows the ability to
return Chl a concentrations within a sufficiently small error margin of 11 % to 16 %,
perhaps a basic requisite for absorption models of this type. In addition both models
demonstrate the capability to calculate the effective diameter of a wide variety of algal
assemblages through matched absorption reconstructions, although predicted errors are
somewhat larger than for Chl a predictions at 25 % to 30%. The 4V model, based on an
admixture of assemblage specific unpackaged spectral basis vectors, is capable of
returning accessory pigment concentrations. The model demonstrates an ability to return
only those accessory pigments associated directly (Chl b) or vicariously (Allo) with

unique absorption bands. Analysis of model performance indicates that care must be
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taken to discern pigment related performance associated with causal absorption effects,
and apparent ability of the model to predict minor or spectrally indistinct pigments based
on covariant artifacts specific to the test data set. The apparent ability of the 4V model to
predict Viola and But-fuco are treated as belonging to this last category, and should be
disregarded for potential application. In addition to specific accessory pigments, the
model is able to return total pigment concentrations with moderate success, a variable

consistent with the criterion of being causal to absorption.

Whilst the 1V and 4V models are necessarily tested with direct measurements of
absorption made with the filter pad technique, the models are designed for use with either
in situ or space-based reflectance data for the detection of harmful algal blooms. This is
reflected in the number of unknowns the models are required to solve for: two in the case
of the 1V model and six in the case of the 4V model. Testing of model performance on
directly measured absorption data is thus considered an initial step, and this will require
the incorporation of a detrital term in the model [Bricaud & Stramksi 1990, Roesler ef al.
1989]. Obviously model performance will also need to be reassessed if they are
incorporated into an inverse reflectance model to represent the algal absorption
component [e.g. Roesler & Perry 1995, Roesler & Boss 2003]. Nevertheless, the models
demonstrate the ability to robustly derive bio-physical descriptors causal to algal
absorption, in addition to limited accessory pigment data, and thus offer the ability to
make distinctions between algal assemblage type other than purely on biomass. The
utility of bio-optical HAB detection and monitoring systems lies in their potential ability
to provide real-time data pertaining to the bulk algal population from autonomous
instrumentation, rather than specific data relating to the presence of a few target toxic
species. The performance of the absorption models is consistent with regard to the aims
of such monitoring systems — the robust estimation of bio-physical descriptors allowing

an assessment of the changes in algal biomass and assemblage type.
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Chapter 4

Simulating the Optical Properties of Algal Cells Using a Two-
Layered Spherical Geometry
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4.1 Introduction

Understanding the relationship between the dissolved or particulate substances present in
the upper ocean, their optical properties, and subsequent effects on the underwater light
field is a principal goal of bio-optical oceanographers. The dominant ecological role of
phytoplankton in both oligotrophic and coastal marine systems thus requires that the
inherent optical properties of algal populations in natural waters be better understood.
Establishing quantifiable relationships between these optical properties and causal
cellular characteristics, such as algal size, morphology and intracellular constituent
concentrations, is of great importance in the development of bio-optical tools for marine

biogeochemical and ecological applications.

The equations of radiative transfer describe the propagation of light through the sea,
relating radiative field structure to the inherent optical properties or IOPs [Preisendorfer
1976]. The distribution of radiance within the sea, and the radiance emerging from the
sea surface, is thus determined by the spectral nature of the volume scattering and
absorption coefficients. Radiative transfer models used for the interpretation and
inversion of ocean colour data [Morel & Prieur 1977, Roesler & Perry 1995] have
parameterised these processes in the form R o b,/ (a+b), where R is the reflectance, b
is the backscattering coefficient and a is the absorption coefficient. Understanding the
spectral contribution of algal cells to the bulk backscattering coefficient - the integrated
angular scattering that is responsible for returning light to the surface of the sea — is thus

crucial to ocean colour studies.

Few direct spectral measurements of algal backscattering or angular scattering have been
made historically, although the recent commercial availability of single or multiple angle
backward scattering sensors may redress this situation. Mie theory has provided a
theoretical alternative to direct measurement, and the current understanding of algal
scattering properties is largely based on Mie simulation [Bricaud & Morel 1986, Ahn et
al. 1992, Stramski et al. 2001]. However, whilst the absorption, attenuation and total
scattering of algal cultures have been successfully simulated using Mie theory [ibid ], and
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the related anomalous diffraction approximation (ADA) [Van de Hulst 1957], the few
direct measurements made of algal angular scattering suggest that Mie theory is less well
suited to describe backward scattering [Quinby-Hunt ef al. 1989, Volten ef al. 1998,
Vaillancourt et al. 2004]. These studies, and others investigating the effect of internal
cellular structure on angular scattering [Witkowsi ef al. 1993, 1998], and the application
of Mie models for algal radiative transfer [Stramski & Piskozub 2003] indicate the
importance of internal structure and non-sphericity on algal scattering at large angles.

The extensive use of Mie and ADA modelling in marine bio-optics lies in the relative
simplicity of implementation: a spherical geometry with a homogenous refractive index
structure can be assumed. It is known that eukaryotic phytoplankton possess
heterogeneous intracellular refractive indices, associated with the presence of various
membrane systems and intracellular organelles. These include cellular coatings
(composed of silicate, cellulose or calcite), membrane bound highly absorbing
chloroplasts (containing the chromoprotein complexes necessary for light harvesting and
photosynthesis), other membrane bound organelles (such as the mitochondria and
nucleus), and regulatory/storage devices (such as gas vacuoles and starch granules). The
fact that such internal structures are visible under light microscopy indicates that they are
of varying refractive index, and therefore can influence both the internal and external
electromagnetic field associated with a cell.

The need to assess the optical impacts of varying internal refractive indices has been
addressed by several researchers, with implementations of layered geometry algal optical
models. These models have employed either two-layered spheres with the chloroplast as
the core [Aas 1984, Zaneveld & Kitchen 1995] or three layered spheres with the
chloroplast as the central layer [Bricaud ef al. 1992, Kitchen & Zaneveld 1992, Zaneveld
& Kitchen 1995], using volume equivalent refractive index schemes to compare IOPs for
homogeneous and heterogeneous spheres. Such studies appear to confirm that
backscattering is the IOP most affected by cellular heterogeneity, with heterogeneous
geometries resulting in both spectral changes and increases in backscattering magnitude
of between 2 and 50. It also appears that adopting a heterogeneous geometry has little
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effect on absorption and lesser effects on attenuation and total scattering than
backscattering — such findings are consistent with the success of homogenous geometry
models in simulating algal absorption, attenuation and total scattering [Bricaud & Morel
1986, Bricaud ef al. 1988].

The models described above were used either for small wavelength ranges [Kitchen &
Zaneveld 1992, Zaneveld & Kitchen 1995], or to investigate the backscattering of
coccolithophorids [Bricaud ef al. 1992], which can be regarded as exceptional
backscatterers in the algal milieu due to their very high refractive index calcite coating.
Such studies demonstrate both the need and the computational ability to produce broadly
accessible spectral algal backscattering simulations based on a heterogeneous geometry; a
need that is reinforced by the continued emergence of bio-optical techniques and
instrumentation for algal and coastal monitoring applications [Cleveland ef al. 2004]. An
improved understanding of the spectral nature of algal backscattering is considered of
particular importance, given the well understood effects of anomalous diffraction on
angular scattering [Van de Hulst 1957, Zaneveld & Kitchen 1995], and the reliance of
phycologically oriented bio-optical inversion techniques on spectral discrimination
[Roesler & Perry 1995, Garver & Siegel 1997, Roesler & Boss 2002].

The numerical and computational capability for heterogenous cell modelling has existed
for several decades [Aden & Kerker 1951, Meyer 1979]. The relatively sparse
implementation of such models regarding algal optics may have resulted at least in part
from the paucity of knowledge concerning the optical and morphometrical properties of
algal organelles. These difficulties are compounded by the difficulties of translating the
highly variable biochemical and structural complexities of eukaryotic cells into an
optically or biogeochemically equivalent simple model geometry such as a layered
sphere. However, the adoption of a simple layered geometry can allow a simpler
perspective a priori: the dependencies of heterogeneous algal optical models can be
reduced to the morphometrics of algal ultrastructure, and the determination of suitable
effective refractive indices for the primary optical cellular structures. These can be
considered to be the chloroplasts as the primary absorbing organelles, the watery
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cytoplasm typically dominating cell volume, and the external cellular membrane as a
high refractive index peripheral layer [Bryant 1969, Aas 1996, Zaneveld & Kitchen
1995].

This study will thus seek to investigate the optical properties of algal cells and
populations using a two-layered spherical geometry, chosen as the simplest possible
heterogeneous structure that has shown itself capable of reproducing measured algal
angular scattering properties [Quinby-Hunt ef al. 1989]. This geometry reduces the
effective algal components to a highly absorbing chloroplast containing the protein bound
cellular pigments, and a weakly absorbing cytoplasm [Zaneveld & Kitchen 1995,
Stephens 1995]. Representative value ranges for relative algal chloroplast volume and
complex refractive index will be established, based upon published values. Simple, single
cell models will be used to demonstrate the effects of varying cell geometry on optical
physiology as given by the package effect [Morel & Bricaud 1981, Geider & Osborne
1987], and infer a default cellular geometry. Models assuming this simplified
heterogeneous geometry will then be used in conjunction with measured optical and algal
size data from natural algal assemblages in the southern Benguela to produce simulated
inherent optical properties of typical algal assemblages in an upwelling system.
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4.2 Model Theory and Structure

4.2.1 Single Particle and Wavelength Mie and Aden-Kerker Models

Whilst the details of both Mie [1908] and Aden-Kerker [1951] theory are outside the
scope of this study, the implementation of these theories with regard to algal optics can
be briefly described as follows (more detail can be found in Morel & Bricaud [1986] or
Van de Hulst [1957]). The optical properties of a homogeneous particle interacting with
an electromagnetic wave are dependent upon the Mie size parameter ¢, and complex

refractive index m [Morel & Bricaud 1986]. The Mie size parameter is given by:

a=xd[A, 4.1)

where d is the particle diameter and A, is the wavelength in the surrounding medium —

water in this case. The complex refractive index is given by:

m=n-n'i (4.2)

where the real part n determines the phase velocity of the propagating wave, and the
imaginary part n” determines the flux decay. Note that the effective refractive index is a
relative value dependent upon the surrounding medium — all future discussion of
refractive index values will assume a relative refractive index in water, with
Myae=1.334-0i [Morel & Bricaud 1986]. The effects of employing a two-layered particle
geometry are relatively simple: a new size parameter ¢ is introduced describing the
core:particle diameter (or radius) where g=d.,/d. In addition the refractive indices of
both the chloroplast and cytoplasm layers must be explicitly described: the subscripts A
for homogeneous, chlor for chloroplast, and cyfo for cytoplasm will be used for this

purpose where:
m,=n,—n',i is the refractive index of a homogeneous particle
my, =Ny —n'y i is the refractive index of the chloroplast layer
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=n_ —n'_ i is the refractive index of the cytoplasm layer (4.3)

m oylo oyio

epto

The relationship between the imaginary refractive index and the absorption coefficient of
the cellular material a. is useful when considering the effects of intracellular pigment

concentration on the refractive index and is given by:
n'=a_A,[4r (4.4)

The principal particle optical properties dependent upon these parameters under both Mie
and Aden-Kerker theory can be considered to fall into two categories. The optical
efficiency factors for absorption ,, attenuation, . and scattering (J, have no angular
dependence and can be calculated at relatively little computational cost from complex
“Mie coefficents” expressed through spherical Bessel functions [Van de Hulst 1957,
Morel & Bricaud 1986]. The volume absorption a, attenuation ¢ and scattering b
coefficients can be calculated from these efficiency factors (absorption is used as an

example, analogous expressions are used for other coefficients):
a=(N[V)sQ, 4.5)

where N is the number of cells in volume V, and s is the geometrical cross section of the

cell.

Optical properties with an angular dependence 6 (assuming rotational symmetry) are
calculated at greater computational cost and include the volume scattering function (VSF)
B(6), and the phase function S () (the scattering normalised VSF), described by:

b=2x [ p(6)sinfdg (46) and  B(O)=BO)/b @.7
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Integrated scattering parameters in the backward direction include the volume
backscattering coefficient by, the backscattering probability factor b, , and the

backscattering efficiency factor (s described by:

b, =27 j:/z B(6)sin6d6 (4.8)
b,=b,/b =2z B(6)sinode (4.9)
be = Sb 0, (4.10)

4.2.2 Size Distributions and Polydispersions

Algal assemblages are typically polydispersed with regard to size, and can be described
by a particle size distribution F(d), where d is the particle diameter, and F(d)d(d) is the
number of particles per unit volume in the size range d + ¥ d(d). Using absorption as an
example (analogous expressions may be used for other coefficients) the absorption
efficiency factor representing the mean of a size distribution (as signified by the overbar)
can be described as [Morel & Bricaud 1986]:

5 |, 0.F@d*aa)

- (4.11)
|, Fa)d d@)
and the resultant volume absorption coefficient is given by either:
a=(x/4)| 0,F(d)d*d(d) 4.12)

or, if the result of Equation 4.11 is used:
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a=(x/90,| F(d)dd(d) (4.13)

Note that such expressions can be used for the determination of experimental optical
efficiency factors, and subsequent refractive index determinations, if measured IOPs and
size distributions are known [Bricaud & Morel 1986, Stramski et al. 1988].

4.2.3 Anomalous Dispersion and Spectral Refractive Indices

The above expressions can be applied through a range of wavelengths, and the
wavelength dependency 4 can be considered implicit in equations 4.2 t0 4.13. An
important consideration in spectral application of particle optical theories is the behaviour
of the refractive index in the vicinity of absorption bands. In areas of weak absorption, or
low values of the imaginary refractive index, the real refractive index typically decreases
with wavelength — termed normal dispersion [Van de Hulst 1957]. However, in the
presence of absorption bands, or significant spectral change with wavelength in the
imaginary refractive index, the real refractive index increases sharply with wavelength —
termed anomalous dispersion [ibid.]. This phenomenon can lead to significant spectral
variability in the real refractive index and thus considerable spectral shape in the

attenuation and various scattering coefficients, typically termed anomalous diffraction.

The dependence of the real on the imaginary part of the refractive index is described by
Ketteler-Helmholtz theory [Van de Hulst 1957, Bohren & Huffman 1983], and has often
been quantified in application to algal refractive indices using a series of oscillators
(representing discrete absorption bands) based on the Lorentz-Lorentz equations [Bricaud
& Morel 1986, Stramski ez al. 1988, Zaneveld & Kitchen 1995]. An alternative to the
somewhat intricate use of a series of summed Lorentzian oscillators can be found in the
Kramers-Kronig relations [Van de Hulst 1957, Bohren & Huffman 1983], which allow
the spectral variations in the real refractive index to be calculated as a Hilbert transform
of the imaginary refractive index. The application of the Kramers-Kronig relations to
describing the anomalous dispersion of algal refractive indices has been successfully
demonstrated [Bernard ef al 2001, Nagvi et al. 2004]. The Kramers-Kronig relations are
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therefore used here to calculate spectral variations in the real refractive index arising
from those in the imaginary refractive index. These follow the notation of Bricaud &
Morel [1986], where the spectral variations 4n(4) vary around the central part of the real

refractive index 1+€, as given by:
n{A)=1+e+An(A) (4.14)

4.2.4 The Anomalous Diffraction Approximation

Somewhat different to the anomalous dispersion effects described above is the anomalous
diffraction approximation (ADA), first described by Van de Hulst [1957]. The ADA
offers approximations to the absorption and attenuation optical efficiency factors using
relatively simple algebraic formulae, based on the assumptions that the particle is large
relative to wavelength (0>>1) and the refractive index is small (m-1<<1). These
important conditions allow the assumption that a ray of light traversing a particle suffers
no deflection, and that the attenuation within the particle is thus related simply to
pathlength. The ADA has been used extensively in algal optics [Bricaud & Morel 1986,
Bricaud et al. 1988, Ahn ef al. 1992}, partially due to its computational economy, but
more importantly because it allows the effects of the real and imaginary refractive indices
on absorption and scattering to be decoupled. This allows the calculation of the imaginary
refractive index for algal assemblages, assuming homogeneous geometry and given algal
absorption and size distribution data [Bricaud & Morel 1986, Stramski ef al. 1988]. The
ADA expression for the absorption efficiency factor is given by:

2e7 e -1
k]

p T p?

0, =1 p'=a,d=4an' (4.15)

where o’ is the absorption optical thickness. Equations 4.13 and 4.15 are thus used
iteratively in this study to determine homogeneous refractive index data in conjunction
with measured algal absorption and particle size distribution data. Whilst it is possible to
derive an ADA approximation for two-layered spheres [Quirantes & Bernard 2004], such
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a formulation is not used here — all two-layered calculations use the exact Aden-Kerker

formulae.

4.2.5 The Package Effect

The package effect parameter () describes the consequence of placing the absorbing
cellular material in particulate as opposed to solution form, and is the ratio of the
particulate Chl a- specific absorption a'(4) to the Chl a-specific absorption of the same
material placed perfectly in solution a_,(4). It is given by [Morel & Bricaud 1981]:

o =2 (4.16) 0 = z aQad (4.17)

An additional relationship can be described which introduces the intracellular Chl a

concentration ¢; (kg m™):

a_, === (4.18)

It should be noted that equation 4.17 is an exact derivation, and is not limited (from a
strict theoretical perspective) by the same assumptions as the ADA with regard to size
and refractive index. This will obviously not hold true if the O, term in Equation 4.17 is
calculated with the ADA as opposed to an exact solution [Latimer 1984, Geider &
Osborne 1987]. Cellular packaging has important physiological consequences, as it will
impact upon the ability of a cell to make incident energy available for photosynthesis
[Raven 1984, Finkel & Irwin 2000], and the ability of a cell to dissipate energy through
fluorescence [Babin et al. 1996]. The effect of varying cellular geometry on the package
effect is considered here, and an expression for the package effect of a two-layered
sphere, based on Gladstone-Dale volume equivalence [Aas 1996], is derived as:
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T2 (ac‘:‘q3+a£“ [1- qz])d

o 3 Q“, (4.19)

where (J, is the absorption efficiency factor of the two layered sphere (dimensionless),
a™* is the absorption of cellular material for the particle core (m™), a* is the absorption
of cellular material for the particle shell (m™), and ¢ is the ratio of the core : shell radii
(dimensionless) [A. Quirantes, pers. comm.] The above expression is obviously
dependent upon the validity of the volume equivalence term for the effective optical
thickness, and it can be tested against a direct calculation of the package effect, as
follows. If the imaginary refractive indices of a hypothetical two-layered particle
population are known, the a.,, values for both layers can be calculated from equation 4.4.
The hypothetical total absorption in solution can be calculated as:

a,,,,:% [Fl@y@d@)|az g +a (1-¢)] (4.20)

Assuming the particulate absorption is known from model output, the package effect
parameter can then be calculated with equation 4.16.

All optical modelling in this study for both heterogeneous and homogeneous particles,
apart from package effect calculations as discussed above, were made with the two-
layered code of Toon & Ackerman [1981] with size bins of 1 pm and an angular
resolution of 0.1°. The suitability of the Toon & Ackerman code for homogeneous
modelling was verified by comparison with the Bohren & Huffman [1983] code —
identical results were found across a wide variety of size and refractive indices. All
models were run under a combined Matlab R13 (The Mathworks) and Fortran (Compaq |

Visual Fortran V6.5) environment.
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4.3 Morphometrics and Refractive Indices of the Algal Cell

4.3.1 Chloroplast Morphometrics

The chloroplast of an autotrophic eukaryotic cell is the membrane bound organelle
conlaining the highly absorbing pigment-protein complexes responsible for light
harvesting and photosynihesis, and it will exert a profound optical effect. Algal related
studies mvestigating the effects of cellular internal structure on scattering [Witkowsk ef
al 1993, 1998] and absorption packaging [Geider & Osborne 1987] indicate the
importance of chioroplasts in modifying both the absorbing and scaitenng properties of

algal cells,

Imposing a simple two-layered geomelry upon a hypothetical algal cell thus requires
some knowledge of the variability of chloroplast size, or more appropriately, the relative
chloroplast volume, Phytoplankton cells exhibit wide vanability with regard to
chloroplast marphology: the total number of chloroplasts is highly variable, and they
exhibit a wide varicty of shapes, size and membrane structure. Physicdogy is also known
to strongly influence cell structure: photoadaptation, temperature, life stage, nutrent and
trace clement history can all influence chloroplast volume, location, mternal structurce and
miernal pigment density [ Jeffrey & Vesk 1977, Thinh 1983, Rosen & Lowe 1984).
Table 4.1 details relative chloroplast volumes ¥y denved from published data for a range
of cultured algal species, which show Fv values ranging from 4.4 %0 to 57 % {cf. 3 Yo to
a6 % from Geider & Osbome [1987]). There appears no significant relationship between
cell size, as given by the equivalent volume spherical diameier, and chloraplasi volume -
this may be a function of the small data set in Table 4.1 {published morphometric
chloraplast data is scarce} which incorporates a wide range of growth conditions and

species,

MNevertheless, within the context of this study, it is reasonable to assume a size-
independent relative chioroplast volume of 20 % (the median value from Table 4.1) as a
[irst approximation for a spherical algal geometry, The use of a size invanant Fv valuc

can be justificd by evidence suggesting that the algal proten to Chl a ratio is relatively
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invariant te changing ccll size, and thus the proportion of cytoplasmic mass devoted to
chloreplasts is independent of size [Hitchcock 1982, Moal er af. 1987, Monlagnes ef al.
1994]. Te aid visualisation in comparison to a typical transmittance electron micrograph,
a Fv value of 20 % would result in an inner relative radius ¢ of 0.58 if the inner layer of a
two-layered sphere is considered he chloroplast. Previous modelling siudies employing
heterogeneous geometries with dedicaled chloroplast layers have employed relative
chloroplast volumes of Fv =41 % [Zaneveld & Kitchen 1995], I5=58 % [Latimer 1984],
and Fi=27 % to 66% [Bricaud ef @l 1992]. These are in all cases considerably higher
than the preliminary Fv value assumed here, and fall amongst the higher valies reported
in Table 4 1. Nevertheless, a Iy value of 20 % for a dedicated chloroplast laver 15
considered appropnate given the available morphometric data. Additionally. the primary
focus of this study 1s ocean colour related applications in productive upwelling waters,
and thus high-light adapted algae from the upper few metres depth. The assumption of a
relatively small chloroplast volume is consistent with obscrvations of smaller chleroplast

volume in high-light adapted cells, as shown in Table 4.1
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Table 4 1 Relative chloroplast volume (7'v in %) for a range of cultured phytoplankton species under varying growth conditions. The
paucity of published data regarding chloroplast morphometry has necessitated the use of different methods to generate chlnrnplast
volume data, as given by the v methoda column. The upper box represents cultures considered low light (< 200 pk m™ 57, and the
Jower box high light (> 200 pE m™ s™'). Where necessary growth illuminance quoted in lux have been converted with 1 UE m’ st =60
lux. EVSD=equivalent volume spherical diameter, Av=relative area, ¢=diameter, TEM=transmittance electron micrograph.

Species Class  |EVSD| J& | Chloroplasts| Growth Light v Method Reference
pm | % No. MEm™ s

Phaeadactvium tricornutum Bacillanophvie | 2.2 | 20.7 two farge 5 Av quoted/d from TEM Janssen et al 2001
Fhaeodactvium tricormutum Bacillanophvte | 2.2 g9 fwo large 30 v quoted/d from TEM Janssen ef all 2001
Nannochloropsis B Eustigmophyte | 27 | 37.0 | onclaree 35 v quoted Fishereral 1998 b
[ Aureococccus anophagefferens  |Pelagophyic 28 | 125 | onelarge unknown |TEM spheroidal geometey  |Piicher er al. 1999
Paviova pinguis Haptophyte 36 | 149 | onelarge unknowsi |TEM spheroidal geometry |Green 1980
Amphidimium carterae ﬁnopime 43 2604 one large urknown v quotcd Jenks & Gibbs 2000
Criptamanas lix Crvplophvic 49 | 258 two large 10 LA quoted Thinh 1983
Chiamydumeonas applanata Chlorophyte 5.1 | 320 | onelarge D W quoted Visviki 2000
Cyvelotella cryptica Bacillariophyte | 5.7 1.8 several 5 Av quoted/d from TEM Jansgen et @l 2001
Cyelotelln ervptica Eacillamophyie | 6.4 4.4 sevieral S50 LA quoted/d from TI:M Jamssen ef af, 20001
Sumbiodintim spp Dinophyle 81 | 170 many 50 |fvquoted  [Muller-Parker et af, 1996
Symbiodintum spp Dinophyte 8.1 | 330 many 5 [vquoted Muller-Parker ef al. 1996
Cyelatella meneghiniana Bacillariophyic | 16,1 | 21.5 several 10 v quoted Rosen & Lowe 1984
Crelotella meneghiniana Bacillariophyte | 16,1 | 286 several 107 Fe quoted Rosen & Lowe 1984
CHenadiniopsis steintt ~ |Dinophyte lo.8 | 24.8 onc large 133 Py quoted __d:‘r"libhf'lli'& Phester 1992
NMestocliloropsis Eustigmophyte | 2.7 ] 29.40 ong large 650 v quoted S |Fisher ef al. 1998
Amphidinium carterae Dinophyic 43 | 167 onc large utknown [y quoted Jemks & Gibbs 2000
Cripromonas lis Cryptophvic 73 76 twi large 264} LA quoted Thinh 1983
iatoma tenwe |Bacillariophyte | 78 | 160 several 200 v quoted T |Sicko-Goad & Stoermer 1979
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4.3.2 Real Part of the Algal Refractive Tndex

The real refractive index of a homogencous algal ccll is the primary causal variable with
regard to the magnitude of algal scattering [Morcl & Bricaud 1986]. Whilst the same is
true as concerns a cell of heterogeneous geometry, complexities are introduced by the
presence of additional refractive index boundarics corresponding to simulated internal

structures |[Meyer 1979, Zaneveld & Kitchen 1995]

The assumption of a two-layered geometry pives critical importance to the establishment
of suilablc chloroplasi refractive index ranges. It should be rcaliscd that chloroplasts are
far from homegeneous, and the adoption of a single refractive index value or spectra is
itself a simplification. The chloroplast is cnelosed in 2 to 4 outer membranes, and consists
of stacked thylakoid membrancs containing the pigment-protein complexes, embedded
within the stroma. Thylakoid stacking and arcal chlorophyll density 1s variable [Rosen &
Lowc 1984, Berner ef e, 1989], and the thylakoid membrancs can cxhibit considerable
bircfringence [Paillotin er af. 1998]. Changes in membranc stacking and transparency can
affcct light absorption due o an intraceliular package effect [Jennings & Zucchelli 1985,
Berner ef 4/, 1989]. lHowever, acoounting [or phenomena ansing from chloropiast
helerogeneity 1s beyond the scope of this study, and the chloroplast will necessarily be

considered homogeneous here.

Table 4.2 provides considerable evidence that the real refractive index of chloroplasts, or
the matenal contained thercin, arc considerably higher than values published for
homogeneous cells, The chloroplast related data. from a wide range of sources, display
central real reffactive index 1€ values of between 1.06 1o 1.22 (excluding highest and
towest values as extrema), as compared 1o homogeneous cell values of 1.0]1 to 1.09
[Bricaud ef el 1988, Ahn ¢f of. 1992] However, taking chioroplast 1+= values of 1.06 to
1.22, a cytoplasm |+ vatue of 1.02, and a relative chioroplast volume of 20%, the
homogencous volume equivalent 1+ values under the Gladstonc-Dale scheme range
from 1.028 10 1.060  consistent with experimentally determined homogencous values
[¢hicd]. Whilst simplc volume cquivalent or effective medium schemes arc appreximate

from an optical perspective [Chylek & Videen 1998], this consistency indicaies that the
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chloroplast volume and real refractive index ranges suggested by Tables 4.1 and 4.2 are
entirely appropriate from both an optical and cellular composition perspective. For
preliminary analyses, a chloroplast 1+g value of 1,14 will be used, as the extrema rejected

mean from Table 4.2

Few measurements of ¢ytoplasm refractive ind:ces have been published - Table 4.2
shows the single value of 11e=1.015 [Charncy & Brackett 1961]. Previous studics have
adopted cither this value [Bncaud er af 1992] or similar vaiues of 1,02 [Kitchen &
Zancveld 1292, Zaneveld & Kitchen 1995]. Vanations in the algal real refractive index
are typically considered as due to changes in the reiative amounts of cellular water and
solids, rather than changes in the chemical composition of solids {Aas 1996, Stramski
1999, The low reported refractive index values for cytoplasm are thus consistent with an
expected high water content | Aas 1996|. A value of 1+e=1 .02 for cytoplasm will be
adopted tor this study.



Table 4.2 Published values of the real pari of the refractive index for a range of ceflular

struetures from terrestrial plants and algac, relative to walter. The mean values for

chloroplasts (including those for thylakoid membrancs. pigment bound proieins, and light

harvesting complexes) are calculated with the highest and lowesl values excluded, whilst

the mean value lor external cellular membranes excludes values for caleite coatings

{these are considered specific to the coccolithophore case). RT —refractive index,

LHC=light harvesting complex.

Orgunismy/Orgamelte Ceniral RI Mlenthod Reference
Yalue (1+:)

Hpinach/chlgroplast 065 - 1199 |Pholiovoliape Paillotin ef al. 1998
Spinachichloroplast 030 - | 060 |Inupersion/refractomeler  |Brvand of af 19659
A carteraeichloroplast 1.19% lorster rangdir Kleima ef af. 2000
b, sphaeroides LHC 1L 1.220 fa vifro absotption shift | Anderrson ef «f, 1991
Spinach/chloroplasi 1.130 In vitro absorption shifi.  |Renpe ef ol 1996
Mt ec/Chloroplast LU0 - 1172 |ifoester inawslir Cinque & af. 2000
Zeo Maysichloroplast 1,124 fa witra shsorption shift  {Caffarri ef of. 2001
Secafe cereele/LHC 11 1.15=- 139  (Iw wigro absorption shifi  |Geoseeckl ef of 1999
£ perenoidesaichloroplast [RE) Phase contrast Charoey & Brackett 1961
Chleredfaichlaroplasi 1.0 Muctler matedx Cuonby-Honl ef af. 1484
Geneml /chlorophyll 1140 -1 150 |Lorcntz molecnlar weight [Aas 1906
Ceneral /protein 1.132 - 1,199 (Lilerature Teview Aas 1936
bodelled cellichloroplis L0935 assumed mode! value Lancveld & Fatchen 14495
" mvenaidosaicytoplasm 1015 Fhase contrasi Charney & Brackett 1961
Modclled cellicyioplasin 1.42 sssumed model vahie Kitchen & Zaneveld 1992
Modelled cellfcvioplasm 1Lins assomned model value Bricaud ef of, 1992
Chioretiod/cell membrmg 1.130 Mueller mairix Cuinby-Hund of ol 1989
Modelled cellfcaleiic coating 122 asammed model valug Bricaud &f of. 1932
Madelled cellfcell membrane 1.0 assumed meded value Zaneveld & Eichen 1995
Alzal/carbohydrate forms 1.163 Lilertom: review Aas 1996

an chioroplast value 1 136(HE053)
blcam cvtopiasm value 101 7=0 003
thean membrane/coating value L 1270036




4.3.3 Imaginary Pari of the Algal Refractive Index

A useful conceptual framework in algal optics is to consider that unpackaged Chl a-
specific absorption has theoretical maxima, based on either abserption measurements of
Chl & in solvent, or ot isolated chromoprotens [RBrcaud er al. 1995, Johnsen ef af.
1994a] Based on this construct, the unpackaged Chl a-specific absorption can be
normalised to a theoretical maximum at ~ 675 nm - the wavelength of the red Chl g
absorpticn peak where Chi a is considered the sole absarber [#5#d.] Under a two-layered
geometry, it 15 possible to combine equations 4 4, 4.18 and the Gladsione-Dale
expression of volume equivalence to allow the calculation of the imaginary refractive

index of the chloroplast layer at 675 nm:

675 mea, {675)

", A675)= .

(421}

Hmm‘r'ﬂ

where #,.4,~1.334 and }v is the relative chloroplast volume. Equation 4,21 thus
descnibes the relationship between the intracellular Chl ¢ concentration, chloropiast
volume, chloroptast maginary refractive index, and ceflular absorption, based on the

assumption that the cytoplasm layer has no significant absorption at 675 nm,

Equation 421 offers a useful starting point to examine the potential range and behaviour
of the imaginary refractive index for algal chloroplasts »# ., Oor more accurately the
simulated chloroplast layer in a hypothetical two-layered geometry. 1t can be seen that

1 chier 18 dependent upon the relative chlaroplast volume and the intracellular Chl a
concentratton o, based on Gladstone-Dale volume equivalence. Whilst it would be more
desirable to employ chloroplast {as opposed to intracellulary Chl ¢ concentrations, and
thus dispense with the need for a volume equivalence scheme, such chloroplast data are
very rare {(unknown to the author). The dependence of # e upon ¢, is therefore
considered a necessary approximation, and at least allows consideration of algal optical
properties armed with a censiderable bedy of published ¢; data [e.g Taguchi 1976,
Malone 1980, Bricaud e/ af. 1988]. In addition, published relationships between ¢; and

#'. (675) for homogeneous cells [Stramski 1999, Equation 9] can be used for
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comparative purposcs. A rcasonable range of algal ¢; values could be considered 0.5 kg
m~ to 10 kg m [Taguch 1976, Malonc 1980, Bricaud ef af. 1988] — these would
produce hemogenous #', (675} valucs of ~0.0005 to 0.011, using Equation 4.18 and

a,, (675)—0027 mg' m? |Johnsen 1994a), or values of 0.0017 to 0.011 using the

Stramksi formulation. These data ranges compare well with published valucs [Ahn ef af.
1992, Stramski ef af 2001 ], and confirm the use ef the Stramski formula as a validation

check. The cquivalent chloroplast »',, (673} valuc range using cquation 4.21 with

=20 % i5 — 00027 to 0.054, as compared to a range from the Stramski formula of
~0.0037 te 1.051 . Whilst the Stramski formula is designed for use with homogencous

cells as opposed to chloroplasts, the closc comparison of the twe »',, (673) data ranges

(from Equation 4.21 and the Stramski formula) is encouraging, eiven their derivation
from very different sources. Previous heterogencous modelling stedics have employed

1 s values of 0,024 in the 670 nm region [Zaneveld & Kitchen 1995] or 0.04 to 0.05 at
442 nm | Quinby-11lunt ef af. 1989, which fall within the proposed range of values from
Lquation 4 21.

The spectrat shape of ihe cellular imaginary refraciive indices will be discussed in detail
later, in rclation to the application of inverse refractive index medcls to measurced algal
optical data. Bricfly, the spectral imaginary refractive index of the chloroplast laver can
be estimated to a first order using volume equivalence, if homogeneous and cytoplasm
data are known or assemed. Fow imaginary refractive index data arc available for cellular
cytoplasm However, it would appear that the cytoplasm is weakly absorbing, with an
exponential type spectral shape typical of non-pigmented organic compounds [Stephens
1995]|. The cytoplasm imaginary refractive index is thus expected to be small but

significant at bluc wavelengths, decreasing to insignificant values in the red.

For preliminary single parhicle analyses to investigale the broad characlenistics of & two-
tayered gcometry, an n . valuc of 0.02 and an r'; . value of 0.00035 will be used,
considered typical valucs in the Soret spectral region, e.g 435 nm. Dectailed speciral data

for the imaginary refractive indices will be revisited later.
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4.3.4 Cellular Morphometrics

Having established reasonable morphometric and refractive index data ranges, it is
necessary to asscss the assignment of the two layers available - is il more appropriate
from a gencral perspective to modcl the chloroplast as the inner or ouler faver? It must be
appreciated that such a synthetic construct is a vast oversimplification - chloroplast
photetaxis 15 a known phenemena [Rosen & T.owe 1984, Stephens 1995] and Lhe
variability of chloroplast morphometrics has been discussed previously. Nevertheless, a
simplified ccll geometry can be mathematically simulated, and to this end the

imphcations of selecting a central or penpheral chloroplast layer can be assessed.

Figure 4.1 shows the optical elficiency factors and backscattenng probabihty of particles
using the geometrical and refractive index values discussed above, for a range of Mie size
values. The o values used are compatible with a particle diameter range of 1 um to 96
um and a wavelength of 435 nm. The efficiency factors of inlerest (¢ Lhis discussion are
the absorption efficiency factor {2 and the package effect parameter {2 Figure 4 1E
demonstrates Lthe considerable differcace in packaging between the inner and outer
chicroplast models — the inner model has O values approximately up te 40 % lower
{meaning that the absorption packaging is approximately 40 % higher). In comparison,
the packaging of the homogeneous and outer laver model differ by a maximum of 10 %,
Figure 4, 1C reveals thal it 15 the difterence in (), values that is the predominant causc of
thesc packaging differences, The itner chloroplast modcl has considerably fower
absorption cfficiency factors, particularly so at higher sizes where il tends Lloward a lower
limiting value that the theoretical maximum of onc [Morcl & Bricaud 1986]. The two
means of calculaling the package effect for a two-layered geometry (Equations 4.19 and
4.20) produced equivalent results, indicating that newly derived Equation 4,19 is an

appropriate formulation.
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Figure 4.1 Optical cfficiency factors and backseattering probability against Mic size
parameter o for two-lavered and homogenous spheres. Two-layered spheres in both mner
{dashed line) and outer (solid line} chloroplast configurations have relractive indices of
Menie=1.14 — 0.02¢ and m,,,,=1.02 — 0.0005¢/. Homogenous spheres {dots) have a
refractive index of mey—1 044 - 0,0044;, calculated as volume equivalent to the two-
layered geometry using (iHadstone-Dale equivalence. Relative chloroplast volume is set

to 20%. Note the log scales for the two backscaitering related graphs.
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The outer chleroplast model appears to be a more appropriate chaice for general
application for several reasons. It can be assumed, from a general phycological cost-
benelit perspective, that an algal cell will benefit from mimmising absorption packaging
[Raven [984]. Direct measurements of absorption packaging indicate that packaging

tends to be lower than predicted by theary, i.e. (] is closer to one [Geider & Osborne
1987, Oshorne & Geider 1989]. Given both these factors, it would thus seem reasonable
to adept a model geometry that minimises packaging — the outer chloroplast model
Previous studies have also suguested that a high refractive index penpheral layer is
beneficial to a cell in terms of hight trapping [Latimer 1984, Geider & Osbome 1987,
Zaneveld & Kitchen 1995]. In addition, the inner chloroplast medel typically yields (3,
values smaller than ~0.5, except for very large cell sizes of >30 ym diameter. Reported
expenmental ¢}, values considerably larger than 0.5 are not uncommon [lturriaga &
Sigel 1989, Ahn er af. 1992, Stephens 1995), and the inability of the inner chloroplast

model to simulate large O, values at typical algal diameters of <30 pm diameter

indicates that this geometry may be less suitable.

A further reason for adopting an outer chloroplast model geometry lies in the restrictions
ol 4 two-layered geometry — this precludes the specific assignation of a high refractive
index external membrane or coating, structures shown to have considerable impact on
backscattering [Meyer 1979, Bricaud ef ¢f, 1992, Zaneveld & Kitchen 1995]. Table 4.2
indicates similar real refractive mdex values of —1.12-1,14 for chloroplasts and the
various forms of external membrane or coating material (excluding the calcite coatings of
coceolithophores which must be considerzd a special case). The intracetlular refractive
index gradient of the outer laver model will therefore be most similar to a hypothetical
three layered model with an explicit peripheral membrane layer, Tn effect, the three
layered model would simply have a thin peripheral layer outside the central chinroplast
layer, of similar real refractive index and zero imaginary refractive index [Zaneveld &
Kitchen 1995]. Differences in the scattering behaviour ol the outer chioroplast two layer
model and a hypothetical three layer model can reasonably be expected to be small,

particularly in comparison to an inner chloroplast two layer model.
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Examination ol transimttance elcctron micrographs [rom morphometrical studics confirm
that, for a wide variety of species, chloroplasts arc located peripherally. These include a
range of Diatom species [Hoops & Flovd 1979, Sicko-Goad & Stocrmer 1979, Hitcheock
1982, Rosen & Lowe 1984, Janssen ef ol 2001], Dinoflagellates with single [Highfill &
Pticster 1992, Jenks & Gibhs 2000 | and many radial chloroplasts [Messer & Ben-Shaul
1972, Dodge & Crawford 1969, Spector & Tricmer 1979], Pelagophytes | Gastrich ef al
1998, Pilcher ef af. 1999], Chtorophytes [Rosen ¢f af 1986], Bustiumophytes | Fisher et
af 1998), and Cryplophyles [Thinh 1983], There would thus scem cvidence based on
several forms of reasoning, and from a wide variely ol sources, suggesting that an outer

chloroplast geometry should be adopted for the remainder of this study.
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4.4 Comparative Geometry and Causal Variability

Figure 4. 1A and 4. 1B show the typical oscillating behaviour with changing ¢ of the
atienualion and scattering cfficiency factors [Van de Hulst 1957, Morel & Bricaud 1986].
Similar behaviour was noted by Aas [[984), and it can be scen that the outer layer model
causcs greater amplitude osciliations in both £2. and (), whilst tending to the same
approximately constant values of (=2 and (J;=1 at large sizes [Morel & Bricaud 1986],
The behaviour of the {2, values in Figure 4, 1C have been discussed above — the behaviour
displayed is again consistent with previous results [Morel & Bricaud 198 1], in that the
homogeneous and outer layer model produce similar resulls [ Aas 1984]. The largest

differences arising from heterogeneity can be scen in the enhanced backscattering
efficicncy (s (Fig. 4.1D) and backscattering probability A, (Fig. 4.1F) values associated

with the outer Tayver model. The (ys values of the outer layer model are between 5 and 25
times higher ihan the homogeneous model, converging to an approximately constani
valuc at high sizes of (J5= 0.0025 — 9 times higher than the homogencous modcl,
Reoughly the same comparisons hold for the backscattering probability factor values, It
can be scen in both cases (Fig, 41D and 4.1F) that the somewhat chaotic structure in the
backscattering vs size relationships |Morel & Bricaud 1986] is also appreciably ditferent

for the contrasting model geometrics.

The cffects of varying chloroplast size can be scen with regard to different means of
comparison: heterogenecus cells of varying volume equivalence relalive 1o homogeneous
cells with a constant refractive index (Fig. 4.2), and homogeneous cells of varying
volume equivalence relative to heterogeneous cells of constant M., and m... {Fig, 4.3),
Changes in chloroplasi size whilst maintaining volume equivalence have only small
cffccts on attenuation, scattering, absorption and the package cffect parameter {Figurces
42A t042C, and 4.2 E). However, more marked dilferences are observed if chioropiast
size 15 adjusted without maintaining volume equivalence {Figures 4.3A to 4.3C, and 4.3
E)- not a surprising result as the bulk refractive indices of the cells will thus have
changed considcrably. The oscillation patterns in £ (Fig. 4.3A) and (U, (Fig. 4.3B) show

considerable difference in magnitude and peak position. Absorption is also affected, in
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that the largest chleroplast cell displays {J, values (Fig 4.3C) and packaging (Fig. 4 3E}
up to 50 % greater, concomitant with the increased bulk imaginary refractive index. 1t
would thus appear that bulk refraciive index changes are of much greater sigmticance
than morphelogical changes as concerns attenuation, total scattening and absorption
parameters, These observations are consistent with the successful use of homogeneous
Mie models Lo describe such paramelers in the pasl [e.g. Bricaud & Morel 1986, Bricaud
et al. 1988].

The converse appears to be true with regard to backscattenng parameters from
heierogeneous cells. Backscaliering efficiency and probability factors of the
heterogeneous volume equivalent cells (Ilg. 4 2D and Fig 4 2I°) show considerable

variability with changing chloroplast size and refractive index Values of heterogeneous
(I and ﬁ, range from approximately 2 to 35 times higher than homogeneous values,

with considerable dependence on o; somewhat chaotic at =400 and approximately
constant thereatter, The approximately constant (s, values at mgh sizes (o400} can be
used as a convenient comparison: these are 0.004 (1=15 %, na,=1.18), 0.0025 (Fv=20
%, Menr=1.14), 0.0014 (=30 %, m4.,=1.10), and 0.00028 (homogeneous, #—1,044), Tn
comparisen, the heterogeneous cells with constant refractive indices (Figures 4.3 D and

4 3F} show markedly less relative variation in backscattering — whilst there are some
differences in the oscilation patterns, the (s values at =400 are approximately constant
at 0.0025, Tt 1s interesting to note that the equivalent homogeneous cells with varying
bulk refractive indices show significantly more variation, with the highest real refractive
index cells displaying the highest backscattering values (Fig. 4.3D) These comparisons
reveal not only that heterogeneous cells backscatter considerably more than their
homogeneous eguivalents, but behave in very different ways in response to refractive
index changes, It would appear that the real refractive index of the outer chioroplast layer
(or any peripheral layer} could be considered the single most impertant imtracellular
causal variable for backscattering; certainly more important than the relative size of the
peripheral layer. Such conclusions are at least partially supported by previous

heterogeneous modelling studies [Meyer 1979, Bricaud 1992, Zaneveld & Kitchen 1995].

34



0 200 400 600 800 1000

G T 'T-_CE—:—J.. o
L3 e e "1+ Homogenaous 3
; L — v=15% 10" |
_— 2 I ) — vWe=20% =
Q0.5 - i H — 1=30% 8
' : | 2
! B 5
0 : : : AR TSN 20 : H . .
0 200 400 &00 800 1000 0 200 400 600 BOOD 1000
o o

Figure 4.2 Optical efficiency factors and backscattering probability against Mie size
parameter c for homogeneous spheres and hetercgeneous spheres of varying relative
chloroplast volume Fv and volume equivalent refractive indices. Relative chloroplast
valumes are set to 15% (blue), 20% (green} and 30% (red). Homogenous spheres (dots)
have a refractive index of my=1 044 - 0.0044i, Two-layered spheres {lines) with an outer
chloroplast configuration have volume equivalent refractlive indices of mg,,,—1.02
0.00057 and Mgum—1.18 — 0.0265i (=15 %), muy.=1.14 — 0.0204 (F»=20 %) and
Mui=1.10 — 0.01357 (J—30 %).
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Figure 4.3 Optical etficiency factors and backscattering probability agamst Mie size
parameter ot {or homogeneous spheres and heterogeneous spheres ol varying relalive
chtoroplast volume Fv and constant refractive index, Two-lavered spheres (hines) with an
outer chloroplast contiguration have refractive indices of #tap=1.14 — 0.02/ and
My=1.02 — 000057, Relative chloroplast volumes are set to 15% {blue), 20% (grecn)
and 30% (red). Homogenous spheres (dots) have volume equivalent refractive indices of
m=1.032 - 0.0024, a,=1.044 - 0.0044/ and my, =1.056 - 00063/ respectively. Note the

log scales for the two backscattering related graphs.
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The effects of variations salely in the imaginative refractive index are shown in Figure
4.4, where the value of #t 0 15 varied from 0.001 1o 0.04. Resultant vaniations for ().
(Fig. 4.4A) and (J; (Fig. 4 4B) are consisient with the dala of Morel & Bricaud [1986] —
increases in the imaginary refractive index, responsible for absorption, result in damping
of the typical oscillation patterns in these variables. Damping effecls are abserved for
both homogeneous and heterogeneous geometries, although they appear more
pronounced for the latter — perhaps due 1o the hisher # 4 values relative to the
homogeneous volume equivalent i’y values, Geometry related effects on absorption (lig.
4.4C) and the package effect parameter (Fig, 4 4E) are not pronounced for volume
gquivalent cells with a maximum difference of ~ 12 %. Again, ihe general increase in (J;

and decrease in (J, with increasing # ., are consistent with previous observations

[Morel & Bricaud 1981, 1986].

Backscattening parameters for heterogeneous geometries appear to be affected in similar
ways Lo 1onal scattering — o related oscillations are more heavily dampened with
increasing # .., and become approximately constant at high o ((J,;=0.0025 to 0.0027).
Homogeneous backscallering with increasing a displays a different struclure; &
pronounced backscattering maxima at o200 to 300, which disappears with increasing

1 values — a phenomenon that has been observed previously [Morel & Bricaud 1986].
Of particular importance are the considerably elevated backscatiering values at very low
imaginary refractive index values; the potential effects of this will be discussed laler with

regard to speciral backscattering characleristics.
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Tigure 4 4 Optical cfficicney factors and backscattering probability against Mie size
parameter ¢ for two-layered spheres with varying imaginary part of Lhe chloroplast
refractive index. Two-layered spheres (lines) with an outer chloroplast confipuration have
refractive indices of Meye,=1.02 — 0,.0005/ | r=1.14, and. # s values of 0.001 (blue),
0,02 {green) and 0,04 {red), Homogecneous spheres {dots) have volume equivalent
refractive indices of pr; =1 044 - 000065, pm=1.044 - 000445, and »r,—1.044 - 0, 0084/
respeciively. Relative chloroplast volume is sel to 20%. Note the log scales (or the lwo

backscattering related graphs.
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The effects of variations in polydispersity can be seen in Figure 4.5, displaying data for
single sizes and Standard distributions |Hansen & Travis 1974, Chapter 2} of differing
effective variance (or width). The (). (Fig 4.5A) and J;, {I'ip. 4 5B) data are consistent
with the finding of Morel & Bricaud | 1986| - increased polydispersion results in greater
damping of the oscillation paiterns in these variables, leaving only the first oscillation
peak at a==60 still prominent. Absorption would appear to be affected primanly by the
inclusion of smaller sizes as polydispersion increases, with O, values at vy —0.6 up to 15
% lower than the monodispersed values (Fig, 4.5C) — package effect parameter values are
consistent with this {Fig. 4 5E}. Geometry related vanability remains small, with
maximal 10 % differences between homogeneous and heterogeneous absorplion. The

effects on polydispersity on backscattering arve consistent with previous studies [Morel &
Bricaud 1986] — the finer scale chaotic behaviour in both (s (Fig. 4.5D) and 5, (Fig
4.5F) are smoothed. [ncreased polydispersity leads to shightly higher backscatiering
values at large sizes due to the greater inclusion of smaller particles in the size
distribution. It can also be seen that very low imaginary refractive index values lead to

profound changes in selected optical properties - these will be discussed later with regard

to the spectral nature of mudelled inherent optical properties.
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Figure 4.5 Optical efficiency factors and backscattering probability against Mie size
parameter o for size distributions of two-lavered spheres with varving polydispersity,
Two-layered spheres ({ines} with an outer chloroplast contiguration have refractive
indices of m,,=1.02 — 0.0005/ | and m.51..=1.14 - 0.027. llomogenous spheres {dots) have
volume equivalent refractive indices of p2,=1.044 - 0.0044i Relative chloroplast volume
15 set to 20%. Data are shown for a single size (blue), a narrow Standard size distribution
wilh v.7=02, and a wide Standard size distrtbution with v,z =06 Note the log scales for
the two backscattering related graphs, and the o scale of | to 800, The green dashed lined
represents a Standard size distribution of 1wo-layered spheres with vor =02, m.5,=1.02 —

1077 _ and g =1.14— 1077, and demonstrates the effects of low imaginary refractive
index in both chloroplast and cytoplasm.
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4.5 Comparative Geometry and Spectral Inherent Optical Properties

4.5.1 Determination of Refractive Indices for Algal Populations

Maodelling the full spectral inherent optical properties of an algal population requires the
derivation of the refractive index spectra; either muf'4) [or homogeneous cells, or Mgl A)
and m.,.f 4} for two-layered cells. Measurements of phytoplankion absorption and size
distnbutions allow the calculation of cxperimental absorption efficiency factors using
Lquation 4.13 [Bncaud & Morel 1956, Stramski ef @f. 1988] I'rom these data the
imaginary rcfractive index, and the spectral shape of the real refractive index, can be
doetermined (as discussed previously} for both homopencous cells and the lavers of
heterogeneous cells. The real refractive index spectra s(A), of either the homogeneous
cell or its constituent layers, can then be calculated using Equation 4.14, through the

selection of appropriate ! - values.

1t is possible to make dircct determinations of /—€ values for homogencous cells through
the ADA — this would require additional use of attenuation or scattering data, not
available to this study [Bricaud & Morel 1986, Stramksi ef el 1988]. Even if such data
werc available, it would be extremely difficult to determine real and imaginary reftactive
index spectra for both chloroplast and ¢ytoplasm from optical and size measurements,
The ADA, allowing the decoupling of the rcal and imaginary refractive index, is typically
uscd for such purposes as an iterative inverse efficicncy factor model for homogencous
cells [ibid. |. Whilst an ADDA formulation is availablc for a two-layered geometry
[Quirantes & Bernard 2004], it is unlikely to satisly the original ADA assumption that the
real refractive index 1s small {m-1=<1) [Van de Hulst 1957], given the high ¢hloroplast
refractive indices suggested by L'able 4.2 T'wo-laycred application of the iterative
modelling approach to refractive index determination of Stramski [ 1988] would thus
require invocation of the full Aden-Kerker formulac, dealing with the four unknowns of
real and imaginary refractive index for both layers. Such a model was constructed and
applied to sample data from Bricaud ef af. [1988] The results (not presented here)
indicate that multiple solutions abound even with very closc matches for absorption and

attcnuation data, 1.e. & prior assumptions concerning the spectral refractive indices of
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lavers must be made to return feasible model solutions. The dependence of the study
upon { ¢ g values gleaned from the hterature, most specifically for simulated chloroplasts,

15 thus not inappropriate,

Preliminary two-layered modelling eftorts also indicated the need for assumed refractive
index values of the cvtoplasm. Based on the intracellular optical efficiency measurements
of Stephens [1995], the typical cxponential spectral shape of organic detrital particles
[ltturiaga & Siegel 1989|, and trnal modellimg runs, the imaginary refractive index for
cvtoplasm was chosen to be:

', (Ay=',, (400)exp[-0.01(1 — 400)] (4.22)

]
where 1 7.,(400)=0 0005 Real refractive index spectra for the cytoplasm #.,,,( 4) were
then generated with a Hilbert transform under Matlab R13 (The MathWorks), and
Equation 4. 14 with 1+g=1.02.

(Given such considerations, refractive index spectra for sample natural algal populations
have therefore been determined in three different ways. T'o generate nitial values for
homogeneons cells, # ', Ay spectra were calculated using the ADA (Equation 4.15)
[Stramski ¢f al. 1988]. Using the # ,.(4) values of Equation 4.22, volume equivalent

1 suod A) values were determined using the Gladstone-Dale formulation given by:

o (A) =" ()= ', (DY VI(1=v) (4.23)
where v is the chloroplast volume, Real refractive index spectra for the chloroplast
Honiol A} were then simnlarly generated with a Hilbert transform, and Equation 4.14 with

assumed 1+& values as discussed below

in addition to the volume equivalent generation of # . {A). a further method based on

direct apphcation of the Aden-Kerker formulae was emploved, designed te provide
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greater accuracy of refraclive index determination, Using the volume cquivalent i,
and Mg, values just described as inibal input, a non-linear solution of Equation 4.11 was
implemented, cmploying a simplex routine [Nelder & Mead 1965] and the Toon &
Ackerman [1981] code. Selving for experimental {J, values with measured size
distmbutions, the model was allowed several passes through the entire wavelength range
to yield # onad A) and #oa.(A) values consistent with Aden-Kerker theory and the

Kramers-Kromy relations, with m.,..{A) held constant,

Sample absorption and size distribution data from natural algal assemblages in the
southern Benguela are used as input to the refractive index models (Appendix 11}. Briefly,
particulate and detrital absorption data were measured with the quantitative tilier pad
technigque [Yentsch 1962, Roesler 1998, Kishino ef af. 1985] using a Shimadzu 1/V-2501
spectrophotometer equipped with an TSR-2200 internal integrating sphere. Phytoplankton
absorption gy (4) data were then obtained by subtraction of detrital absorption a,; {A)fiom
total particulate absorption a, (A). Particle size measurements were made using a 128
channel Coulter Multizizer [1 wilh a 140 pum aperture in manometier mode, using freshly
preparcd (.2 um filtered seawater as both blank and elecirolyte. Numerical iechniques
[Chapter 2] were employed to fractionate measured size distributions into algal and non-
alyal compaonents, and extend both lower and upper ranges of measured size disinbutions
1 maich absorption measurements. Pigments were analysed using High Performance
Liguid Chromaiography (HPLC) using ihe methods of [Barlow e ol 1997] Detailed

methods for all measurements are presented in Chapter 2.

Four assemblages types common to upwelling svstems [Hutchings ef af. 1994] were
chosen for detailed anzlysis. These are: an ottshore assemblage dommated by small
Chlorophytes and Prymnestophvtes {flagellate, d,=4 32 pm, Chl a=0.59 mg m” e—~L.5
kg m™), a diatom dominated asscmblage (diarom, d.—8 3 um, Chl e—6.1 mg m~, ¢=2.3
ke m™"), an assemblage dominated by the dinoflagellates Alexandrium carenella and
Ceratium spp. {dimoflagellate, d=26 pm, Chl =126 mg m”, c=4.0 ke m™), and a
mixed assemblage of diatoms and the Cryplophyte endosymbiont containing ciliate

Mesodinum rubrwm (cryptophyte, d,~14 um, Chl a=195 mg m™, ¢=3.1 kg m™).
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Dominant accessory pigments for these samples are: chiorophyli c-chlorophyll b-
fucoanthin derivatives {flageffate), chlorophyll e-fucoxanthin-chadinoxanthin (dfatom),

chlorophyll ¢ peridinin-dradinoxantmn (diaoflageliaie), and chiorophyl! ¢ - alloxanthin
{cryplophyie),

The measured and derived refractive index dala for the four example assemblages are
shown in Figure 4.6. Measured Chl @-specific phytoplankton absorption (Fig. 4.60A) show
the effects of size related packaging, most obvious when comparing the flagelfate and
dinoffagelate samples, domimated by small and large cells respectively, The etfects of
differences in accessory pigment ecomplements can also be seen, most prominently in the
phycocrythrin affected cryprophyre sample [Gustafson 2000}, Chl a-nermalised volume
size distributions show the typically highly polydispersed nature of natural algal
assemblages, even in high biomass bloom situations, particularly so for the cryiophyie
sample, which is composed of small celled diatoms and the large celled Mesodinfum

rihrum.

Madelled absorption efficiency factor data used for the direct two-layered refractive
mndex determinations show a very elose match (Fig. 4.6C) to experimental determined ¢J,
values, indicating the successlul simulation of the helerogeneous model 1t should be
noted that the two-layered refractive index modet ulilising the Aden-Kerker code was
unable to produce appropnately smooth # - values when using the default ¥y value of
20 % for the large celled dinaflageflate and crytopinie samples. Appropriately shaped

H chioe Spectra (i1.c. those without significant spikes) were only obtained when minimal Fy
values of 30 % were adopted for these two samples. It would appear that this is duc to the
high expermmental (7, values for these samples (Fig, 4.6C), and the refatively ligher (),
valucs theoretically possible when higher #v values are adopted (Figures 4.2C and 4.3C).
Relatively high {}, values are associated with high values of cither of the two variables
causal to absarption — cell diameter &, or intracellular Chl @ concentration ¢; [Morel &
Bricaud 1981, Bricaud ef af. 1988 Ahn et & 1992]. Consistent with Lhis, the two
samples requiring larger Vv values of 30 % (dinoflageilate and crytophyte) display higher

dgand ¢, values than the two samples that can be modclied with Py values of 20 %
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(flagetlate and diatom). Further comment on the relationship between chioroplast size
and absorption in the context of general algal morphometrics and physiology 1s
considered bevond the scope of this study. T'e facilitate comparisen between assemblages
the real refractive indices of the two samples with forced Vv values of 30 % were
adjusted to maintain a constant homogeneous volume equivalent 1+€ of 1.044 — s,
values for the dinoflageliate and crytophyte samples thus use 1+8=1.10 as opposed to

1+g—1.14 for flageliate and diatom samples

A final comment of the refractive index determinations can be made with regard to the
use of volume equivalent determunations, Figure 4.6E displays the # . values
calculated both from volume equivalence with homogeneous s , values, and those
determined directlv using Aden-Kerker theory, In the majority of cases the agreement
between the two methods 1s good, with under 10 % difference. The exceptions are at the
Sorel peak of the erytophyie and dinoflagelfiie samples, where dilferences o' 15 % and
~25 % are ohserved. It should be remembered that the # 5 are calculated with the ADA,
knowr to give errors of ~ 10% in comparison to Mie theory [Latimer 1984, Geider &
Osborne 1987], and some discrepancies can therefore be expected between ADA and
Aden-Kerker derived values. The general agreement between volume equivalent denived
imaginary refractive index values and those derived from exact theory are consistent with
previous discussion indicating the effects of cell heterogeneily are refatively stmall on
absorption, It would thus seem reasonable to employ the more easily derived volume
equivalent refractive index values for general cases, perhaps excepting very highly

packaged cells such as the dinoflagefiate sample.
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Figure 4 &, Optical and size data for four sample algal assemblages. A} Chl a-specific
phytoplanton absorption, B)Y Chl a specitic cellular volume distributions. C} experimental
(line) and 1wo layer mode! values (1) for abserption efficiency factors, T} imaginary
refractive indices for homogeneous cells #'y (1) and for cellular cyloplasm # .;..{A) (black
ling), E} imaginary refractive indices for chloroplasia # A 4), determined with the
inverse Aden-Kerker model! (solid line) and from homogeneous values with volume
equivalence {dashed lines), F) real refractive indices for chloroplasts #.u.{4} (solid

lines}, and volume equivalent homogeneous cells {dashed {ines). Note that larger ¥V
values of 30 % were required for successlul two-layered (3, simulation for the two

assemblages dominated by larger cells; the dinoflagellate and crvptophyte samples.
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Based on the Aden-Kerker derived refractive index spectra and measured algal size
distributions for the four sample assemblages, the same code was used to determine a
range of simulated efficiency factors and inherent optical properties for two-layered and

volume equivalent homogeneous geometries.

4.5.2 Modelled Opticat Efficiency Factors

Mean optical efficiency factors are detailed in Figure 4.7, Consistent with Figure 4.2, it
appears that geometry related differences in attequation, total scattering and absorption
are relatively small. Absorption appears to be least affected by geometry changes —
heterogeneous cells produce slightly lower absorption values with a maximum 10 %
difference and little change in spectral shape (Fig. 4.7C) Atrenuation differences are
slightly more pronounced (Fig 4 7A) with changes in spectral shape with geometry most
noticeable for large cell assemblages — the two-layered geometry (2. values appear to
display greater spectral variability than their homogeneous coutterparts. Maximum
differences for {J. values occur at red wavelengths and are ~ 15 % - in all cases apart
from the far red values for the dinoffageflate sample, the two-layered values are higher.
Of the three non-angular efficiency factors, geometry related differences in scattering are
most pronounced (Figures 4. 7B and 4 7E) — twe-layvered {J: values are ~ 15 % higher in
most cases, with the most pronounced spectral differences observed for the dinoflagellate
sample. In all cases the magnitude and spectral shape of the (2. (%, and ¢, spectra
displayed in Fagure 4,7 are consistent with analogous published experimental data for
algal cultures [Bricaud ef o, 1988, Ahn ef /. 1992].
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Figure 4.7 Optical elliciency factors for the four sample algal assemblages. Legend

colours are as for the previous figure, for data from the two-layered geometry (lines) and

homogeneous geometry {dots). A) attenuation elficiency factors (J., B) scattenng

efficiency factors (), C) absorption efficiency factors (), D} backscattering efficiency

tactors Oy, E) ratio of () for two-layered and homogeneous gemoetnes, F) ratio of Oy

for two-layered and homogeneous gemoetnes. Homogeneous reltactive indices are

caleulated from volume equivalence 1o the two-layered data to facilitate comparison,
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The geometry related effects for attenuation, scattering and absorption are very small in
comparisen to those observed lor backseattenng, Two-layered backscattering values
range [rom 500 % to ~2500 % higher than equivalent homogeneous values, with
congiderable differences in spectral shape (Figures 4. 7D and 4. 7F). T'wo-layered O,
values range from ~0.002 to ~ 0.026, in comparison to homogeneous Oy values ol
~{.0002 to 0.0014. The two-layered (Ji, values compare well with measured (), values
for a range of algal cultures of ~0.003 10 ~0.039 [Vaillancourt ef &/ 2004], indicating that
the large increases in backscattering associated with heterogeneity are appropriate. The
back scattering spectra display considerable variabslity with wavelength, with consistent
depressions located at very slightly shorter wavelengths than the Soret and red Chl a
absorption peaks - such features are consistent with the effects of anomalous dispersion

[Van de Lllulst 1957, Bricaud ef gl 1983 Zaneveld & Kitchen 1993].

Further assemblage-specific anomalous dispersion effects can be seen in the depressions
at -~ 495 nm and ~350 nm in the crypiophyvite sample, which correspond with the
unusyally distingt absorption bands at these wavelengths for this assemblage, All algal
backscattering spectra display their highest values at red wavelengths, with broad
secondary maxima at ~ 600 nm - the region where algae typically display absorption
minima (e 2. Fig. 4 7C). These anomalous dispersion effects are not always seen in
measured (Jy» values for algal cultures |Vaillancourt ez af. 2004] - the reasons for this
would appear to lie in the assumptions made in backscattering derivations from specific

Instrument systems,

The varying magnitude of the O spectra (Fig. 4.7D) are consistent with both the size
effects (4.5D) and the real refractive index effects (Fig. 4.2D) discussed previously — the
two small celled samples with central values of mu.—1.14 {fagellate and diatom) display
backscattering efficiencies 2 to 3 times higher than larger celled samples with central
values of g =110 (dinflagellate and crypiophyie). The decoupled effects of these

variables on heterogeneous backscattering will be discussed in more detal below,
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I'igure 4.8 Chl g-specific inherent optical properties, package effect parameter and
backscattering probability data for the four sample algal assemblages. Legend colours are
as for the previous figure, far data from the two-lavered gseometry (hnes) and

homogeneous geometry {dots}. A) Chl a-specific attenuation coefficient ¢, (4}, B) Chl a-
specific scattering coefficient e‘:'; (4}, C) Chl a-specific absarption caefficient « (4}, D)

Chl a-specific backscatiering coelficient 4, (1), E} package effect parameter 0. (4), F)

Algal backscattering probabilily factor J%F (4}, Homogeneous refractive indices are

calculated from volume equivalence to the two-layered data to facilitate companson.
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4.5.3 Modelled Inherent Optical Properties

Chl a-specific inherent optical properties and package effect parameter data for the four
example assemblages can be seen in Figure 4 8. The magnitude and spectral shape of the
attenualion (Fig. 4.8A) and scatlering {Fig. 4 8B) values are again consistent with
previously published values for algal cultures |Bricaud ef af. 1988, Ahn efaf 1992].
Geometry related differences for attenuation, scattering absorption and backscattering are
equivalent to those discussed above with regard to efficiency factors. Adopling a two-
layered geometry results in slightly greater packaging (Fig.4.8E) for all samples with
maximum differences of - 10 %% - the dinoflagellate sample is the most affected, as might

be expected considenng the relatively high o+ and ¢, values of this assemblage.

Chl g-specific backscattering values for the two-layered geometry range from ~2 0x 107
to ~1x10% m? mg" at 550 nm, as compared to homogeneous values ~13x107 to ~2x107
m* mg™ at the same wavelength. These can be be compared to measured ranges of
~1.0x107 10 ~2x 107 m * mg™" at 550 nm | Ahn ef af. 1992], the mean value of 9x 10 m 2
mg ™ at 510 nm [Vaillancourt ef gf. 20047, and a measured valued for Trichodesmium spp.
of 2.0x107 m? mg' at 550 nm [Subramaniam ef af 1999], With the caveat that such
coarse range comparisons are uselul only to lirst order, and there are observed
discrepancies with the data of Ahn ef af | 1992], the comparable values of the higher two-
layered values generated herc and the experimental values indicates appropriate inpul and

structure with regard to the heterogeneous model.

Modelled backscattering probability data (Fig. 4. 8F) show equivalent geometry related
differences to those discussed with regard to ligure 4 7. Backscattering probability
values range from ~0.2 % to ~1 % for the two-layered geometry, as compared to ~0.02 %
oy ~0.08 %% for homogeneous particles. Such values can be compared to values
determined experimentally of ~0.01 to~0.4 % | Bricaud ef af. 1983, Ahn et af. 1992],
those determined through combined experiment and radiative transfer modelling of ~0.2
%o ta ~1.5 % [Stramski & Piskozub 2003], and those predicted by Mic theory of a
maximum of ~0 2 % [Bricaud et of. 1983, Morel & Bricaud 1986, Morel 1988 |. Whilst

the homogeneous b, values generated here compare well with previous theoretical value
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ranges [#hied |, the comparisons with published data are somewhat equivocal,
Nevertheless, the 5, data shown here indicate that adopiing a viable heterogeneous
geometry produces considerably higher backscattering probabilitics than homogencous
equivalents, and the obscrved b, range of up to 1 % is consistent with experimental

obscrvation [Stramski & Piskozub 2003].

4.5.4 Size and Assemblage Dependent Inherent Optical Properties

The asscmblage-spectific refractive index spectra and morphometnic data can be used, in
combination with the Standard size disiributions cutlined 1n Chapter 2. to calculate the
optical properties of hypothetical polydispersed algal populations. This gives the ability
to assess the optical effects of vanability 1n key intracellular paramcters: the imaginary
and rcal refractive indices, and chloroplast morphaology, In addition, such an approach
also allows a greater understanding of the eflects of changing meun assemblage size, as
given by the effective diameter, Whilst such rclationships are well understood as regards
algal absarpilion, they are poorly understood with regard to algal backscattering,
particuiarly so from the perspective of a heterogeneous geometry, An improved
understanding of how backscaltering varies with both assemblage type and s17e 15

extremely important to 1LAB related bio-optical obscrvalions and inversion lechnigues.

A Chl a-specific size distribution for a hypothetical algal population can be calculated
based on three variables: the effective diameter d.4, the cffcctive variance vrand the
intracellular Chl & concentration ¢, . A Standard size distribution #fed) for a runge of

particle sizes mven by diamecter o 18 ¢xpressed as |Hansen & Travis 1974

d [0 Twgrlivged i d d.,_r
F{d]_ASF[Ej CXPI_[Q J/(?r uw.ﬂ (4,25}

where A5 can be treated as an arbitrary scaling parameter at this siage. The total relative

particle volume ¥ of this disiribution can then be calculated with:
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F= % [Fed dd) (4.26)

and the iitial distnbution Fed) scaled to Chl a-specific £*d) with:

ﬁ'*{d):@ (4.27)

x
*

i

The #*d} values can then be used with the Aden—Kerker derived refractive indices
discussed m Section 4.5, 1, with the additional use of Equation 4 .21 to ensure thal Lthe
chloroplast refractive index data are consistent with the ¢, value employed. With this
approach [OPs have been generated lor hypothetical dialom and dinoflagellate
populalions with d.g varying from 2 pm to 64 pm. Refractive index spectira from the
diatom and dinoflageflate example assemblages analysed previously have been used, in
combination with the measured ¢, values for these assemblages of 2.3 ke m™ and 4.0 kg
m™ respectively, Dhatom simuiations employed Fy =20 % and m.,=1.14 values, whiist
dinoflagellate simulations emploved Fv =30 % and #.4:..=1.10 values, as deduced for the

original example assemblages. Cytoplasm refractive index are as used previously.

1t must be appreciated that the use of constant refractive index and morphological data
across a wide range of algal sizes 15 a first approximatation. In reality, size and
assemblage related vanability will be considerably more compiex, due to issues such as
the non-scalability of certain intracellular membranes [Raven 1986], photoadaplive,
taxon, and trophic state induced morphological variability (Table 4.1), and ¢; and
resultant real and imaginary refractive index variability [Bricaud ef of 1988], amongsi
others. The use ol a smgle chloroplast refractive index spectra as representative of a
group such as the dinoflageliates across a wide range of cell sizes is also very much a
simplification, as the relative concentration and occurrence of accessery pigments will
abviously vary considerably in nature. In addition the real refraciive index of the
chloroplast, kept at a constant central value for each assemblage across the size range, is
likely to show variability [Bricaud ¢# al. 1988, Ahn et al. 1992]. Nevertheless, as a

113



preliminary means of enhancing understanding of the optical variability of algal
populations, the approach 1s of considerable use. Diatoms and dinoflagellates are chosen
as examples due 1o the occurrence of these algal groups across a wide range of sizes

| Table 4.1, Bricaud ef ol 1988, Ahn et af 1992] It should be realized that the refraciive
index spectra employed for these groups are representative of the measured accessory
pigment suite - the dinoflagellates are thus considered representative only of those

spectes containing peridinin dominated pigment protein complexcs.

Figure 4.9 details the Chl ¢-specific inherent opiical propertics of simulated diatom
dominaicd populations of effective diameters from 2 um to 64 um, The changing shape

of the attenuation coefficient ¢;(4) with size (Fig, 4.9A) is of considerable interest: it has

been used previcusly for refractive index determinations |Bricaud & Morel 1986,
Twardowski ef . 2001], and to establish cstimates of particle size distribulion
parameiers | Boss ef af 2001, Roesler & Boss 2003], Three broad types of spectral shape
in ¢, (1) can be distinguished (Fig, 4 9A); 1) decreasing ¢,{4) with A {or small ccll sizes
(d;=2 and 4 pm), 2) increasing ¢ (4) with A for intermediate cell sizes (78 and 16
wim), and 3) approxunately constant c;{ﬁ,} for larger cell sizes (d,732 and 64 Lm)

[Bricaud ef gf. 1986]. Such observations are not cotirely consistent with studies
employing numerical relationships between the attenuation and Junge slopes to describe
the particle size distribution [Boss ef af. 2001, Twardowski ef af 2601 ], which cannot
display the sccond casc of spectral shape above. However, such studies have been
concerned with total particulate as opposed to the viable algal particulate [7bid |, and the
imconsistency is al least in part due to this, Otherwise the changing slope and magmtude

of the ¢,{4) speetra with size arc cntirely consistent with both measurement and theory

[Bricaud & Morel 1986, Bricaud ef o/ 1988]. Again gecometry related differences in the
attenuation spectra are small (< 15 %), and adopiton of a two-layered geometry does not
appear to impact upon the spectral shape considerations discussed above. Similar

considerations hold for the scattering #,(A) spectra (Fig. 4.9B), which are also consistent

int shape and magnitude with previous observations [ibid.].
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Figure 4.9 Chl a-specific inherent optical properties, package effect parameter and
backscatiering spectral shape data tor Standard size distnbutions of varying o.yand
constani v.7—0.2, based upon diatom refraciive index data, Effective diameter values

(pm) are given in the fegend for data from the two-layered geometry (lines) and

homogeneous geometry (dots). Figures arc A) Chl g-specific attenuation coefficient

¢.(4}), B) Chl a-specific scaftering coefficicnt 4,(4), C) Chl a-specific absorption

coefficient a,(4), D) Chl a-specilic backscatenng coellicient 4,,(2), E) package cffect

parameter (2, (4), 1) Algal backscattering coefYicient normalised to 550 nm,

Homogeneous refractive indices are calculated from volume egquivalence to the two-
layered data 1o facilitate comparison, with ¢; =2 3 kg m™ and 7=20%.
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The simulated diatom Chl a-specific absorption (Fig. 4.9C) and package effect parameter
(Fig. 4.9E) spectra display well known characteristics with regard 1o changing size —
higher absorplion and less packaging at smaller sizes [Kirk 1975, Morel & Bricaud 1981,

Ciotti ef ol 2002, Geometry related effects are not large and vary with size — for smat]
cells the heterogeneous geomelry produces higher @,(4) and ())(A) vaiues (i.e. lower
packaging) with a maximum difference of ~ 10 %. For large cells the situation is reversed
— the heterogeneous geometry produces lower «,(4) and ({2} values (ie higher

packaging) with a maximum difference of ~ 20 %s. These are consistent with the single
cell analyses of Figure 4.2, The geometry related differences [or small cells are also
consistent with Lhe observations of Geider & Osbome [1987], whe found experimentally
determined cellular packaging for a small dialom species to be lower than theoretical
predictions, and ascribed the differences at least in part to cellular heterogeneity, No
cemparable study with regard to large cells is known lo the author, Nevertheless, the
predicted absorption coefficients and package cffect parameters for the simulated
populations are consistent with observation [i4éd ], and reveal small but significant

differences arising from cellular heterogeneity.

Geometry related differences in the Chl a-specific backscattering coefficient ,,(4) (Fig.
4.9D) and backscattering probability 5::-;:- (4) (not shown)} are large, and simiiar to those

discussed for Figure 4.8. Heterogeneous populations produce &,,(4) and fr,,q._ {4) values

ranging from ~ 200 % Lo 3500 % hgher than their homogencous equivalents, with smaii
celled populations exhibiting the grealest differences. Backscattenng values are highest
for small sizes, as is expected with Chl g-specific 5:(550)=3 8x107 m * mg for the 2 pm
population and hy(550)-6x107 m * mg™ [or the 64 pum population. Small and
intermediate sized cell populations also display grealer absolute spectral variability in
their backscattering spectra, with spectral standard deviations ~ 5 te 10 times lgher than
those for larger cell populations. The normalised backscattering spectra (Fig. 4 9F)
provide furiher evidence that the shape of the backscattering coefficient is strongly size-

dependent, showing pronounced anomalous dispersion effects at all sizes other than the
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smallesi diameter population. In addition, the backscattering shape at larger sizes show a
proncunced broad maxirmum at red wavelengths — the effects of this phenomenon have
been ohserved in the pronounced red reflectance peak in high biomass bloom waters
[Carder & Steward 1985, Gower ef ¢f. 1990, Roesler & Boss 2003], Understanding the
phenomenon is thus exiremely important with regard 1o the application of bio-optical
and ocean colour techniques to harmfu! algal bloom monitoring, where the effects of

clevated ailgal backscattering at red wavelengths are likely to be most pronounced.

Figure 4 6F shows that the effect is not due to elevated real refraciive index values at
lhese wavelengths. The cause of the phenomena would appear rather to be partially due
to the imaginary refractive index, or rather the lack of it — the 72 'y, and 72 e, values at >
700 nm are extremely low (<11 0 }. Figure 4 4 shows that low imaginary refractive
indices, either for the chloroplast or the entire cell, result in elevated backscattering
values — this effect 15 considerably pronounced al very low values # ., values, e.g.
<Ix107 (data not shown). The reason why larger cells show elevated backscatiering
maxima al red wavelengths in comparison to smaller cells would appear to be due to o
related changes. Tigure 4 5D (green dashed line) shows that when considering the o vs
(s, relationstup for polydispersed cells with low imaginary refractive index there are
three distinci regions: a) wath o < ~ 70, (), increases sharply with o, 2) with « berween ~
70 and ~ 400, (), decreases sharply with ¢, and 3) with a. = ~ 400, (J, decreases slowly
with o, Wavelength induced changes in o across these zones, where (Js; changes rapdly,
will thus lead Lo prominent spectral (eaiures in the back seailering specira. 1t must also be
appreciated that small cells have narrower o ranges. a 4 um cell would have associated o
values ol ~42 and ~24 at 400 nm and 700 nm respectively, as compared toa 32 um cell
with analogous o values of ~335 and ~ 192, Large cells with low imaginary refractive
index values are thus more prone to rapid increases in (%, with increasing wavelengih
{decreasing a) elfectively the speciral range of the (Js; spectra > 700 nm falls within
the second region discussed above. This phenomenon, in combination with anomalous

dispersion elfecis resulting from the high # .55 values at the red Chl & peak, appear to
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produce the distinct backscaitering maximum at red wavelengths for large celled

assemblages.

T'here are implications to this phenomenon, with regard to both algal absorption and
backscattering. Residual measured absorption at long wavelengihs is olten eonsidered
due to scattenng, and can be corrected for using both estimates of scattering [Bricand &
Morel 1983] and a null point correction [Roesler 1998] — the technique adopted in this
study [Chapter 2], The absorption charactenstics of algae 1n the near infra-red ave still
open to debate, not least due to the methodological difficulties of measuring low
absorption values of scattering particles. Whilst some studies have concluded that algai
absorption in the red is small [Babin & Stramski 2002], others have measured residual
absorption at red wavelengths that cannot be accounted tor by scattering processes
[Bricaud et ¢l 1983, Osbome & Geider 1989]. Given the sensitivity of backscattering to
even small changes in the imaginary refractive index at these wavelengths, it would
appear thal correct measurement of algal absorption is of great importance to establishing

the nature of algal backscattering at red to infra red wavelengths.

l'igure 4,10 displays the Chl a-specific inherent optical properties of simulated
dinoflagellate populations of effective diameters from 2 um to 64 pm. The mput
parameters differ to those used in Figure 4.9 in that the dinofiagellate refractive index

spectra are used, ¢=4 kg m™ and v=30 %, The lower magnitudes of the ¢, (4) (Fig
4.104) and 5,(4) (Lig. 4.108) spectra, by comparisen to the diatom simulation (Fig.

4.9A), are due pnmarily to the eflects of the higher ¢; value of the dinoflagellate sample.
Whlst the differences between the analogons optical efficiency spectra are relatively
small, the Chl a-specific size distributions caleulated with Equations 4.25 te 4.27 are ~ 40
%% smaller in the dinoflagellate case. In the case of absorption (Fig 4.10C), the higher (J,;
values resulting from the increased ¢; values and larger chloroplast valume are more than

ollsct by the smaller size distributions to produce a;{i} values ranging from - 8 % to ~

40 % smaller than those of the diatom populations. Similar considerations hold for the

package effect — the dinoflagellate populations display - 8 % greater packaging for smali
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cells increasing Lo ~ 40 %o for the large celled assemblages. Simulated dinoflagellate
backscattering (Fig. 4 101) is --2 10 4 times lower than that for comresponding diatom
pepulations — this 15 primarily due to the mgher central real refractive index value of the
diatom population, The red backscattering maximum is noticeably more enhanced for the
dinoflagetlate populanions (Fig. 4. 10F), due 10 the lngher relarive assumed chloroplast
volume of Fv—30 %, leading to ({700} valoes -~ 50 % higher than Fv—20 % values.
(nven thai the pronounced red reflectance peaks that would resuli from this elevated long
wavelength backscattering are iypically associaled with very high biomass dinoflagellate
blooms [Carder & Steward 1985, Gower ef ¢ 1999, Roesler & Boss 2003] il is tempiing
lo imerpret these data as being typical of large celled dinoflagellates. [lowever, this
would be samewhat simplistic, particularly given that the data used here employ
somewhat generalised morpolegical values, and that the imamnary refractive index data
at red wavelengths are generated from absorption data measured 1n a spectral region with
low signal:noise ratios and employing a nulf point correciion, There 1s alsa considerable
complexity introduced in the transtation of algal spectral backscattering features into
reflectance data representative of the water body as a whote, Nevertheless the enhanced
red wavelength backscattening teatures seen here are consistent with observation and

worthy of closer investigation.
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Figure 4 10 Chl a-specilic inherent optical properties, package eflect parameter and
backscattering spectral shape data for Standard size distributions of varying effective
diameter, based upon dinoflagellate refractive index data. Lffective diamicter values
{umare given in the legend for data from the two-layered geometry (lines) and
homogeneous geometry (dots). A) Chl g-specific attenuation coefficient ¢, (1), B) Chl a-
specific scatlering coefficient 4,(4), C) Chl a-specific absorption coefficient a,(1), D)
Chl a-specific backscattenng coefficient b,{4), L) package cffect parameter Qﬁ‘(;?.)? F)
Alual backscattenng coefficient normalised to 530 nm. Llomagencous refractive indices
are calculated from volume equivalence 1o the lwo-layered data to facilitate companson,

with ¢; =4 ko m™ and Fy=30%.
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4.6 Preliminary Validation of the Two-Layered Geometry

Absolute validation of the two-layered model would require comparnison with futl angular
scallering measurements of cultured algal populations | Quinby Hunt ef al. 1989] - such
data are not available Lo this study. Currently commercially available backscattering
instrumentalion are in essence single- or multi-angle scattering meters, from which
volume backseattering coetficients are caleulaled based upon assymptions rooted m Mie
theory [Maffione & Dana 1997, Boss ef ol 2001 |. Validation with such instruments
wolld require measuremenis of cultured algae [ Vaillancourt ez af. 2004] — again, such
data are not available to this study. However even in such circumstances the use of these
instruments would provide uncertain validation, as the Mie theory upon which their
spectral backscattering derivations are based has been shown Lo be somewhat
inappropriate to the simulation ol algal angular scallering. An alternative to the use of
dedicated backscattering instruments is offered by the use of reflectance data; or more
accurately the often used reflectance approximation [Morel & Prieur 1977, Zaneveld
1995 Roesler & Perry 1995],

This approximation, commonly used for reflectance nversion algonthms [ibid ] expresses
the light leaving the sea surface n terms of the absorption and backscattering propertics of

the water column. Using remole sensing refleclance K, [Zaneveld 1995]

o _LOLD [ b
TR0 A) Qa{A)+h(R)

(4.28)

where 7., {074} is the upwelling radiance just above the sea surface, Eq (07,1) is the
downwelhng irradiance just above the sea surface, /0 is an assumed constant (=0.08%)
deseribing the angular structure of the light field, and a(4) and &; ( 4) are the total
absorption and backscatiering coefficients respectively. It is thus possible Lo relate the
absorphion ang backscallering coefficients in the upper oplical depths [Gordon & Mcluney
1975] to measurements of the upwelling radiance and downwelling irradiance. In practicc,

in-water refleclance measurements require that the upwelling radiance moeity is

121



necessaoly made at some nominal depth below the sarface, requiring the further use of a
propagation scheme to descnbe the attenuation of upwelled radiance as it is propagated to
the surface [Albert & Mobley 2003], Given that the diffuse attenuation coefficient for
vpwelling radiance can be also expressed in terms of the absorption and backscattering
coefficients {757 |, Equation 4.28 can be reformulated to expitcitly solve for the upwelling

radiance £, measured at depth z:

5
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where 77715 an assamed constant (=1.3612) describing the transmittance across the air-
sea interface, &, is the diffuse attenuation coefficient for upwelling radiance and other
notation is as for Equation, 4.28, The diffuse attenuation coefficient for upwelling
radiance K, i1s dependent ypon the lolal absorption and backscattering coefficients, and

solar zemih angle &, using the formulation of Albert & Mobley {2003 ]:

3453

L ENE O, 02786
K, =(a +:5b1;L|+[a bj] (1- = ] (4.30)

In most waters, the total absorption and backscattering coefticients will include
contributions from constituents other than water itself and the algal component: these
include gelbstoll, organic detritus, small particles such as bacteria, viruses and lithogenic
particles, and sediment in areas of significant ferrestrial input. However, algal biooms of
extraordinary biomass can provide scenarios where it 15 not unreasonable to assume that
the sea’s optical properties are dominaled only by algae and water, and the effects of
other consliluents can be regarded as negligible. This is particularly so in scenarios where
there is little riverine input, such as the southern Benguela. The use of the reflectance
approximation as a validation tool does suffer from some uncertainties with regard to
assumplions concerning the angular structure of the light field [Zaneveld ef af. 1995,
Maorel ef @f. 2002}, However, it 1s of particular advantage to this study in that it offers a

means of directly calculating the integrated backscattering coefficient, and in addition
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allows an assessment of the effects of adopting a more complex algal geometry on ocean

colour measurements,

Under this reasoning, reflectance data from two extraordinary blooms occurring in the
Lamberts Bay region ot the southern Benguela are used to assess the validity of the two-
layered geometry with regard to algal optics. The first of these events occutred in
October 2002; a bloom of the large dinoflagellate Afexarmdrivm catenefla, with
microscope counts laken during sampling revealing a umalgal bloom with cell
concentrations of 9.8 million cells I”'. The second bloom, occurring in April 2004, was of
the small dinoflagellate Prorocentrum friestinum — microscope counts again showed a
unialgal bloom with cell concentrations of 120 million cells I, Even in a productive
system suffering the frequent cccurrence of high biomass dinoflagellare blooms [Pitcher
et af. 1998], these events were conspicucus both by their magnitude and monospecific

naire.

4.6.1, Methods lor Radiance Comparisons

Principal measurements consist of in-water hyperspectral radiometric measurements, and
aleal microscopic counts and size calculations used Lo derive algal size distributions.
Radiometric measurements were made with two in-water hyperspectral instrument
systems, Measurements ef the 4. cafenalla bloom utilised a Satlantic Hyperspectral
Tethered Surface Radiometer Buoy {H-1TSRB) — a tethered surface buoy measuring
upwelling radiance at & nominal depth of 0.66 m, and above surtace downwelling
irradiance. The # .wriestinum bloom was measured using a TR108 ACC sensor,
measuring downwelling above surface irradiance, and a TRIOS ARC radiance sensor
measuring upwelling radiance at a nominal depth of 0.4 m. The TRIOS sensors were
mounted on a prototype coastal bio-optical monitoring buoy, using 2 modified Ocean-i
power and data control system {Satum Solutions, UK} The two systems can be
considered approximately analogous with regard to measurement geometry and
radiometnc sensitivity, and both have a spectral resolution of ~ 3 nm. Radiomeiric
measurements were made for a duration of two to five minutes, with sampling rates

{(dictated by radiance integration times) of ~ .5 Hz. Median values from the whaole
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sampling period were used to deve single spectra for both sensors, resampled to a
wavelength resolution of 5 nm. Microscope counts were made on samples preserved with
buffered formalin and counted using the Utermohl [1958] technigue. Mean equivalent
volume spherical cell diameters were calculated based on ~ 40 microscope measurements

of cell dimensions, utilizing a spheroidal geomeiry to caleulate cell volume

Modelied upwelling radiance spectra are calculated using several steps: Standard size
distributions, as discussed in Chapter 2, were generated using the microscope cell
concentration and o, data, using an etfective variance of v7=0 006 — the narrowest
possible numerically stable distribution using the Hansen & Travis [1974] formulation,
The integrated total number of particles for each distribolion were forced to match
reported cell concentration values of 9.8 x10” cells m™ for the A. catenefia bloom and 1.2
«10"" gells m™ for the P. iriestirnam bloom. Equation 4.12 was then used to calculate algal
absorption and backscattering properties using the microscope-derived size distribution
and optical efficiency factors modeled from the dingflagellate refractive index data
(Figures 4 61 and 4.6F). Optical data for two-layered cells with chloroplast volumes of
Vv=20 % and Vv=30%% were generated, in addition to data for a volume equivalent

homogeneous geometry.

Equation 429 was then used to calculate simulated upwelling radiance spectra, using
measured downwelling irradiance spectra, the modelled algal absorption and
backscaitering coefficients, and the absorption and backscattering of water. For the
absorpiion of pure water the data of Pope & Fry [1997] were used for 400 nm to 723 nm,
with scaled data from Buiteveld ef o/ |1994] used for 730 om to 750 nm. The equations

of Morel [1974] were used to generate pure seawater backscattering coefficients.
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4.6.2. Results of Radiance Comparisons

Microscope-derived size distributions can be seen in Figures 4. 11E and 4.12E, based on
caleulated effective diameter values of dg=30 pm for 4. catenelio and d.=13 um for P.
ricstinum. ‘The Standard distribuiion for the A. calenetla sample (using the smallest
possible numerically stable v value) appears rather wide for a umalgal event, and
simutations were checked using normal and log-normal distributions allowing
considerably narrower distributions - reflectance perturbations with narrower size

distributions were relatively minor (<10 %3),

The measured upwelling radiance spectra (Figures 4. 11 A and 4, 12A) ¢an be considered
typical of very high biomass waters, and are characterized by low light levels in the blue
and a red peak located at > 700 nm. This peak must be distinguished rom the sun
induced natural luorescence peak [Babin er af. 1996], typically logated at ~ 683 nm. As
concerns the A. cateneffa simulations in Figure 4 11, the simulated radiance data show a
reasonable match to measured data, with considerable geometry-relaied variability. Given
the very low radiance values below - 550 nm and between ~ 660 nm and ~ 680 nm,
compansons will be restricted to values at the two mam radwance peaks, located at ~ 580
nm and -~ 710 nm. The two-layered }v=20% data would appear the best matched
geometry, with a relative underestimate of ~ 10 % at 580 nm and a relative overestimate
of ~ 80 % at 710 nm. In comparison the two-layered Fv=30% data appear lo backscailer
too strongly in the red (Fig 4.11C), overestimating reflectance at 710 nm by > 100 %,
This is consislent with previous discussions of morphologically induced variability in Lthe
red backscatlering phenomena, and indicales the importance of' the assumed morphology
in such an approach. The homogengous geometry underestimates radiance by ~ 80 % at
both radiance peaks. Comparison of the absorption {Fig. 4. 11B) and backscatlering (Fig,
4.11C} data show that geometry-related absorption vartability is small (< 15 %) in
comparison Lo backscatlering variability, where the homogeneous geometry produces b,

values ~ 200 % to 60% lower than those of the heterogeneous &, values,
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Figure 4.11 Comparison of measured and simulated upwelling radiance £, for an
Alexandrinm catenelfa bloom with cell concentrations of 9.8 % 10° cells 1™ A} Measured
and simulated upwelling radiance £, for various geomelries, B) Simulated algal
ahsorption coelTicients and the ahsorption coeflicient of pure water, C) Simulated aleal
backscattering coefticients and the backscattering coetficient of pure seawater, 1J}
Diftuse attenuation coeflicient for upwelling radiance K. used 10 propagate measured £,

to the air-sea interface, and E) Microscope derived algal size distribution.
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Figure 4.12 Comparison of measured and simulated upwelling radiance £, for a
Prorocentrum triestimam bloom with cell concentrations of 1.2 x10” cells/litre. A)
Measured and simulated upwelling radiance L, [or various geometries, B) Simulated
algal absorption coefficients and the absorption coefficient of pure water, C) Simulated
algal backscattering coefficients and the backscattering coelficient of pure seawater, D)
Diffuse attenuation coefficient for upwelling radiance K, used 10 propagate measured /.,

to the air-sea interface, and E) Microscope denived algal size distribution
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In comparison 1o the A. cateaelia bloom, the £, triestinum event showed much higher cell
concentrations of a smaller organism {(¢.;=13 um), leading to a relatively high red
wavelength radiance peak. The geometry-related differences are even more marked than
for the previous assemblage, with the homogeneous cells underestimatimg measured
radiance by up to 100 %, The comparison between the two heterogencous geometries 15
not as marked as for the previous assemblage {~ 5 % to 30 % differences at 380 nm and
710 nm), although it would appear once again that the }v=20 % geometry 1s more
appropriate, as it provides a slightly closer match to the measured radiance in the 580 nm
to 650 nm range. Again geometry-related differences in absorption (Fig. 4.12B) are small
{= 10 %), whilst backscattering differences are considerable, with the homogeneous
geometty yielding backscattering values up to 95 % lower than those of the
heterogeneous genmetry. The close match of the measured and simulated radiance using
the heterogeneous geometries, and the poor maich using the homogeneous geometry,
would suppest that the two-layverced geometry as it is confipured here 1s appropriate for

algal bro-opheal applications,

Whilst the rellectance approach does aliow the ability to confirm that the magnitude of
backscattering is within appropriate ranges, the very low radiance at blue wavelengths
does not allow an assessment of the simulated backscattening spectral shape thronghout
the visible specirum. Nevertheless, the reasonable simulated radiance comparisons [fom
-~ 550 nm to 750 nm, with backscattering spectra that display considerable anomalous
dispersion effects (Fig. 4.12C) at these wavelengths, indicates that the highly structured
backscattening spectra that are predicted by theory are not unreasonabie, The data used in
the simulation are derived [rom a combination of theoretical considerations, literature
dernived values, and absorption and size measurements from a dinoflagellate assemblage
measurcd several years before the bloom events shown above. The close comparison
between measured and simuiated radiance data, based solely on the derived optical
efficiency factors and microscope-denved size parameters, confirms the vahidity of the
approach and the general application of heterogeneous peometry algal optics to in-water

bio-optical appiication.
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4.7 Conclusions

The study has outlined a general structure for the simulation of algal optical properties
uging two-layered geometry modeis. An initial analysis of the effects of mampulating
causal varables on algal FOPs has been conducted. The adopted struciure uses an inner
layer representing the cytoplasm, which typically cccupies mosi of the cell volume, and
an outer layer representing the chloroplast (or chloroplasts). The model geometry has
been shown to be appropriate ustng several arguments; it is appropriately packaged from
a phystological perspective, it ts able to simulate observed absorption efficiency factors,
it has intraceltular real refractive index gradients more closely approximating those
geometries explicitly considering an optically “hard”™ peripheral cellular membrane, and
there is s considerable body of morphologieal observations supporting the assumption of
peripheral chloroplast location. Appropriate relstive volume and relractive index ranges
have been established for algal chloroplasis and cytoplasm; from a volume egquivalent
perspective these values are consistent with previous ohservation, both from a cellular
composition and an optical perspective. Based on these data and field measurements of
algal absorption and size distabutions, chloreplast refractive index spectra have been
derived for several algal assemblages typical of the Benguela system. These data have
been used to assess the changing namre of algal optical efficiency factors and inherent
optical properties with regard to cellular heterogeneity, and changes in assemblage size

and composition,

It appears that the adoption of two-layered geometry has a relatively minor impaet upon
optical properties that are not dependent upon angular scattering processes — attenuation,
total scattering and absorption properties, including the package effect parameter. These
{indings are supported by previous modeling studies [Aas 1984, Zaneveld & Kitchen
1995], and are generally consistent with the widespread and successful use of the
anomalous diffraction approximation and Mie modeling to deseribe non-angular optical
properties. 1lowever, angular scattening properties, of which the integrated backscattering
15 focused on here, are considerably affected by the adoption of s heterogeneous

geometry. Algal backscattering coefficients associated with a heterogeneous geometry
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are belween 5 and 25 times higher than their homogensous volume equivalent
counterparts; considerable dilTerences in the spectral shape of the backscattering spectra
are also induced by geometry change. The nalure of these seometry-related differences

vary considerably with size and intracellular refractive index.

Assessment of the size and assemblage-specific inherent optical properties show that
non-angular coetficients behave consistently with previous observation angd theory —
examples include the changing slope of the attenuation coelficient with size, and package
effect related variabilily in the absorption coefficient. In an analogous mannper, vanabilily
in the algal backscattering coeflicient can be charactenzed: spectral variability can be
large and 15 517e dependent, populations dominated by small cells backscatter
considerably more than those dominated by large cells, and the real refractive index of
the chloroplast (or equivalent peripheral layer) is the dominant influence on
backscallering. Tt must be realised that this study makes somewhat simplistic assumptions
with regard to algal morphelogy and intracellular refractive index values, and must be
regarded as a preliminary allempt to create 4 general heterogeneous geometry for the
simulation of spectral algal optical properties. Further data are needed, particularly with
regard to the inlracellular refractive index and intracellular morphology of algal groups
from a systematic perspective. Neveriheless, the reflectance based validation indicates the
validity of the adopted backscatlering geometry and refractive index structure, and
indicates that it 18 possible to establish a quantitative formulation beiween single particle
optics and ocean colour. Such an approach offers the ability to express the algal
contnbution to i7 sifw or remotely measured ocean colour data purely n terms of a
population of particles, or more importantly for HAB applicalions, population size and
accessory pigment related refractive index variability. An immediate application is HAB
oriented inverse reflectance models; the combined use of particle size distributions wiih
the heterogenecus geometry can establish size and assemblage-specific, coupled and

easily manipulated algal absorption and backscattering coefficients.
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Chapter 5
A Hyperspectral Reflectance Inversion Model
Utilising Size Distributions of Two-Layered Spheres

for the Description of Algal Populations.
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5.1 Introduction

The Light leaving the surface of the sca contains a wealth of information concerning the
constituents of surface waters; mest significant ecologically of which is the popuiation of
phytoplankton withm the upper optical depths. Ocean colour is thus a valuable source ol
information to marine scientists, allowing a greater understanding of phytoplankton
dynamics and the ensuing cffects on biogeochemical cycles in the world veean. The
ability to measure ocean colour on a variety of spatial and temporal scales, using both
salelliles and in-water platforms, emphasises the utility of these data for algal detection.
quantification and dynamic analyses, As ocean colour sensor systems, both in ity and
satcllite borne, become more refined and readily accessible, further application of vcean
colour data can be expected. An emergent ocean colour application that will be {focussed
on here is the detection and momtonng ef harmful algal blooms {HABS) in coastal

waters,

The etfective use of passive ocean colour measurements for HAB detection is reliant
upon the use of inverse reflectance algonthms capable not only of quantifying algal
biomass at bigh algal concentrations, but also allowing some form of distinetion between
phytoplankton assemblages dominated by dilferent 1axonomic groups. A range of such
algorithms have been developed to ebtain information on algal populations based
principally on radiative transfer theory; technigques that potentially have broad ranging
application to the bio-optical monitoring of coastal waters for harmful algal blooms [e.g.
Rocsler & Perry 1995, Garver & Siegel 1997, Roesler & Boss 2003]. These analytical or
semi-analytical reflectance alporithms typically make use of the reflectance
approximation [Morel & Prieur 1977, Zaneveld 1995], allowing the inversion of ocean
colour data by paramelerising reflectance in the form R o by /(a1 by), where by, 15 the total
backscattering coefficient and « 15 the total absorption coefficient. Such algorithms
lypically use a speciral mixture approach, employing scaleable canonical basis vectors or
analogous formulations, to simulate and quantify the absorption and backscattening
coefficients of the principal vcean constituents [Roesler & Porry 1995, Garver & Sicgel
1997, Roesler & Boss 2003 ]. These include the water itsell, the algac and their associaled
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retinue of detrital breakdewn products, dissolved organic material otherwise variously
known as pelbstoft, yellow substance, gilvin or chromophoric dissolved organic matier
(CDOM), suspended sediment in areas of high temgeneous input, and various other small
particles such as bactena and lithogenic particles [#5#d ]. The approach is thus reliant
upon an effective paramctensation of constituent specific absorption and backseatlering

coefficients - most importantly those ot the algal population.

Of particular importance is the understanding and parameterisation of the spectral
contribution of algal cells to the bulk backscattering coefficient - the integraled angular
scattering that 1s responsible for returning light to the surface of the sea. Whilst algal
absorption is relatively well undersiood with regard Lo both chemotaxonomic variability
and other causal processes [Morel & Bricaud 1981, Brncaud ef ad. 1988, Johnsen ef al
1997], algal backscallering is poorly undersiood: it is a difficult parameter both to
measure |Ahn ef @ 1992, Vaillancour| ef af 2004|, and o simulate using homogeneous
geomelry scattering models [Quinby-Hunt ¢7 @/ 1989, Volien ef af 1998| Uncertainties
concerning aigal backscattering variability has lead to the adoption of simplified
spectrally invariant basis vectors, decoupled from algal absorplion, to paramelerize
backscattering in inverse refloctance modets [Roesler & Perry 1995, Garver & Siegel
1997]. An exception to this 1s the scheme adopted by Roesler & Boss [2003], who used a
backscattering term coupled to the beam attenuation and absorption coefficients, based on
the results of Mie modelhing of homogeneous particles conforming to a Junge size
distribution [Ulloa ef af. 1994, Boss ef al. 2001b|, Such a formulation allows some
spectral shape to the simulated aleal backscattering coethicient (as predicted by
anomalous dispersion), and is coupled io the changing size distribution of the particulate
component {as given by the slope of a Junge distnibution) through the beam attenuation
coetlicient and backscattering probability. However, this “c-model” formulation, whilst
offering a more representative backscattenng parameterisation, is still somewhat
restrictive for several reasons, Firstly, it employs a constant (i.c. spectrally invariant)
backscattering probability factor — evidence suggests thal this is uniikely to be the case
for natural waters [Morel ef e 2002], Secondly, the attcnuation slope parameterisation

[Equation &, Roesler & Boss 2003] upon which the backscattering lerm 15 based, 15
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derived using assumptions that may not be appropriate for biologically dominated waters
the use of Junge particle size distributions, and the use of either non-absorbing particles

or particles with spectrally invariant imaginary refractive indices [Boss ef af 2001b]

Chapter 4 has demonstrated that it is possible to closely simulate the reflectance spectra
of biclegically dominated waters by representing the oprical properiies of an algal
population using Standard size distributions of two-layered spheres with appropriate
reltactive index characteristics. The adoption of such a tormulatron for a more general
inverse reflectance algorithm potentially offers several advaniages over previous
algorithm structures. The approach allows a2 more holistic description of algal inherent
optical properties; one in which the algal absorption and backscattering coeflicients are
coupled at a fundamental level In addition, whilst the two-layered geometry is relatively
untested as concerns algal simulation across a broad range of scenarios, it would appear
to provide more realistic simulations of algal backscatiering properties than previous
reflectance algorithm paramelenisations, offering vanable spectral shape and

back scattering probability Importantly, this variability 1s manipulated strictly in terms of
fundamental causal variables such as algal size, intracellular Chi & concentration and
spectral refractive index. Parameterisation of the algal component in this way thus not
only offers the possibility of inveriing reflectance in terms of algal absorption and
backscattering. but also directly and quantifiably in terms of causal parameters, such as
assemblage size. The use of spectral mixing models, based on accessory pigment related
spectral refractive index variability, may also allow the derivation of quantitative
chemotaxonomic data [e.g. Chapier 3]. Additionally, expressing the algal absorption and
back scattering from explicit particle optic calculations gives the ability to derive other
inherent optical properties potentially desirable for ecophysiological modelling, such as
attenuation, scattering and volume scattering coeflicients, and the package effect

This study will thus seek to implement an inverse reflectance algorithm based on a non-
linear soluticn of the reflectance approximation in terms of the total absorption and
backscattering coefficients of the upper optical depths The optical properties of natural
algal populations will be represented with Standard size distributions of two-layered

pariictes. Tn addition to the calculaiion of Chl & concentrations and an assemblage size
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descriplor {as given by the ctfective diameter of the size distribution), the algornthm will
also investigate the potential of deriving accessury pigment concentrations through the
use of spectral mixing models. Whilst Lhe algorithm as presented here is designed for use
with iz xitu hyperspectral refleclance daty, the structure of Lhe algorithm allows potential
moditication for use with multi-spectral space based ocean colour dala. The algorithm is
tested here with in-waler hyperspectral radiometric data sampled across a wide range of
waler lypes in the southern Benguela, using concurrently measured independent
absorption, particle size distribution and HPLC pigment data to assess algorithm
perforimance. Assessment s made with regard 1o the accuracy and precision of model
determunations, and the potential ulihity of relurncd algal descriptors for applicalion in

harmful algal bloom moniloring.
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5.2 Field Methods

Bio-optical measuremenis were made on near-surface samples from diverse water types,

ranging from the near oligotrophic to high biomass algal blooms dominated by a varicty

of algal specics. Sampling was conducted from 2002 to 2004 in the southern Benguela

from a variety of platforms (see Table 5 1), and forty-three samples in total were analysed

for this study. Principal measurements consisted of hyperspectral radiometry.

phytoplankton, detrital and gelbstofT absorption, particle size distributions, and intra-

cellular pigments Idemification of dominant algal species and groups were made using a

combination of microscope analysis of fresh and preserved samples and chemotaxonomic

mformation from HPLC pigment analyses.

Table 5.1 Description of sampling locations and dates, with general assemblage

descnptions and biomass ranges (see Appendix 1),

Date Cruise wdennifier Dominant Algal
& location Groups Chl a (mg m™)
Ocober 2002 BenCal Mixed 0.24 10 23
southern Benguela

()cober 2002 LBO2 Alexandrium catcnella 309
Shore based Lamberts Bay

January 2003 | SBOCO3 Aureococcus anopiagefferens) 1210 14

| Shore based Saldanha Bay |

March 2003 ~ LBO3 Mixed lto 17
Shore based Lamberts Bay .

March 2004 - LB04 | Mixed, Mesodiniom rubrum. 3to 70

Shore based Lamberts Bay

Pseudo-Nitzschia spp

5.2.1 Radiometric Measurements

In-water hyperspectral radiomelric measurements were made with a Hyperspectral

Tethered Surface Radiometer Buoy (HyperTSRB §/N (18), manufactured by Satlantic,

Inc. (Halifax, Canada), and is designed to obtain upwelling near surface spectral radiance

Lu(z) and above surface downwelling irradiance Ed (0+), away from vessel perturbations

in the submarine light field. Upwelling radiance is measured a1 a nominal depth of z =

(.66 m. The instrument consists of two 256 channel spectrographs linked by fiber optic




bundles to an upward looking cosine corrected iradiance sensor, and a downward

looking 8.5° field of view radiance sensor. Adaptive gain allows a vanable integration
time to be chosen independently for each sensor head based on the current light field
Actual acquisition rates are therefore variable and dependent upon instrument response 1o
the light field, and typically range from 0.7 Hz to 1.6 Hz. The 256 channel spectrographs
provide a spectral range of 400 nm to 800nm, at a spectral resolution ol'3 3 nm and
accuracy of 0.3 nm, Radiometric measurements were typically made for a duration of 2
to 5 minutes, with median values from the whole sampling pericd used to derive single
spectra for both sensors, re-sampled to a wavelength resclution of § nm_ Yurther
processing of radiomeiric data, namely propagation of radiance data through the water
column and air-sea interface, were carned out as an inlegral pari of the reflectance

algorithm, as presented below

5.2.2 Particulate Absorption

Particulate absorption data were measured with the quantitative filter pad technique
[Yentsch 1962, Roesler 1998] using 2 Shimadzu UV-2501 spectrophotometer equipped
with a ISR-2200 internal integrating sphere. Discrele seawater samples were filtered
under less than 10 mm mercury pressure using Whaiman GFE/F filier pads, which were
placed at the entrance port of the sphere, and scanned from 350 nm to 750 nm using an
air reference and baseline. [n cases where filters could not be read immediately they were
stored frozen in liquid nitrogen. Blank filter pads were prepared by fiitering several
hundred ml of Milli-Q water through fresh GF/F filters, which were then read in the same
manner as the sampies. Iiltration volumes were adjusted to maintain a large amount of
material on the filter while avoiding excessive clogging, and varied between 2 | and 0.1 |
Absorption coefficients were calculated using the pathlength ampiification factor of
Roesler [1998] assuming a null point correction at 750 nm. Detntal measurements were
made using methancol extraction on the filter, foliowed by re-reading in the
spectrophotomeler [Kishino ef @i 1985] Phylopiankton absorption ay (£) data were then
obtained by sublraction of detrilal absorption a4(4) from total particulate absorption

ap | A},



A different method was adopted on the BenCal cruise, necessitated by the collaborative
involvement of several research groups. Particulate absorption measurements were made
using a LT-COR LI-1800 U'W modular spectroradiometer equipped with an 1800-12
external integrating sphere [see Barlow ef «f 2003], Whilst similar measurement
protocols were [ollowed in the main, a different pathlength amplification factor was
employed [Mitchell and Kicfer 1988], and detrital absorption was estimated through the

numerical techniques of Bricaud and Stramski [1990],

5.2.3 Gelhstolf Absorplion

Samples were prepared by filtering discrete water samples through GE/T filter papers
under less than 10 mm mercury pressure, using stainless steel filter frits, Absorbance
megasurements were made using a Shimadzu UTV-2501 spectrophotometer equipped with
19 cm pathlength matched quartz cuvettes. BDH Lichrosolv HPLC grade water was used
as a pure water reference, Absorption coefficients were calculated as by Mucller &

Austin [1995], with a null absorption pomt set to 750 nm.

5.2.4 Particle Size Distributions (PSD)

Particle size measurements were made using a 128 channel Coulter Multisizer IT with
either a 50 pum or 140 wm aperture in manometer mode, using freshly prepared 0.2 pm
filtered seawater as both blank and electrolyte. Polydispersed algal particle size
distributions are described by the effective diameter d,5 [Hansen & Travis 1974, Ahn et
al. 1992] as given by:

BERACECH
dsﬂ" = '.-v::n {S-I}
| Ed*ﬁ{d}d{d}

where ¢f is the particle diameter, and Ffd)did) 1s the number of particles per unit volume
in the size range d + ' dfd}
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5.2.5 Pigments

Pigments were analysed using High Performance Liguid Chromatography (HPLC).
Seawater was Tiltered through 25 mm GF/F filters and filters stored frozen in liquid
nitrogen until analysis. Filtration volumes were adjusted to maintain approximately
constant amounts of material on the filter and ranged from 0.1 | to 2 1. Pigments were
extracted in acetone, containing frans-f-apo-8 -carotenal internal standard, with the aid of
ultrasomcation and clarified by centrilugation. Analysis of pigments followed the reverse
phase HPLC procedure outhned by Barlow ¢ g/, [1997] using a 3 pm Hypersil MOS2 C8
column (100 x 4 6 mm), & Varian ProStar pump, a Thermo Separations AS3000
autosampler, a Thermo Separations UV6000 diode array absorbance detector, and
ChromQuest chromatography software, Pigments were detected at 440 and 6635 nm,
identified by retenbon time atd on-line diode array spectra, and quantified relative to the
internal standard. Chlorophyll & standard and frans-fFapo-8 -carctenal were obtained
from Sigma-Aldrich Ltd. Other pigment standards were purchased from the DHI Institute
for Water and Environment, Denmark. Slight variations in the method were employed for

pigment analyses from the BenCai cruise [see Barlow ez ad. 2003 |.

139



5.3 Optical theory & Modcl Development

The reflectance approxamation, commaonly used for rellectance inversion algorithms
[Roesler & Perry 1995, Garver & Siegel 1997, Roesler & Boss 2003] expresses the light
leaving the sea surface in terms of the absorption and backscattering properties of the

waler column. Using remote sensing rellectance R,. [Zaneveld 1995]

CLOLA S h(d) 03
"TE(0.4) Oa A+ b "

where L, (0 ,3) s the upwelling radiance just above the sea surtace, £, {0' A} is the
downwelling irradiance just above the sea surtace, /() is a shape factor describing the
angular structure of the light ficld [Zancveld 1995, Morel ¢f af. 2002, a(A) is the total
absorption coefficient, and A.{ A} is the total backscattering coefficient, Tt 1s thus possible
to relate the absorption and backscattering ceetficients in the upper optical depths
[Gordon & Mcluney 1975] Lo measurements of the upwelling radiance and downwelling

irradiance.

The Loial absorption and backscaitering coefficients are the summed total respective
coetticicnts of the principal optical constituents of the water column; considered to be
phytoplankton, coloured dissolved compounds (here referred to as gelbstotf), particulate
hological breakdown products otherwise known as detritus, other small particles
generally considered to have a ubiquitous presence in the sea, such as lithogenic matenal

or bacteria, and the seawater itsell’,
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Figure 5.1 Input data and examples of absorption and backscattering data for the three
algal groups used as basis vectors. A) Cytoplasm and chioroplast imaginary refractive
index data, B) Cytoplasim and chloroplast real refractive index data, C) Example
absorption efficiency factor specira al 5 pm and 50 pm for the three algal groups, D)
Example backscattering efficiency factor spectra at 5 pm and 50 pm, E) Example Chl a-
specific algal absorption spectra for typical size distributions at effective diameters of 5
wm and 50 um, F) Example Chl a-specitic algal backscattering spectra for typical size

distributions at effective diameters of' 5 um and 50 pm.
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5.3.1 Phytoplankton Absorption and Backscattering Coefficients

Earfier scctions of this study have demonstrated ihe leasibility of representing the optical
properties of complex phytoplankton size distributions with simple Standard distributions
[Hanscn & Travis 1974], providing the cffcctive diameter and Lolal particle surlace area
are equivalent. In add:tion, particle optic models using a two-layered spherical geometry
have been shown to provide reasonable approximations o the absorbing and
backscaltering properties of phytoplankton populations, based on reflectance

COMPAansons.

The algorithm uses absomiion and backscattering data for three algal groups — Chi #
contaming nanoflagellates and Chlorophytes, fucoxanthin/peridinin containing dialoms
and dinoflagellales, and alloxanthin/phycoerythrin containing Cryptophytes (or
orgamsms associated with Cryptophyvte endosymbionls such as Mesodinium rubrum) |
The three groups are chosen as representative of the major algal classes in upwelling
systems [Hutchings ef ol 1994], and will be referred Lo as the nane, diadin and crypo
groups, repectively. In addition Lhe three groups polentially allow the calculation of the
two accessory pigment groups (Chl & and Allo) shewn to be quantifiable from absorplion
speciral mixture models [Chapter 3]. Refractive index data representative of thesc three
algal groups (Figure 5.1) are derived from field measurements of absorplion and particle
size distributions, based on a two-layered geometry wilh a peripheral chloroplast layer set
Lo 20 % of total cell volume {Chapters 2 - 4], Absorption (£, and backscattering ()
efficiency factors for size ranges of the three algal groups from 1 pm to 100 i diameter
are then generated using thesc refractive index data. These pre-computed efficiency
factors arc uscd by the algorithm (o caleulate the phytoptankton absorption coefhicient

and backscattering coeflicients using an admixture of the three algal groups as given by

a,=Chlalz/H| Y (70, )F (dd did) (5.3)
and
b =Chla(z/4)[ TR0 ) F ()’ d(d) (54)
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where F*d) 15 the Chl a specific size distribution (see Equation 5 9} and the selvable
unknowns P, represeni the normalised scaling parameler {0 < /2, < 1) for a single vector

in the admixture such that:

¥ Pl (5.3)

Sample absorption and backscatiering efficiency factors and volume coefficients can be

seen in Figure 5.1. Relative accessory pigment concentrations, to be used as
chemotaxonomic markers, are calculated through a mean pigment suiie admixture ﬁ,

where:
FS=RPs, + B, 1 B, (56)
and p, represents a vector of measured accessory plgment concentrations associated with

each algal group. The parhicle size distribution in Equation 5.3 is given by a Standard size

distribution [Hansen & Travis 1974, Chapter 2]

1 fd Li1 Bwgritty ] d Ay
F{d)=ASF (5] Exp[[E] / [ ; vtfﬂ (5.7)

where the effective dhameter d.s I8 2 solvable unknown, 45F 15 an arbitrary scaling

parameter, and a constant effective variance of v=0.6 is used [Chapter 2]. The total

relative particle volume volume } of this distribution can then be calculated with:
v -_%jﬁ(d)dﬂd(d) {5.8)

and the initial distribution Ffd) is scaled to a Chl & specific size distribution F*fd) {or use

in Equations 5.3 and 5 4 with:
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(5.9)
The phyloplankton absorption and backscattering efficiency factors are thus explicitly
dependent upon the spectral refractive index data, two-layered geometry parameters, and
the ¢; values employed for each algal group. These ¢; values were setto 3.5 kg m (diadin
and nano groups) and 2.5 kg m™ (crypie), considered representative values for each
group based upon analysis of previous field measurements [Chapter 3] Phytoplankton
absorption and backscattering coellicients are in turmn further explicitly dependent on the
Chl @ concentration, effective diameter, and the fractional compunent of the three algal
groups as given by the /,; parameters — these five parameters being explicitly solved for

by the reflectance algorithm,

£.3.2 Absorption and Backseattering Cocflicicnts of Other Constituents
(elbstoff and detritus absorption spectra typically display similar exponential spectral
shapes [Bricaud ef af. 1981, Roesler ef af. 1989] and their combined abserption is

represented by an exponential shape function {e g Roesler & Perry 1995]:

a,; {Ay=a,, (400) exp[—5 {1 —400)] (5.10)

where a4 (400) is explicitly solved for. The exponential slope factor S is taken as a
constant of 0.012, determined as a typical combined value for the southern Benguela

[Bermard 1996, unpublished data|

Backscattering by small particles 6., , e.g. detnital, bacterial or lithogenic particles, is
represented by a power law following a &' relationship [Roesler & Perry 1995],
employing an explicitly sulved scaling parameter. The absorption of seawater is given by
the data of Pope & Fry [1997], whilst the backscattering of seawater is given by the data
of Morel [1974].
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5.3.3 Bidirectional Reflleciance Considerations

The bidircctional character of the upwelling light field in the sca is well known, and is
described in the reflectance approximation {Rquation 5.2) by the combined parameter £
[Zancveld 1995, Morel ef il 2002], It is known that this parameter is dependent vpon the
inherent optical properties of surface waters, most importantly the phase function and
hackscallering eflicieney [Morel & Maritorena 2001 |, and other factors influencimg the
angular structure of the radiative ficld, such as solar zenith angle and surface roughness
[Morel ef af. 2002, Albert & Mobley 2003 |. There is thus a need for analytical reflectance
models to account for vanability im the #{) parametcr, as acknowledged in previous
meadc! formulations [Rocsier & Boss 2003]. The most sophisticated formulation available
10 cstimate svstematic variability in the £#0 paramcter is that of Morcl ef @/, [2002],
obtained through radiative transfer simulations emploving phase functions allowing a
variahle backscattermg efficiency. The spectral formulation is explicitly dependent upon
both the Chi o concentration and the solar zenith angle, and the look-up tables provided
by Morel et af. |2002| are used here for £ estimation. Somewhat coarse adaptations are
necessanly made for the change of application: the original data (available at seven
wavelengths) are linearly interpolated to a 5 nm resolution for hyperspectral use, and the
data for Chl @ = 10 mg m™ arc used where medel cstimated Chl @ valucs are larger than
this. Solar zenith angles are caleulated from position, date and time using the algorithm of

Reda and Andreas (2003},

£.3.4 Propagation of Upwclling Radiance

In practice, in-water reflectance measurements require that the upwelling radiance mocity
15 necessarily made at some nominal depth below the surface, requiring the further usc of
a prapagation scheme to deseribe the attenuatien of upwelled radiance as it is propagated

to the surface. The diffusc attenuation coetficient for upwelling rachance X, 15 dependent

upon the total absorption and backscattering coefficients, and solar zenith angle 6, using

the formulation of Albert & Maobley [2003]:

1.4%2
b 3.2786
K= 1A 1| —— 1- 5.11
v =l b){ [a +bhﬂ [ cos? ] 11

X
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5.3.5 Final Model Formulation

Given that the diffuse attenuation coefficient for upwelling radiance can be also
expressed in terms of the solvable absorption and backscattenng coefficients, Equation
5.2 can be reformulated to expliciily solve for the upwelling radiance 7., measured at

depth = whilst maintaining the integrity of the reflectance approximation:

Lu (Z,ﬂ_]=i -*F‘ br:.[“l) ‘L“d{(l) (5 12]

0 7 a (A)+h,(2) exp(-K, (4) 2)

where 7p7is an assumed constanm (=1.3612) describing the upwelling radiance

transmittance across the air-sea interface, and other notation is as previously described.

The model can be summansed as follows, Inputs are. measured hyperspectral upwelling
subsurface radiance (£ (z 4), pw cm™ nm™' st™') and above surface downwelling
irradiance (£, (04, A}, uw em™ om™). The model uses seven solvable unknowns: Chl a
congentration (mg m':’), alpal effective diameter (d.; pumy), the relative concentration of
the three algal groups (0< P, < |, #=1 1o 3), combined gelbstoff and detnital absorption
{e.2. a.+(400), m"), and small particle backscattering (e.g. A5, {550), m™'). Algal optical
properties tor the three groups are calculated assuming constant group-specific and size-
independent chioroplast and cytoplasm refractive indices, chloroplast volumes of 20 %,
and ¢, values. Gelbstolldetriial absorption and small particle backscattering employ

constant spectral shapes and variable magnilude.
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Figure 5.2 Simulated reflectance, absorption and backscattering using the reflectance
model in a forward mode. The effects of increasing Chl & concentration are shown for A)
reflectance, D) absorption, and G} backscattering, using a hypothetical digdfisn population
with d=16 pm. The effects of changing algal assemblage size are shown for B)
reflectance, E) absorplion, and H} backscaltering, using a hypothetical diacdin population
with Chl @ 25 mg m™, The effects of changing accessory pigmentation are shown for )
reflectance, F) absorption, and 1) backscattenng, using a variable admixture of the diadin
and crypto basis vectors, at Chl @—25 mg m™ and &.7~16 pm. For all simulations constant
values of @,(400)-0.2 m™ and 54,(550)-0.005 m™ were used, in conjunction with the e,

and A, spectral shapes discussed above,
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The model employs a Simplex solution method [MNelder & Mead 1965], using constant
inmtial values, and 1s coded 1n Matlab R14 {The Mathworks). As the model specifically
does not account for sun induced natural fluorescence [Babin ef @l 1996, Marilorena ef
af. 2000], the convergence weighting for the Nelder-Mead solution is set to neghigible
values between 665 and 715 nm  the speciral region hkely to be atfected by natural algal
fluorescence [ihid |. The model thus does not seek (o maich spectral refleclance values al
these fluorescence wavelengths, and in effect offers a means of discriminating

fluorescence effects, as have carlier models of a simlar nature [Roesker & Perry 1995].

The sensitivity ol the model lo changes in algal biomass, etfective diameler and
assemblage tvpe is demeonstrated in Figure 5.2, using the model in a forward simulation
mode. The lack of simulated algal fluorescence is apparent in the reflectance spectra
{Figures 5.2A to 5.2C), with close to minimal values at ~ 683 nm, typically given as the
fluorescence peak wavelength |Babin ef af. 1996, Maritorena er ¢l 2000| Increases in
atgal biomass (Iigures 5.2A D, G) demonstrate the change from fow biomass waters
with high reflectance at blue wavelengths (due to the dominant optical effects of the
water), to high biomass waters with high red reflectance (due to the dominant optical

eflects of the algae).

Figures 5.2B, E and H show the profound effects thai changes in algal size can have on
reflectance values in high biomass waters (Chl e=25 mg m'j], at least considering the
theoretical paradigm of ihis study, Reflectance values from walers dominated by small
cells display very different spectral shapes to waters dominated by large cells: the cffects
of enhanced algal backscattering and Soret peak absorption by small cells lead to greatly
enhanced reflectance values at longer wavelengths, Tn contrast large cells, with algal
backscattering values typically an order of magnilude lower and greatly [latiened Soret

peak absorption values, result in moch lower, flatter reflectance spectra,
Reflectance vartability associaled with changes in accessory pigmeniation {Figures 5.2C,

F and I), whilst distinct, appear relatively small in contrast to size induced changes. As

the algal light harvesting pigment system changes from carotenoid- to phycobiliprotein-
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dominated (ciacdin to crypio), the pnmary reflectance peak 1s shifted to a longer
wavelength {370 nm to ~590 nm) and a peak appears at ~ 525 nm, The effects of
changes in ¢; can also be discerned (diadin ¢—~3.5 kg m™ vs. crypto £=2.5 kg m™), with
the crypte assemblage demonsirating higher absorplion al the Soret and red peaks, and
higher backscailering values. Whilst the size and accessory pigment relaled changes
shawn in Iigure 5 2 represent somewhat extreme cases of comparison, they demonstrale
that the primary solution variables of the reflectance model with regard to algae {biomass,
size and accessory pigment complement) can be considered causal to refleciance

variability in algal dominated waters.
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5.4 Results

5.4.1 Reflectance Simulation

The model was able to closely simulate either measured upwelling radiance or remote-
sensing reflectance K., through a wide range of water types, with Chl g values ranging
from 0,24 mg m™ to 309 mg m™. Further discussion of algorithm performance will be
concerned solely with K, data — whilst the atgorithm is mathematicatly mampulated to
solve for upwelling radiance, il is the rellectance approximation and X, data thal are the
core of the model, Examples of the ability of the maodel te closely simulate reflectance
data from a diverse range of water types {with associated predictions for absorption and

backscattering) are shown in Figure 5.3

A closer examination of model simutated spectral rellectance can be seen in Figure 541,
showing the t*, standard error of prediction (SEP), and linear least-squares slope values
of predicted vs, measured reflectance. A noticeable feature 15 the poor simulation 1n the
natural fluorescence spectral range, ceatred at ~ 683 nam and extending from 660 nm to
700 nm — this is entirely expected as the model has no ability to simulate this
fluorescence {also see Figure 5.3A to C). This narrow band of relatively low £ high SEP
and lowered slope values, coincident with sun induced fluorescence emission spectra
[Babin et al. 1996], are an indication that the spectral weighting procedures used by the

medel to avoid fluorescence aliasing are appropriate.

The mode! appears to perform relatively poorly at long wavelengths e, = 720 nm,
prabably due {0 two faciors (Fig. 5.4A). Firsly, rellectance values al these red
wavelengths are typically low e.g. < 5 <107 sr', leading to lower signal:noise ratios and
enhanced errors in prediction. Secondly, phyloplankion absorption and backscatlering are
somewhat poorly characterised at these wavelengths, primarily due to uncertainties
regarding the typically low values of cellular material absorption. As discussed in
Chapter 4 with regard to these wavelengths: algal backscatiering is highly dependent

upon the absorbing properties of the celtular assemblage, low algal absorption leads to
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As regards the prediction of relative accessory pigment concentrations (Fig. 5 4F), the
model was only able to predict the Allo/Chl @ ratio with success {((r*=0 64, SEP= 42 %,

=306), with an offset resulting from the non-zero Allo concentrations of the pigment
basis vectors used in the model (y=0.52x + 0.04). The elevated Allo ratios in the data set
employed here are associated with the ciliate Mesodinium rubriom, and whilst it is
unlikely that the direct effects of Allo are causal 1o detection (see discussion in Chapter
2), there is no doubt thal the model 1s effectively distingnishing waters with elevated

concentrations ol this orgamsm.

The limited ability of the model as concerns the prediction of Chl & and ather accessory
pigments (data not shown} is consistent with the findings of Chapter 2, and a result of
causalitv, only significant spectral changes 1o absorption and backscattering, associated
with large changes in assemblage structure, are likely to be detected. The models lagk of
ability Lo detect changes in the relative Chl A concentration (¢f Chapter 2) is also possibly
a function of the test data set used: Chl A containing organisms only form at most a minor
assemblage component (maximum Chl &: Chl @ ratio=0 14). In addition, it is only
relatively low biomass waters that show even these moderately elevated Chl
concentrations (Chl #<3.6 mg m™), and the model is unlikely to be able to distinguish
subtle spectral changes in algal optical properties when the algal contribution to the total

reflectance signal is relatively small,
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clarity. The ability of the model to closely simulate reflectance, whilst accurately
predicting algal ahsorption and intracellular descriptors, can be used to argue that the
backscattering values predicted by the model {and the scaliering model used to provide
these) are approximately correct, Further discussion of the modelled backscattering
predictions, in comparison to previously published backscattering parameterisations, are

presented below.

5.4.3 Prediction of Algal Descriptors

Detailed quantitative analyses ot model performance, using bootstrapping analyses (1000
replicates) to generate all statistica! data, are shown in Figure 5.4. Prediction of Ch! &
concentrations (Fig, 5.4D)was extremely good (=098, standard error of prediction
(SEP)=29 %, n=42}, through & dynamic range of over three decades and with little bias
(y—0.91x).

The model also showed the ability to detect the effective diameter (Fig. 5.4E) of the algal
assemblage d@ﬁ{r2=0.6?, SEP= 47 %, n=42), although with a systematic bias towards
over-prediction (y=1.39x). The over-prediction of algal size is likely to result at least in
part trom the assumptions necessarily employed by the algal 10F parameterisations in the
mode!; specifically the assumption of constant ¢, values for the three algal groups
represented. Whilst it is known that this assumption ts a considerable simplification (Fig,
3.1), it is necessary in the context of the model: the effects of vanations in ¢, and effective
diameter upon absorption are somewhat similar, and the model effectively ascribes this
variability to effective diameter in order to allow size related predictions (cf. Chapter 2}
This allows a reasonable prediction of the changes in an algal size parameter from
reflectance data, with the important caveat that assemblage ¢, values must remain
reasonably constant, e g the unlikely switch to a heterotroph dominated community
[Pitcher ef el 1998] with considerably lower ¢; values could introduce sigmficant errors
in size prediction. It is considered inappropriate to use the reflectance model to gain
absolute algal size data: the effective diameter product should rather be used to assess
whether the relative size of the algal community has changed, e g the shifi to domination

by large celled dinoflagellate species through a data time sertes,
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5.4.2 Prediction of Inherent Optical Properties

Performance of the model with regard to spectral algal absorption is shown in Figure

5 4B, with synopses int Table 5.2 and examples in Figure 3.3, Algal absorption
coefficients were in general well predicted by the model, with spectral t* values of 0.84 to
.94 and SEP values of 34 % to 55 %, between 400 and 700 nm. The rather flat spectral
 and SEP values indicate that there is little spectral bias i the ¢,4(A) predictions. The
good comparison between the mean abselute deviations of measured and predicted algal
absorption suggest that predicted algal absorption coeflicients fall within a suitable range.
Algal absorption is also an important intermediate variable with regard 1o Chl a,
assemblape size, and accessory pigment prediction, and the generally good predictions of
both algal absorption and these parameters (see below) indicate that the two-layered
equivalent size distribution absorption parameterisation employed by the model is

appropriate.

The ablity of the model to predict variations m the combined gelbstotf and detnital
absorption coefficient is linvited, with maximal r° values of 0.1 and minimal SEP values
of 48 % (Fig. 5.4C). However, the contribution of gelbstoft and detritus to the total
absorption coefficient is relatively small, with the mean absclute deviation of measured
¢1.1(440) values approximately four times smaller than that of g,(440). This relatively
small non-algal absorption component is typical of the southern Benguela systerm, which
is productive, dynamic and has little terrigenons input [Bernard 1996, unpublished data].
The inability of the reflectance model to predict variations in what iz effectively a
relatively smatl modifier of the submarine light tield is therefore not wholly negative, as
can be seen by the geod comparison ef the mean absohute deviations of measured and

predicted @, values (Table 5.2).

The lack of independently measured backscattering data did not allow a direct analysis of
the model’s ability to predict the backscattering coefficient. Whilst independent data from
the Hydroscat-6 (Hobilabs, Tucson, Arizona) were available for samples from the BenCal
cruise [Barlow ei @l 2003], there are considerable uncertainties associated with these data

- in the author's opinion introduction of such data would lend more obhuscation than
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Figure 5 4 Algorithm performance, given by r*, standard error of prediction (SEP), and
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spectral phytoplankton absorption @s4d/, C) spectral combined gelbstoft/detrital
absorption w,:{4), D) Chl & concentration, ) effective diameter d.z and F) the Allo/Chl

et Tatio.
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Figure 5.3 Example reflectance model matches and IOP results for a range of water types.
A) rellectance, 12} absorption, and G} backscattening for low biomass flapellate
dominated waters {measured Chl &—0.24 mg rn'?’}; B) retlectance, B} absorption, and H)
backscattenng for ntermediate biomass diatom dominated waters (measured Chl a-20.9
mg m™); and C) reflectance, F) absorption, and | Yhackscattering for high biomass
Mesodinium rubrum dominated waters (measured Chl 2=49.3 mg m™), Note the distinet
natural fluorescence peaks unmatched by the model in B and C, the generally good match
between measured and modelled absorption values, and the variabilily in the spectral
shape of the total particulate backscattering coefficients. In all cases lines represent

measured data whilst dots represent modelled data
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low precision of absorption measurements and subsequent 1OP parameterisation, and

ultimately low contidence in the model backscattering values in this spectral region,

Finally, Figurc 5. 4A shows that the slope values of the predicted vs, measured reflectance

are clevated by ~ 10 % in a band centered at 630 nm. This feature indicates that

reflectance simulation is less good in this spectral region; an area influenced by the minor

absorption peaks of the chlorophyll pigments [Stuart ef @/, 1998]. 1t is likcly that this

region of elevated uncertainty is due to the algal [OP parameterisations cmployed by the

model. Whether this is manifest through absorption, backscattering or some combination

of these is unclear Chapter 3 indicates that the absorplion size/pigment related

decoupling, made possible in theory through simulation of the package effect, is

somewhat incomplete at these wavelengths (Figure 3 .2A) — such a phenomenon could

lead 1o the rellectance sirmulation feature under discussion.

Table 5.2 Analysis of model performance: v, standard error of prediction (SEP, %),

slope, intercept, mean abselute deviation (MAD), and number of samples for algal

descriptors and absorption coefficients

Variable | ¢ | SEP | Slope |Tntercepi| MAD MAD No.
(%a) measured predicled | Samples

Chig | 098 | 29 1.04 0 105 20 42

doy 067 | 47 | 139 0 46 10.7 42

"Allo/Chla | 0,65 | 45 0.52 0.04 0.028 0.024 36

as(440) | 089 | 42 0,92 i 0.26 024 42

aet(400) 1 0.1 | 48 0.86 0 0.069 0.058 42
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5.5 Discussion: a Perspective on Marine Backscattering

An improved understanding of the contribution of algal backscattering to total
backscattering in surface waters is crucial to the ability to analytically express ocean
colour. Whilst there are no independent measurements of backscattering with which to
assess the validity of the algorithm backscattering estimales presented here, it can be
argued that these estimates are reasonable, considering the good performance of the
algorithm with regard to simulation of reflectance and prediction ot absorption
parameters. An examination of the backscattering data returned by the algorithm may
therefore be useful in allempting 1o gain a broader understanding of what can still be
regarded as a poorly undersiood inherent optical properly |Morel & Maritarena 2001,
Stramski ef af. 2004].

Figure 5.6A shows that the magnitude of the backscattering values returned by the
algorithm are in approximate agreement with the models of Morel & Maritorena [2001]
and Gordon ef al. | 1988], referred to as MMO1 and G882 respectively. There is, however,
considerable scatler of the algorithm returned data around the MMO1 and G88
parameterisations, due to both the varying presence of non-algal particles and the
substamnial spectral shape the algorithm assigns to the backscattering spectra (Fig. 5.7}
Such scatter has been observed previously in the backscattering probability data
presented by Twardowski ef af, [2001 ], referred to as TWOT,

Tt 1s also possible to analyse algorthin retumed backscattering in terms of backscattering
probability 4, making the assumption that the non-algal A, data have a spectrally

invanant value of 1% - the maximal value suggested by Morel & Maritorena [2001]. The

algal component is based on a complete solution to the Aden-Kerker theory, and has a

highly variable &, based on a full calculation of the volume scattering function. It would

appear {Fig. 5.6B) that the algorithin 5,] values are only in agreement with MMO1, G88
and TWO! at low Cht a values and at blue wavelengths, 1.e. 435 nm.
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Figure 5.6 Analysis of backscattering parameters returned by the reflectance algorithm in
comparison to published backscattering models - those of Morel & Maritorcna [2001,
Lquation 13] (MMO1), Gordon er af. 1988 ((G88), and Twardowski ef al 2001. A)
Particulate backscattering at 435, 550 and 710 nm vs. measured Chl g concentrations,
fram the algonithm {dots), MMO1 and (88 (lines), B} Particulate backscattering
probability in percent at the same wavelengths vs, measured Chl o concentrations, from
the algonithm (dots), MMO1, GBS and TWO1 (lines), C) Percentage of pariiculate
backscattening ascribed by the model to the algal component at the same wavelengths vs.
measured Chi & concentrations, and D) Particulate backscatiering probability in percent
vs. the percentage of particulate backscattering ascribed to the algal component. Small
particle backscattering as returned by the reflectance algorithm is ascribed a spectrally
flat backscattenng probability of 1 %, the maximal prescribed value of this parameter
used by MMO1.
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Al higher Chl & values (>3 mg m'jjll, algorithm 5,, values are 30 % to 50 % higher than

those [rom previous studies, particularly at longer wavetengths, and do not appear to

decrease so sharply with increasing Chl & values. This is due largely to the considerable

spectral shape the algorithm imparts to both the &; and 55 spectra {Fig. 5.7). In almast all

cases the algal backscattering £+ and backscattering probability 5_,@ spectra have maxima

al red wavelengths. and in a majority of cases the fraciional contribution by algae Lo the

particulate backscattering is large enough to impart similar red maxima Lo the particulate
backscattening &5, and backscattering probability fi;,ﬂ specira (Figures 5.6C and D, Figures
5.7B and D). Algonithm algal backscattering probability values range Irom ~ 0.2 % to
~0.9 % and are considerably influenced by cell size [Chapler 4]. in all cases algal qua

values are under the 1 % value assumed for the non-alpal particulate.

The algal contribution Lo particulate backscattening is of considerable interest.
particularty as Lhis contnbution has in the past been considered relatively minor [Stramksi
& Kaefer 1991, Morel & Ahn 1991], Again, assuming for the sake of argument that the
algorithm backscallering relurns are correcl i first order, it appears that the algal
contribution to backscallering is very much spectralty dependent (Figures 5.6C and D).
AL 435 nm {excluding two outliers) the algal contribution ta particulate backscattering is
relatively small through a wide range of Chl & concentrations (0.3 ta 100 mg m™) . from
negligible to 25 %. At 550 am this contribution is raised to between ~5 %ato 55 %, and al
710 nm the algal contribution is between 10 % and 90 % of the particulate backscattening.
These algal contributions to backscattenng are significantly higher than those proposed
previously (Stramski & Kiefer 1991, Marel & Ahn 1991), and the possible reasons for

this are explored below.
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Figure 5.7. Returned algorithm backscattering data tor A} Chl a specitic algal

backscattering, B) Chl & specific particulate backscaltering, C) Algal backscattering

probability 1n percent, and D) Particulale backscattering probability in percent. Small

particle backscaitering as returned by the reflectance algorithm is ascribed a spectrally

flat backscattering probability of' 1 26, the maximal preseribed value of this parameter

used by MMOI. Coloured lines are simply used Lo distinguish between samples.
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Two conclusions can be drawn from these data. Firstly, the algorithm requires the
presence of significant non-algal parficulate to explain observed reflectance valucs, in
accordance with much previous research [e.g, Morel & Ahn 1991, Morel & Maritorcna
2001, Twardowski ef gf. 2001]. The simple backscattering shape assumed by the model
to account for this poerly defined parficle field (4, = /1'”) does not allow further
comment on the nature of these pariicles: they are likely to be a combination of orzanic
detritus, bactenal cells and inorganic partrculate of an avelian nature [e.g Twardowski e
al 2001, Claustre & Maritorcna 2003, Stramksi er @l 2004]. Secondly, despite this need
for the presence of a non-algal particle pool, Lthe algal coniribution to backscaltering can
be significant, particularly at red wavelengths where 5:4 values can be up Lo three times

higher than at Bue wavelengths.

The enhanced algal contribution to backscattenng relative to previous work appears to
have two main causes. The firsl of these i3 the avoidance of a Jungian type distribution,
commonly assumed for oceanic waters [e.g. Stramski & Kiefer 1991, Morel &
Maritorena 2001, Morel ef «l. 2002], to determine the relative proportion of both the
algae and small non-algal particles, Such a distmbution 1s not appropnate to the high
biomass waters of the Benguela (cf. Chapter 2}, and the tormutation of the reflectance
algorithm negates the need for this assumption, Algonthm results appear to show that
even al relatively low biomass waters Lthe non-algal ¢ontribution Lo particulate
backscattering 1s highly vaniable (Fig 5.6C), indicating the nced for a greater knowledge
of variability in the non-algal pariicle population [Twardowski ef af. 2001, Morel ef al.
2002, Stramksi ef al. 2004]

The sccond causc of the relatively clevated algal backscattering ¢ontribution results from
the adoption of a two-layered geometry with complex spectral refractive index (in
combination with Standard size distributions) to calculate all algal TOPs, Detailed
discussion ol the effects of this parameterisation are presenied in Chapter 4; a general
concluston 1s that both Chl g-specific backscattering cocfficients and probabilily values
are enhanced by an order of magmtude relative to data resuliing from homogeneous

geomctrics [Stramski & Kicfer 1991, Morel & Ahn 1991, Twardowski ef e, 2001]. An
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additional effect of the spectral two-layered geometry is the considerable spectral
variability in algal backscattering now observed, imparting in turn considerable spectral
shape to the particulate backscattering parameters (Iigures 5.6D and 5.7). This produces
pronounced algal & particulate backscattering at red wavelengths: a phenomenon that
would appear to be responsible for the red-brown colour of very high biomass “red tides”
[Chapter 4]. Understanding this elevated red backscattering is thus extremely important
to bio-optically based [1AB applications, and it would appear to be due in part to the low
imaginary refractive index values of phyloplankton at these wavelengths [Ahn ef o/,
1992, Chapter 4]. urther research is needed to betier understand the potential impact of

these low refractive mdex values on algal 10PS and thus acean colour.

5.6 Conclusions

‘The inverse reflectance mode! presented here appears capable of simulating reflectance
spectra from a wide vanety of water types and algal biomass concentrations, allowing the
model to accurately estimate absolute values of the algal absorption coefficient and Chl a
concentrations. [n addition the model appears capable of estimating relative changes in
the effective diameter &5 of the algal population, and the presence of phycoerythrin
contaimny organisms through the relative alloxanthin concentration Allo, Estimares of
these Lwo algal descriptors are achieved through assumptions concerning the invanant
behaviour of certain algal intracellular properties {as discussed below): it is suggested the
the size and accessory pigment descriptors estimated by the model are more appropriate
to assessing relative change in the algal assemblage rather than the estimation of absolute
values. The model is designed for application to harmful algal bloom monitoring in the
productive waters of the southern Benguela, and would appear 1o have considerable
potential in determining core assemblage descriptors of 4 causal bio-optical nature from

ocean colour data,

The model is based on the assumptions that 1) algal inherent optical properttes may be

accurately described through the use of a two-layered geometry in combination with
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assumptions concerning intracellular variability and Standard size distributions, 2) the
inherent oplical properties of non-algal components are adequately described, and 3}

the modified reflectance approximation described in Equation 5.12 may be used in a
guaniitative manner. The model has been developed and tesled using independent data,
and the model is cssentially untuned in that only the choice of the refractive index basis
vectors describing broad algal groups has been determined for regional application in
upwelling systems. Algal intracellular vanability has necessarily been constrained with
chloroplast volure being assumed constant at 20 %, and algal ¢, and refractive index
values held invanant for each of the three algal groups represented. In addition, it is
assumed that a Standard size distnbution [Hansen & Travis 1974] of constant width and
selectable effective diameter is able (o stmulate the oplical properties of complex
phytoplankton size distributions [Chapter 2]. These assumptions, and the use of a spectral
mixing model employing an admixture of three algal groups, allow the quantifiable
maniputaiion ol near-surface algal absorption and backscallering 1n terms of assemblage
size and accessory pigmentation. Further investigation of the validity of these
assumplions is reliant upon the availabilily elintracellular morphological, pigment and
refractive index data [tom an appropriately wide selection of algal assemblages. 1t must
also be emphasized that the model structure shown here 15 specifically designed for
application n a productive upwelling system, and applicalion Lo other water types, e.g.
oligotrophic systems, may require an alternative choice of basis algal groups and

independent lesting.

In addition to allowing a more detailed description of algal assemblage vanability for
ocean colour data, returned model data may allow some insighi to the contribution of
algae to particulate backscaitering. The model indicates that the algal contribution to
backscattering introduces considerable spectral shape, and is notably higher than
previously thought, pariicularly al red wavelengths where algal backscalienng 1s ofien
maximal This phenemenon highlights the importance of red wavelengths m high
biomass ocean colour dala, and the potential inclusion of these longer wavelength into
ocean colour models may allow more accurate Chl  estimates at high concentrations of

algal binmass. The imporiance of algal backscatlering at red wavelengths again
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emphasises the need for a greater knowledge of intra-cellular refractive index variability
at the Lypcially weakly absorbing red wavelength regions, where even small variations in
the intracellular imaginary refractive index can have a profound impact on backscatter.
Backscattering data returned by the model has also highlighted the need for greater
knowiedge of the non-algal particulate pool which, in almost all cases other than extreme
bloom evenls, make a significant if nol major contribution to particulate backscattering
[Stramksi ¢f gf. 2004]

Whilst the model has been designed for application to moored hyperspeciral radiometric
sensors, it can relatively simply be adapted for use with space-based ocean colour
sensors. Requirements for this are: the provision of suitable geometrical factors to
eslimate coherent water leaving radiance data under diftferent viewing configurations
[Morel ef ol 2002, Morel & Crentil 2004, and a reduction in the number of unknowns
currently used by the model, most likely through reducing the number of algal groups
employed in the spectral mixing model. Adaptation for space-based use would allow
synoptic estimates of algal size and non-algal components, and potentially more accurate
Chl & estimates in high biomass waters. Whilst the derivation of fluorescence parameters
has not been examined here, similar previous models have demaonstrated such an
application [Roesler & Perry 1995], and there 1s considerable potential to utilise i sifis
and space-based (luorescence dala for HAB delection [Gower ef . 1999] and as a

physiclogical proxy [Young & Beardall 2003].

164



Chapter 6

Conclusions

165



The study has demonstrated that it 18 possible to quantitatively relate spectral reflectance
data, through the absorption and backscattering coefhicients, to the variables causal to
algal inherent optical properties. This is made possible principally through the use of
optical models employing a two-layered geometry, in conjunction with simpty
parameterised equivalent size distributions. The use of these constructs, in combination
with spectral mixing models based on common algal groupings for upwelhing systcms,
allows the derivation of algal biomass, an algal size descriptor, and coarse accessory
pigment identification through a reflectance inversion algorithm. Whilst the reflectance
algorithm and underlying optical models presented here arc far from optimal, and specific
to upwelling sysiems in their present forms, they represent the beginnings of a framework
for fully analytical ocean colour models: utilising a unified theory to describe the entice

suite of algal 1OPs for a hypothetical algal population.

The adoption of a preliminary analytical framewaork for the interpretation and simulation
of ocean colour has highlighted gaps tn the current knowledge of algal cellular
characteristics and related effects on algal TOPs, Such gaps must be addressed, not least
with the aim of providing a truly robust reflectance inversion algonthm capable of
operation in a wide variety of water types. A variable of constderable importance to algal
optical properties and physiology is the Chl @ concentration per cell volume or ¢ (kg m'3]
[Morel & Bricaud 1981, Raven 1986] The reflectance algonthm presented here has
cmploved invariant ¢; values for each of the three algal groups represented, as a neccssary
constratnt for effective drameter predictton, These mvanant ¢, values have been
cmployed in the absence of (ield data indicating a more appropriate parameterization (sec
discussions in Chapter 3. 4). There is little doubt that a greater understanding of the ¢,
variability of natural algal assemblages, {rom allometnc, broad taxenomic and
physiological perspectives, is required: both Lo improve perlormance of the reflectance
aigorithm presented here, and to promote greater understanding of the processes

underlying aigai optical propertics

In a stmilar vein, this study has made somewhat simplistic assumptions concerning the

morphometrics and intra-celluiar refractive index variability of the algal cell, as a
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necessary first step 10 adopting a two-layered geometry model for algal oprical properties
Comprehensive validation of the two-layered model requires a greater understanding of
cellular merphometrics from a systematic perspective. [n addition, the study has shown
that intracellular spectral refractive index variability has a considerable effect on
backscattering, particularly so when the imaginary refractive index is very small, e & at
red wavelengths Greater knowledge 15 thus required of the refractive index of cellular
organelles, in particular the chloroplasts as the major source of variability in both the real
and imaginary parts of the cellular relractive index, Whilst the two-layered spherical
model has been employed here @ priord, the effects of non-sphericity may be as important
as those of cellular heterogeneity. There is thus a need to examine the impacts of using
madels employing a heterogeneous non-spherical geometry, expanding on the
preliminary studies that have been conducted in this regard for small cells [Quirantes &

Bemard 2004].

Whilst the major focus of this study has been the optical properties of the micro-algal
milieu, there is a well documented need to better understand backscattenng from other
sources in the ocean [Stramks ef al. 2004 and references within], The results presented
here emphasise this need, indicating that non-algal particuiate matter represeats a major
source of backscattenng, even in the highly productive waters of the southern Benguela.
it is hikely that a considerable part of this noa-algal backscattering signal is associated
with small particles (< | pm) [fbid |. As the distinchon between the particulate and
dissolved components of seawater becomes blurred ai these sizes, so a grealer knowledge
of what is operationally detined as the dissoived component {zelbstoffy becomes

NECEssary,

Analvtical models of ocean colour, in addition to the inherent optical properties of the
marine constituents, require geometrical shape factors expressing the bidirectional
character of the upwelling light field in the sea, These shape factors — the remote sensing
reflectance utilised in this study employs the £ factor — are dependent upon illumination
conditions, sea state, and the volume scattering function associated with seawater and its

constituents. The #() factor is thus known to be sensitive to the angular scattering
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characteristics of the marine hydrosol, and whilst the £ data employed in this study
represent the most detalled data currently available [Morel et af. 2002], there is little
doubt that they are sub-optimal for application te very high biomass waters (for which
they were not designed), Detalled analyses of this shape factor require radiative transler
modelling, and there would be considerable benelil to condueting these analyses, using
radiative transfer models coupled to the two-layered spherical population models, 1o
asscss f(7 variability for HAB scenarios. The ability to characterize £ with regard to the
effects ol high biomass (> 10 mg m™ Chl a), and the spectrally variant volume scattering
function and backscattering probability data given by the two-layered model, will

undoubtedly increase the effectiveness of the inverse reflectance algorithm.

The reflectance algorithm also offers the ability to distinguish the solar stimulated algal
fluorescence peak, centered al ~ 683 nm, from backscattered light at these wavelengths
[e.g. Roesler & Perry 19951, Whilst such an application has not been explored here, these
Huorescence data offer a potential physiological insight to the algal assemblage, availablc
either from autonomous fx sifw instrumentation or from space. Algorithm returned algal
absorption in combination with a derived fluorescence peak offer a means to derive the
fluorescence (uantum yield [ibiel ], thus providing the petential to remotely cxamine
physiological siress and photosynthetic parameters [Young & Beardall 2003, Yoshikawa
& Furuiya 2004].

The reflectance algonthm 1s already undergoing trial operational use with moored
autonomous hyperspectral sensors. An essential aspect of this use 1 eslablishing the
cffectiveness of the algal identifiers returned by the algorithm with regard to the identity
ol potentially harmful algal assemblages: linking @ metne based on optical causality to
conventional taxonomy, A probabilistic approach is perhaps likely to be most effective in
this regard, whereby concurrent environmental daia are used in conjunction with the bio-
optically derived data to assess probable bloem identity. The use of the reflectance
algorithm with space-based occan colour data has the potential to provide a powerful
remete scnsing tool - adaption ef the algorithm [or currently active muliispectral ocean

colour sensors is underway.
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Appendix 1
Potential errors associated with numerical derivations

of algal and detrital size distribution

In both Chapters 2 and 3, numerical methods are emploved to estimate size distributions
of the detrital, i.e. non-algal particulatc component — thesc distributions are subscquently
used Lo calculate the algal size distributions central to these chapters. Ii is thus necessary
to understand the potential crrors ansing from the methods used 1o obiain these size
distribution data, and potential subsequent impacts. Such considerations are of particular
imporiance to Lhe discussions presenied in Chaper 3, as it is from the derived algal size
distribution daia that the core causal absorption variables of etfective diameter, ¢, and

unpackaged absorption are derived.

Particle sizing techniques employing Coulter methods have a thirty year history in the
detcrmination of the size disttibution of marine particulate [c.g. Sheldon ef &l 1972,
Olivieri 1985], However, such measurements have pertained only to the total marine
particulate, and few Couller determinations have been made solely of the size
distributions of phytoplanktan themselves in their natural stale — somewhat
unsurpnsingly given the methodological complexities involved. Measurcment of the algal
size distribution for naturally occurning samples requires some means of measuring or
deriving the size distribution of mher marine particulate, specifically detritus if
considering the size range of 1 um to 100 pm in 2 system where there is unlikely 10 be
significant terrigenous input. These detrital data are then used in a subtractive manner to
caleulate the sive distribution of viable algal particles only, in & manner analogous to the

algal/detrital absorption scparation methods of Kishino [1985].

Numerical methods have been used here to determine the size distribution of detrnal
matter; specifically an optical model used 10 determine 1he detrital PSD using assumed
size parameters and measured detrital absorption [Chapter 2| However, the assumphons

necessary to these methods, those of a fixed detntal imagnary refractive index and size
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distribution shape, will impact calculations of both algal effective diameter and ¢; values,
and the unpackaged spectral absorption values employed as spectral basis vectors by the
inverse models. The assumption of a Jungian shape can be supported by existing
measurements ol non-algal particulate in natural waters: using flow cytometry [Green ef
al. 2003] or Coulter measurements from bottom-[McCave 1983, Boss e af 2001] or mid-
water samples [MeCave 1984] domunated by non-algal particulate. Published data also
support the assumption of an exponential shape [or deintal absorption and thus the
imaginary part of the refractive index [Roesler ¢f . 1989, Tturmaga & Siepel 1989].
However, the value of the Junge slope assumed (£=4) and the refractive index spectra
{#'=0.001066 exp(-0.007168)) can be considered only as representative values within a
range. and in the absence of detailed data allowing potential etror calculations, an error
assessment can only be made by examining the effects of assuming more extreme values

for these two parameiers.

A study was carmed out on the sensitivity of calculations of &, ¢, and a; vahies Lo
variations in the parameters used (o caleulate the algal portion of the size distribution
from the measured size distribution and particulaie absorpiion daia. These parameiers are
the Junge slope parameter £ of the detrital size distribution, and the values used to
calculate the slope ef the imaginary refractive index of the detrital component #'4) =
AT400) exp{-5) {see Chapter 2.2). Junge slope values were allowed to vary from 3 < £< 5,
and refractive index values were allowed 10 vary from 0.005 < #{400) < 0.02 and 0,005 <
S < 0,013, The Junge slope values are represeniative of the range ef values [bund in
naiural waters | Boss ef af. 2001], whilst the refractive index slope values represent the
range of detrital absorption slope values found here, sintlar 1o previously published
values |Roesler ef af. 1989] - assuming the imaginary refractive index ef the deirital
component is similar in speciral behaviour to detrital absorption. The sensitivity study

shows the following:

o All algal parameters displayed relative insensttivity Lo changes in the detrital Junge

stope £, with average deviations in dug, ¢; and &, of under 10 % relative to the data
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used in the study {£=4) Maximum deviations were found with &=3 in a;u for large

cells and ¢, for small cells, These deviations corresponded to ~ 25 % changes in the

slope value £

« All algal parameters displaycd relative insensitivity to changes in the magnitude of

the detrital imaginary refractive index #{400), with average deviations in dy, ¢; and

a;u of under 10 % relative to the data used 1n the study {£=4), Maximum deviations
were found with #(400}=0.0005 in a,, for large cells. These deviations corresponded

to ~ 60 %a changes in #{400).

¢ The greatest sensitivity in all parameters was shown to slape S of the detrital
imaginary refractive index, with average deviations of 10% indlg 28 %0 in ¢, and 27
% 1n a; . Maximum deviations were again found with §=0.013 in a,, for large cells

and ¢; for small cells. These deviations corresponded to - 80 %% changes in the slope

value 8.

The sensitivity study indicates that in the context of the large obscrved variability in the
whole dala set for absorption and related bio-physical descriptors, the sensitivity to
changes in the assumed detrital parameters used in processing the algal size distribution
data are gencrally small. Nevertheless, the study shows that errors from the detrital
assumptions are most likely to be manifest in the ¢, values of assemblages dominated by
very small cells, and the uvnpackaped absorption valucs of assemblages dominated by
very large cells. These phenomena may be responsible [or several apparent incongruitics
in the data: the relatively small ¢; values of the Aureococcus-dominated assemblages, and
the relatively low values ol unpackaged absorption [or the assemblage cmployed for the

dinoflapellate basis vector

7



Appendix 11

Location of Sampling Sites
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s 19992002 BENLFIT & BENCAL cruiscs
19992003 Saldanha Bay A. anophagefferens sampling
e 2001 False Bay K. cristcta sampling

* 1999 - 2004 Lamberts Bay sampling
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Appendix I11

Notation
Symbol | Definition " Unmit |
a | absorption coefficicnt m

. absorption of cellular material m'’ =
a, detrital absorption coefficient '

a, gelsbloff absorplion coetficicnt m”

a combined gelsbloff and detrital absorption coefficient m”

u, phytoplankton absorption coefficicnt m'

a, particulate absorption cocfficicnt m’

Y Chl a specific phvioplankton absorption | m* mg Chl &7

), wnpackazed Chl a specific phyvtoplankion absorption m mg Chla' |
ASE Arca scaling factor for size distnbution manipulation dimensionlcss

b scattering coefficient m'

b, particulate scatiering cocflicient m'

"E’.ﬁ phyvtoplankton scattening coefficient m’

‘5; Cht & specific phvioplankton snattt:ri:ng.cc!trff"lcient m mg Chla’

b, backscattering coefficient i

5, Particolate backscattering coefticient m’

b Small particle backscattening cocfficient m’

bbq‘ phytoplankton backscattening coefficient m’

b.:;a Chl & specific phvtoplankton backscattenng coctficient m- mg Chil &

'"h backscattering probability dimensionless

‘m phytoplankton backscattcring probability dimensionless

% attcnuation cocficicnt m?

i phytoplankton absorption coefficicnt m’

¢ Cht 4 specific phyioplankton absorption m’ mg Chl o’

¢, intraccllular Chl ¢ concentration kgm® ]
Chlg total algal chloraphvll & concentration o mg m”

d particlc dlamcter i Lm

de;,r elTcetive diameter of size disinbution wm

P e kth diametric moment vanes

X downwelhng nradiance W cm “nm '
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Symbol | Definition Unit
F(d) number of particles per uml volome per nucrometer #mopm
F"(d) Chl & specific no. of particles per unit volume per micrometer #m pm mg’
K diffuse attenuation coefficient m’
: L, npwelling radiance o LW e nm st
" complex refractive index B dimensionlcss
i, complex relractive index of a homogeneous particle dimensionlcss
m,, complex refractive indexof the chloroplast mensiciless
m,, complex refractive index of the cytoplasm dimensionless
# rcal part of the refractive index dimnensioness
n, real part of the refractive index of a homogeneons particle dimensicnless
Ho, real part of the refractive indexof the chloroplast " | dimensionless
- real part of the relractive index of the cytoplasm dimensionless
'r.i" h imaginary part of the relractive mdex dimensionless
"', imaginary part of the relractive index of a homogeneous particle | dimensionless
n,, imagaary pari of the refractive indexof the chloroplast dimcnsionless
ﬂ"c}m imaginary part ol the refractive ndex of the cytoplasm dimensionless
j.,y number of particles per unit volume R #m
-
P, nomahsed scaling parameter for algal group ‘dimensionless |
0 absorption cfficicney factor thmensionless
Q mean absorption cfficicncy factor of a size disinbutzon dimensionless
Q; prackage effeet parameter dmmensionless
Q, ' x'_scatteﬁng efticiency factor dimensionless
_{};& backscatterning efficiency factor dimengionloss
a, mean backscatteriny efficiency Tactor of a size distribution dimensionless
o atleruation .eff"lciem:y factor : dimensionless
F | particte radius um
[ p - clTeetive radiug of a particle size distobution 1Lm
R, remote sensing refloctance s
5 gelbstoff absorption slope factor expronent dimgnsionless
<S84> | projected surface arca of a size distribution | N
4 | particlo volume i,
7  total relative particle volume dimensionless
ot | Mig size parameler ~dimenstonless i
Jit volume scaticring function m s’ i
g scattering phasc function sr'
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@mhﬂl J Definition Unit
An spectral vanability in the real part of the reafractive index dimenstonless
RERE central value of the rcal part of the refractive index Dimensionless
I o oplical thickness dimensionjess
A i vacud wavelength nitt
a scattering angle degrees
T Fresnel reflectance dimensionless
Uy [iMective variance of a particle size distribution dimensionless
& Junge slope exponent dimensionless
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