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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 etal 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 deffofthe 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 ve.tf. the first using the variable experimental veff 

values determined for each sample, and the second using a constant veffvalue 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(A), the scattering coefficient b(A), the backscattering 

coefficient bb(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]: 

Q.=~~ 
a 2 acm d 

(2.9) 

where acm is the absorption of cellular material (m- l
) and is given by acm=4nn'/A [ibid]. 

For each sample two calculations of the suite ofIOPs were made. The first was made 
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distributi«>n 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]. 

F(r)=ASF exp - 2----r-
7/2

r;2 [ 1 ( r4 rJ] 
~21rv~ (1+3v~ +3v:') 2v~ r r~ 

(2.5) 

2. The Standard distribution [Hansen & Travis 1974] 

(2.6) 

3. The Oth order log nonnal distribution [Hansen & Travis 1974, Jonasz & Fournier 

1996] 

[
-(In(r)-ln(rg ))2 ] 

F(r)::::ASFexp 20"2 
g 

(2.7) 

where Tg = Teff/(l+ Veffll2 and 082 = In(l+ Veff). 

4. The Junge distribution [Junge 1963, Bader 1970] 

(2.8) 

In addition to the above distributions, a further approximation was assessed: 

5. A single size approximation of d=deg-
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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 J +E, 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 et al. 

1988]. 

All refractive index determinations, and subsequent optical modelling runs, were made 

with ChI 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 ChI a values i.e. a;(J) and F(d) were 

simply divided by the appropriate ChI a concentration. Whilst ChI a-specific 

phytoplankton absorption is a common bio-optical parameter [e.g. Bricaud et al. 1995], 

ChI a -specific size distributions are rarely used. However, test results employing 

absorption and size data normalised to ChI 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 J.UD, at a 1 J.llll 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: 

< SA > = f 100 tr d 2 F(d)d(d) 
1 4 

(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 a; (A) is the algal absorption coefficient (m2 mg,l), Q/l (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 ± 1h d(d}, and A.. denotes wavelength (nm). Using the 

experimental algal absorption coefficients and size distribution data as described above, 

Q/l (A..) can therefore be calculated for natural algal assemblages. Employing the 

anomalous diflTaction approximation [Van de Hulst 1957], 

(2.3) 

dimensionless absorption efficiency factors can be expressed in terms of the optical 

thickness p' = 4an', where a is the Mie size parameter d1llA-, and n'(A) 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 et al. 2001] were employed to derive spectral variations in the 

real part ofthe-i~ typically denoted as An(A..), from the imaginary part of the index. 

The Kramers-Kronig (KK) relations are used as a replacement for the Ketteler-Helmholtz 

theory ofBricaud & 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 et 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 ofn(A..) around which An(A..) varies, 

denoted as 1 +e, was fixed at 1.05 for all samples, chosen as a representative value for 

phytoplankton [Bricaud & Morel 1986, Bricaud et al. 1988]. Note that both the n(A..) 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 

Jlm (nominal GFIF pore size) by fitting a log-normal function (Equation 2.7, veff= 0.5) to 

the minimum measured diameter. Algal size distributions were also extended to an upper 

limit of 100 Jlffi by extrapolation with a fitted Jungian distribution of exponential slope 

~=4. Finally, data for optical analyses were resampled to linear size bins of 1 Jlm, with a 

range of 1 Jlm to 100 Jlffi, 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 GFIF 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 I to 2 1. Pigments were 

extracted in acetone, containing trans-P.apo-8/-carotena1 internal standard, with the aid of 

ultrasonication and clarified by centrifugation. Analysis of pigments followed the 

reverse-phase HPLC procedure outlined by Barlow et al. [1997] using a 3 Jlm 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 trans-P.apo-8/-carotena1 were obtained 

from Sigma-Aldrich Ltd. Other pigment standards were purchased from the DID 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]: 
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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 between 2 I and 0.1 1. 

Raw optical density values at 438 run, corrected for blank absorption, ranged from 0.9 

(Chl a = 195 mg m-3 with 100 ml filtered) to 0.4 (Chl a = 0.5 mg m-3 with 2000 ml 

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 et al. 1985]. Phytoplankton absorption a; (1) data were 

then obtained by subtraction of detrital absorption aa(1) from total particulate absorption 

ap (1). 

2.2.3 Particle Size Distributions (PSD) 

Particle size measurements were made using a 128 channel Coulter Multisizer n with 

either a 50 J.U11 or 140 J.U11 aperture in manometer mode, using freshly prepared 0.2 J.U11 

filtered seawater as both blank and electrolyte. Choice of aperture size was dictated by 

size of the dominant algal species, with 140 J.l.m 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 ml 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 ofKishino et 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 J.U11 to 100 J.I.ffi. in log-spaced bins. An inverse 

anomalous diffraction model, employing a NeIder-Mead (simplex) non-linear 

optimisation routine to solve for magnitude No, was then used to fit measured detrital 

absorption 8d(A). An imaginary refractive index ofn'=O.001066 exp(-0.0071681) was 

employed [Stramski et aI. 2001], with the implicit assumption that all non-chlorophyllous 

matter retained on the GFIF 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 

~bsorption, 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 GFIF 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 ofMilli-Q water through fresh GFIF filters, which were then read in the same 
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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" > = La) 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 ± Va d(d). The best single parameter describing the optical 

properties of a size distribution is the effective radius r ejf or diameter deg- - the ratio of the 

third to second moment «d 3>I<d 2», or the mean volume to surface area ratio of the 

distribution [Hansen & Travis 1974, Lads et al. 1992]. An additional parameter of 

importance is the effective variance vejf«d 4><d 2>I<d 3>_I), which describes the width 

of the distribution [Hansen & Travis 1974, Alexandrov & Lads 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 & Lads 2000], and non-spherical ice crystals [Grenfell & Warren 1999]~ 

and phase functions for aerosols [McGraw et 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 bie-optical monitoring and detection of harmful algal blooms. 
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populations are rarely monospecific, and the use oflog-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 et 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 ofa Junge distribution [Bernard et 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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2.1lntroductioD 

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 cen density, biomass, and carbon concentrations 

[Agusti et al. 1987, Montagnes et 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 et 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 equivalence schemes, either explicitly with geometrical calculations 

from microscopic observations [Montagnes et al 1994] or implicitly through volume­

based particle sizing techniques such as the Coulter method [Sheldon et 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 In. 
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simplest geometry capable of simulating the observed angular scattering of algal cells 

[Quinby-Hunt et al. 1989]. Chapter 4 thus investigates the suitability of the two-layered 

spherical model [Aden & Kerker 1951] for the simulation of the major lOPs 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 lOPs for both 

single cells and populations, and a preliminary validation of the two-layered model are aU 

undertaken. The parameterisations and insights offered by the previous two chapters, in 

addition to a wide range of data from the literature, are aU used to construct algal lOP 

models based on a two-layered spherical geometry. Such models move towards allowing 

the holistic description of the suite of algal lOPs 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 lOPs and biomass. In addition, by using the algal lOP model 

previously discussed, the algorithm allows an estimate ofthe 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 ofbio-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 ofHABs 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 lOPs, 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 lOPs 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 Chi a and accessory pigments are responsible for a large 

proportion of observed variability in algal absorption coefficients [Bidigare et 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 [Hoepffuer & Sathyendranath 1993, Johnsen et al 1994, Millie et 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 

11 
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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 et al. 2001]. 

However, whilst the absorption and total scattering of algal cultures have been 

successfully simulated using Mie theory [Bricaud & Morel 1986, AM et 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 et al 1989, Volten et al. 1998, 

Vaillancourt et al. 2004]. These studies, and others investigating the effect ofinternal 

cellular structure on angular scattering [Witkowsi et al. 1993, 1998] indicate the 

importance of internal structure on algal scattering at large angles [Bricaud et al. 1992, 

Kitchen & Zaneveld 1992]. 

Whilst causality is wen 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 funy realised. 

This study seeks to construct an inverse reflectance model, suitable for HAD 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 lOPs 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 lOPs. Finally, all of these structures will be 

integrated into a reflectance model allowing the estimation ofIOPs 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 et al. 2002, Morel & Bricaud 

1981, Raven 1984]. Size is also of considerable value in HAD applications, where bloom 

onset is often characterised by changes in the effective size ofthe 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 ofbio-optical oceanography as regards HABs. 

Mie modelling, 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, AM et al. 1992]. Algal 

absorption is well understood from this theoretical perspective, and is governed by three 

causal variables: the effective size of the algal cen 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 et al. 1988, Geider & Osborne 1987, Johnsen et 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 approach [Bricaud et al. 

2004]. Additionally, absorption is a dominant source oflight 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 et al. 2003]. 

Backscattering, the integrated angular scattering that is responsible for returning light to 

the surface of the 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 sources ofbackscattering 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 manner, 

by the same causal variables as absorption: size and intracellular pigment configuration, 

9 
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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 et 

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 et al. 1997, Chang et al. 2004]. 

An important construct in contemporary bio-optics is the division between inherent 

optical properties (lOPs) 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 

8 
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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 ofHABs, 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 ofHABs 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 et 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 et aI. 

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 situ 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 

7 
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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 ofhannful algal blooms. The adopted framework focuses on establishing 

quantitative relationships between optically important algal intracellular properties and 

inherent optical properties (lOPs), 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 lOPs associated 

with natural algal assemblages, and provide a means of simulating these lOPs. Algal size is an 

important determinant of optical properties, and the study demonstrates algal lOP 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 Chi a concentration, and accessory pigment complement. An 

improved Wlderstanding 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-Iayered 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 conjWlction with an algal optical model employing 

a two-Iayered 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 Chi 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 sil:e distribution (calculated as described in section 2.2 3) with 

corresponding refractive index data (as described in seclion 2.2.5) - the,e are refefTed to 

as the "measured" properties The second was made using the equivalent algal si7.e 

distribution (calculated as described in section 22.6) 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 

abilily ofa ,imple Cljuivalenl siLe distribution to match the lOPs calculated using a 

relatively complex measured sil:e distribution 

The ability of the equivalent siTe distribution to match the lOPs calculated from lhe 

measured siLe distribUlion were as,e,sed u,ing the mean and standard deviations (SO) of 

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

2.10 

2.11 

where ""'1"" is the modeled ab,orption of the equivalent si7.e distribution, and " """" is the 

modeled absorption of the measured siLe dislribution. The above expre,sion are for 

ab,orption - analogous expressions are employed for other lOP,. 

The Aden-Kerker L1951] fonnulations, as provided by the Forlran code ofToon & 

Ackerman [1981] were employed for all tOrward optical modelling, in a combined 

MatlabiFortran environment. The Aden-Kerker formulations allow the absorbing and 

scattering propertie, of a two-layered particle to be calculated using si7.e and refractive 

index data as input, in a way analogous 10 Mie lheory use tor a homogeneous particle. 

rhe suitability of the Aden-Kerker formulations for homogenous particle geometry was 

confirmed by testing ,ampte resullS against the Fortran code of Bohren & Huffman 

[1983]. 
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Table 2.1 Genend description of sampled ass:emblages, with Chi a range, in mg m''', and 

phytoplankton ab>(lrplion a ; (674) ranges in m'l (see Appendix II) 

19-46 

12-14 0,25-0,35 

Table 2.2 Maximal mean RMS errors (~,), with standard deviations in brackets, between 

measured and equivalent distributions. The single size distribution ib ass<:ssed with regard 

to efficiency factors rather than volume coetllcient:; due to the unknown volume integral 

as:;ociated with a single size-- mean efficiency factor enurs for the inverse Gaussian are 

shown for comparison. The two most effective distributions for potential application are 

in bold. Errors for phytoplankton auenuatioo c" ,ca!tering b" absorption a" 
backscattering bb" and package effect parameter Q; are :;hawn, Reali:;tic ""lues of the 

maximum expected errors can be obtained by :;umming the mean RMS error and standard 

de~iation 

Di:;triblItion ~~ Error Cj Error b; Error aj Error bt>l' Error Q. 

(diless) (% ) ( •• J (%) (%) (%) -

Inverse Gau,s Measllred 3 I (4.6) 4,6 (5.8) 09(3.1) 9,6 (91) 1,4(4,9) 

Invent' Gallss 0.63 2.8 (4.9) 3.9 (5.5) 1.0 (3.8) 7.7(12.7) 1.1 (4.6) 

Standard Measllred 5,5 (4.2) 7,8 (5.2) 1.9 (2.7) 8,1 (17.4) 0.8 (5.7) 

Stllndard 0.63 4.9 (4.1) 6.4 (4.3) 0.9 (3.S) 8.4 (17.1) 1.9 (S.2) 

Log normal Measured 3.4 (8,4) 3.1 (10.8) 18,3 (II 8) 196(179) 8,4 (79) 

Log normal 0,63 2,7 (6.2) 2,6 (7 8) 18,3 (1.4) 19,5 (120) 8.8(6,1) 

Junge Variable 36.6 (12.9) 36.7 (12.8) 27,4 (8.0) 14,4 (220) 33.3 (28 5) 

ErrorQ, Error Q, Error Qa Error Q,; Error Q" 

Invers:e GaliSS Measured 3,0 (4.7) 4.3 (5,4) 0.6 (2,7) 8,6 (9.7) 14(4.9) 

Single size - 6.7 (25.3) 8. I (24.6) 145(8.2) 333(176) 4.1 (3,0) 
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Figurc 2.1 Optical and sizc relatcd data fur all samples analyscd A) ChI a-spccific 

phytoplankton absorption, B) Algal si7e distributions by volume, C) Tmaginary part of the 

phytoplankton refrac[ive index, 0) Real part oflhe phytoplankton refractive index. E) 

Effective diameter vs. efle~1ive variance ofthe phytoplankton si7.e distributions. where 

bubble size rcprcscnts measured ChI a cooccntrations [rug nf'l. F) Slope f. of the 

equivalent effective diameter matched Junge phytoplankton distributions. The complex 

and sometimes highly peaked algal size distributions can be observed in 13) Distributions 

dominaled by the pelagophyteA. anophagefferens are ~caled by 0.2 10 fdcilitate 

companson, 
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2.3 Results and Discussion 

All Chi a-specific phytoplankton absorption, size distributions and refractive index data 

are displayed in Figure 2. L The absorption data (Fig 2, I A) demonstrate the effects of 

varying assemblage size and pigmentation I Morel & Bricaud 1981, Rricaud e/ ul. 1988]; 

the effects of which can also seen in the imaginary refractive index data (Fig. 2. IC), the 

magnitudes of which compare well with algal culturc data [Aim eT af. 1992, Yohoo el af. 

1998] The multimodal phytoplankton volume distributions (Fig. 2, IB) are typical of the 

productive, phytoplankton-dominated walers oflhe southern Benguela, and demonstrate 

the difficulties of simulating the complex shapes of natural phytoplankton distributions 

using simple distrihmion functions 

Figure 2 lL shows the range of effective diameter and variance data in relation to algal 

Chi u concentrations. There would appear to be little systematic variation with regard to 

shape oflhe algal size diSlribution and algal biomass, and the range of eITeClive variance 

with regard to Chi a concentrations demonstrates that many of the high biomass algal 

hlooms observed in the Benguela are composed of multiple species of a wide range of 

sizes [pitcher 1:/ uf. 1998] . The range of effective variance dala compare~ well with algal 

culture datalVohen e/ al. 19981, although the variance data from this study typically 

display higher values, as might be expected from more widely polydispersed natural algal 

assemblage~, Figure 2.IF shows the relationship between Junge slope ~ and effective 

diameter for the matched Junge distributions the range ofsJope values falls between 2.74 

<; {<; 4.2, a similar range of values to those previously published for total marine 

particulate [Boss el uf. 2001 , 200la, '1 wardowski et al. 200IJ The relationship between ~ 

and d.,ncan he clo~ely approximated WIth a power law Ii.mClion ({ - 4.94 d,/' '', r' = 

0.99, n-34), but such an approximation is only appropriate to the diameter range (1 to 

100 ~lm) and linear size interval (I !1-ill) used for lhis ~tudy [Boss eta!. 20011-
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2.3. 1 Optical Pr(lperti es (lr Equivalent Size Distributi(lns 

The two equivalent size distributions previously used for analogous atmosphel"ic work, 

the inverse Gaussian [Alexandrov & I ,acis 2000] and Standard [Hansen & Travis 1974], 

perform well in simulating the optical properties ofalgaJ assemblagcs. Maximal RMS 

errors and their standard deviations are reported in Tablc 2,2 & Fib'Ure 2.2 for all 

distributions, calculated in percentage tenns for all optical properties relative to the 

derived optical properties of the full, i.e. measured, distributions Realistic values of the 

maximum expected errocs can be obtained by summing the mean RMS error and standard 

deviation - the single values in Table 2,2 represent the largest spectral errors seen in 

Fib'llre 2 2. fhe best performing inverse Gaussian distribution therefore appears capable 

of simulating beam attenuation c and total scattering b to within 10%, absorption a and 

package effect parameter Q.' to within 6%, and backscattel'ing hb to within 20% . The 

Standard distributioR offering a simpler algebraic expression, gives similar perfonnance 

with the exception of slightly higher maximum backscattel'ing errors of - 25 % 
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Figure 2.2 Mean spectral RMS errors and standard deviations of the best performing 

inverse Gallssian eql1ivalent distribution. A) Attenuation coefficient, B) Scattering 

coefficient. C) Absorption coefficient, D) Rackscattering coefficient and E) Package 

effect parameter, High magnitude roorpholog)'-dependent resonance effects [Mishchenko 

& Lads 2000J can cause extremely high mean errors in phase fimctiun simulations, and 

sllch errors are therefore not calculated for the phase function. Figure 2 2F shows a 

comparison between computed phase functions from the full, inverse Gallssian and Junge 

distributions at 530 run for the same example assemblage as Figure 2.3 . 
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Both these distributions appear capable of reproducing saliem bio-optical variables with 

sufficient accuracy for inversion application through a wide range of algal assemblage 

types_ Ofpaniclilar imponance is the ability of the inverse Gallssian and Standard 

distributions to reproduce spectral absorption coefficients and package effect parameters 

accurately « 6 %), as phytoplankton absorption is an often dominant determinant oflight 

attenllation in the sea [Morel 1988], and offers an optical signal with the ability to 

provide algal assemblage descriptors [Ciotti e/ al. 2002, Lohrenz e/ al. 200}, Bricaud et 

al.20041 

The relatively high errors associated with the backscattering coefficient (-,20"10) relative 

10 the other coefficients (~5 % 10 - 10 %) are presumed to be a result of the greater 

sensitivity to small size changes oflhe scattering phase function relative to integrated 

variables such as the attenuation or absorption coefficient [Hansen & Travis 1974, 

Mishchenko & Lacis 2000]. Both intert(:rencc phenomena and morphology dependent 

resonances, at their most pronounced in the phase function [Mishchenko & Lacis 2000], 

arc likely to result in much larger size-dependent variations (and errors) in phase function 

dependent variables such as the back scattering coefficient. Previous studies considering 

hypothetical particle polydispersions [Morel & Bricaud 1986, Slramksi & Kiefer 1991] 

have demonstrated thatlhe relationship betwoon optical efficiency and panicle size is 

considerably more complex tor backscattering (which can show decadal variations in the 

Ito 100 I-lJll size range) than those for atlenuation, scattering or absorption (which tend to 

limiting values in the same size range). It must also be appreciated that Mie fonnulatimlS 

employing a homogenous spherical particle geometry have been shown to be sub-optimal 

tOr algal angular scattering calculations, due primarily to cellular internal structure 

[Quinby-Hunt ef al. 1989, Witkowski et al. 1993, Zaneve1d & Kitchen 1995, Vollen et af. 

1998, Witkowski e/ a/. 1998]. Nevenheless, the aim orthis study is to demonstrate the 

utility of equivalent size distributions, which appear able to repmduce the simulated 

backscattering properties of measured algal size distributions within an acceptable level 

of uncertainty_ 
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Forcing both thc invcrse Gaussian and Standard distributions to a constant v¢ appears to 

have had little adverse effect 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 voff would appear to 

be due at least in pan 10 the relatively dispersed nature of the majority of the algal 

assemblages analyscd, even in high biomass bloom scenarios. Thus, whilst the 

assumption of a relatively high constant v'ff ofO.63 appears appropriate tor natural algal 

assemblages in prodUl-1ive coastal systems, application either 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 optical variables 

(- 25% to - 50% errors), with the important exception of the package effect parameter 

(-7% error) which offers comparable performance to the inverse Gaussian and Standard 

distributions (- 6% to - 7"10 errors). The acceptable performance orthe single-size package 

effect derivation, in comparison to the poorer performance with regard to the other 

optical coefficients., is likely to result both from the monotonic nature of the Q: vs deff (or 

p) relationship [Morel & Bricaud 19811, and the high relative impact of the optical 

thickness p' upon direetQ: calculations (Equation 2.9). Whilst Q. and Q: are obviously 

both directly dependent upon j1, the average deviation of p'(675) is four times higher 

than Q'(675) when considering the entire data set thus the assemhlage-averaged 

effective diameter and imaginary refractive index data playa greater role in the package 

effect calculations relative 10 those orthe other inherent optical properties. The good 

pcrform~nce of the singlc-si7.e package-effect derivation offer~ a potentially extremely 

useful formulation the ability to robustly express the ChI a-specific phytoplankton 

ahsorption of natural assemblages through a single effective diameter parameter via the 

package effect [e.g. Morel & Bricaud 19~11 

The Junge size distribution, perhaps the most commonly used in marine optics, 

performed markedly less well, with errors ralging from 35% to 620/0 (Table 2.2). Given 



Univ
ers

ity
 of

  C
ap

e T
ow

n

the peaked nature of the measured phytoplankton size distributions, and the noted 

limitations of the Junge distribution for phytoplankton-dominated waters [Sheldon el al. 

1972, Risovic 1993, Jonasz & Fournier 1996, Bo,s e/ al. 2001 J, the poor performance of 

the Junge distribution is not unexpected. The log-normal distribution, whi le offering 

more accurate returns than the Junge distribution, offers a mixed perfornlance in 

comparison to the inverse Gaussian and Standard distributions. The log-nornlal returns 

for the attenuation and scattering coefficients (10% to 14% errors) are comparable to 

those of tile inverse Gaussian and Standard distributions, The log-normal returns for the 

ab,orption and backscattering coeft1cients, and the package effect parameter, are however 

noticeably poorer (Table 22). Whilst this may be partially due to the particular OLh order 

formulation of the log-normal distribution employed here IHansen & TraVIS 1974]. it is 

al,o likely to be due to the less desirable asymptotic characterist.ics of the log-normal 

distribution at higher sizes [Jonasz & Fournier 19%, Alexandrov & Lacis 2000]. 

Figure 2,3 details the measured and equivalent algal si>:e distributions. and a,sociated 

optical properties ofa mixed dinoflagellate and diatom bloom in the southern Benguela 

The example station is specifically cho,en to illustrate the close simulation of optical 

propertie, u,ing equivalent size distributions very different in shape to the highly 

muhimodal measured size distribution, The equivalent size distribution, in Fig 2.3A are 

calculated using the mean effective variance ofO,63, and can therefore be parameterised 

u,ing a maximum of two variable,: the effective diameter d.:tr, and the scaling parameter 

AS/>". Such data demonstrate both the utility of equivalent size distributions with regard to 

ojXical simulation. and the disadvantages of replicating size distributions by matching 

measured shape, Simulation of the measured volume size distribution shape in Fig 2,3A 

would require a minimum of three discrete distributions, each described by two 

parameters [e,g. Campbell 1995, Jonasz & Fournier 19961- With regard to the optical 

properties of the example as,emblage. the close replication of all optical properties by the 

inverse Gaussian and Standard distribution, 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 as,ociated with the anomalous 

diffraction approximation, used to derive the spectral refra~1ive index data. 
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Figure 2.3l!quivalent size dislriblltions and their inherem optical properties for an 

example assemblage, composed of mixed dinoflagel late and diatom species. All data are 

shown for ChI a--l mg m-l Data shown are A) Measured and equivalent phytoplankton 

size distributions,B) Phytoplankton beam attenuation coefficient c, C) Phytoplankton 

absorption coefficient a, D) Package effect parameter Q:, U) Phytoplankton scattering 

coetlicient b, and F) Phytoplankton backscattering coefficient bb_ Close matches for the 

calclilated optical propertie~ oCtile equivalent inver,e-Gau~,ian and Standard 

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

distriblltions relative to the highly ffiultimodal measured distribution_ 
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2.4 Application and Conclusions 
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Figure 2.4 Scaling parameters ASF for the A) inverse Gaussian and R) Standard 

distributions, calculated as surlace area equivalent to the thirty-four measured algal Chi a 

specific size distributions, The results suggest thatASF can be conlidently expressed as a 

function of d'ff for a wide variety of algal assemblages for the above distribution" 

Further consideration of the scaling parameter ASF for the inverse Gaussian and standard 

distributions reveals a close relationship with effective diameter d<J! for the :;amplcs 

analysed using a mean effective variance of 0 63 (Fig. 2.4). The AS!' parameter is used to 

manipulate the magnimde of the equivalent distributions by matching the total projected 

,urface area to that of the mea:;ured distribution. The ability to express (heASF [0 d./I 

relationship using a power law allows both distributions to be parameterised using a 

single variable, the efl'eclive diameler (Fig 2.4). This further simplifies potential inversion 

of the inverse Gaussian and Standard equivalent distributions by allowing Chi a-specific 

algal size distributions to be cxpres:;ed as single variable functions, a:;suming a mean 

effective variance of 0 63: 

I , Inverse Gaussian Chi a -specific algal size distribution 

F{r) = 2 xl 0' (2~f) '0>64 [r -
m 

r;;' 1 ~p[o. 7937 [2- roJl -~ll 
7.9232 r r", 

(212) 

35 
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2. Standard Chi a-specific algal size dislrihution 

F(r)= 1 x I 0' (2roff r"'" / _U W ) exp[rlO 63r", 1 (213) 

It should also be noted that it is possible to use the above expressions as simple weighting 

formulae without the scaling parameters shown in Figure 2.4, lor example to calculate 

optical efficiency facto.-:; given refractive index data. 

The equivalent distribution approach demonstrates that by shifting paradigm from 

attempting to simulate or reconstruct the shape of a marine particle distriblition to 

simulating the optical properties of a size distribution, simple parameterisations of 

common si7.e distribution formulae can be employed for optical purposes. In particular 

slich an approach circumvents the necessity to consider the detailed structure of complex 

particle size distributions in biologically dominated waters, even in the case of intense 

algal blooms. The current study has several limitations: those of a methodological nature 

with regard to the derivation of algal size distributions, slibsequent refractive index 

detenninations, and the simplifications arising from the lise of homogenous particle 

geometries in optical calculations Nevcrlheless, the study demonstrates the utility of the 

equivalent size distribution approach, providing the ability to simulate the primary 

inherent optical properties of a wide range of alga! assemblage types. Tn addition, the 

distrihutions described here allow simple si7.e descriptions of the chlorophyllous particle 

populatiO<1, as opposed to the more general size distribution lormulation.;; used in the past 

fur 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, une ufthe primary goals oroptical oceanography. 

Absorption ofEght by phytoplankton is of considerable ecological importance: as a 

constraint upon photosynthetic rate, and as an often dominant source onight attenuation 

in natural waters [Kirk 1980, Morel 19881. The processes causal to algal absorption are 

governed principally by three variables: the size of the algal cell or mean size of the 

assemblage, the intracellular concentration orthe pigments that aTe the predominant 

cellular absorbing material, and the spectral character ofthese pigments [Morel & 

Bricaud 19811· The ways in which these variables control algal absorption are well 

understood both from a theoretical perspective [Duysens 1956, Kirk 1975, Morel & 

8ricaud 1981), and with regard to observations of cultured algae [Agusti 1991, Bricaud c/ 

al. 1981, 1988, Geider & Osborne 1987, Johnsen e/ al. 19<17) In addition, field studies on 

algal assemblages have shown absorption dependencies on both algal size and accessory 

pigmentation using either an empirical metric [Ciotti c/ af. 2002), a mechanistic approach 

[8ricaud d (II. 1995, I.ohrenz ~I al. 2001), or a chemotaxonomic approach [Bricaud ~I (II. 

20041 

Algal absorption spectra thus olTer a means of providing information on algal bio­

mass, average assemblage size, and accessory pigment composition. Such information 

has obvious application in coastal monitoring. specifically in the detection of harmful 

algal blooms. The most elTective realisation of such an application requires the remote 

measurement or derivation of algal absorption, e.g, the use of moored ill situ 

instrumentation providing semi-continuous measurements in real-time, or satellite ocean 

colour measurements providing synoptic data [e.s- Cullen e/ at. 1997J. However, algal 

absorption is difficult to measure directly using autonomous ill $im instrumentation, 

given currenlly available technologies, and cannot be measured directly from space. It 

thus must be derived either from measurements ortota! absorption [Risner ~I at. 2003 , 

Pegau e/ al. 1995), or using inversion techniques on spectral reflectance data [Roesler & 

Perry 1995, Garver & Siegel 1997, Roesler & Boss 20(3) Such methods are necessarily 
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reliant upon numerical techniques to derive algal absorption spectra: through either 

Spe<.1:ral deconvolulion from tolalabsorption [Roesler el aL 1989, Bricaud & Stramski 

1990]; reflectance inversion models representing algal absorption with single [Roesler & 

Peny 1995J Or mulliple speclral basis vectors [Roesler e/ al. 2003]; empirically derived 

power law models [Bricaud e/ a/. 1995, as cited in Garver & Siegel 1997], or hyperbolic 

tangent functions [Carder el a/. 1991]. However, the majority of such inverse models MC 

designed forthe calculation of Chi a concentrations - typically through single value 

parameterisations of the Chi a-specifk absorption coefficient - ratherthan size and 

chemotaxonomic pigment data. Exceplions to this are the spectral mixing model of 

Roesler e/ al. [2003 i, and the phycobiliprotein-targeted models of Sub ram ani am el al. 

[l999i, specifically designed to provide additional chemotaxonomic informalion On the 

algal assemblage. 

There are a variety oftcchniques available to derive size and marker pigment 

information from direct measurements (as opposed to those derived indirectly through 

inverse models) of algal absorption. The spectral mixing model of Ciotti e/ al. [20021 

offers a robust means ofdetennining mean assemblage si:r.e, and the approach has been 

demon;trated for inverse application by Roesler e/ al. [2003] Chemotaxonomic 

lechniques incllKie accessory pigment quantification using Gaussian deconvolution 

(Hoop/fner & Sathyendran31h 1993, Stuart e/ al. 1998, Lohrenz e/ ill. 20031, spectral 

discriminant analysis [Johnsen et af. 1994], and fourth derivative analysis [Millie e/ al. 

1995, Kirkpatrick e/ al. 2000]. These techniques, designed for direct as opposed to 

inverse application, and reliant upon the direct measurement of algal absorption with a 

high signal to noise ratio and spe<.1:ral resolution, arc not ideally suited to data from 

autonomous bio-optical instruments or satellites. The signal from these instrument 

systems, to which algal absorption typically makes only a partial contribution, cannot 

currently offer the degree of precision required by the above techniques, constructed 

around accessory pigment related fine structure in data /Tom highly resolved discrete 

analytical melhods such as the quantitative tliter lechnique [Yentsch 1 %2, Roesler 19981-
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Remote or autonomous bio-ortical measurement systems require inverse algal 

optical m<XIels oftering the ability to assess the vi ahility of deriving algal si7.e and marker 

pigment data, in addition to hiomass proxies. Simple, robust spectral mixing algorithms, 

capahle of inverse application, that allow determinatiO!1 of algal assemblage Si7C through 

an empirical metric [Ciotti ei al. 2002] and the identifkatioo of algal functiO!1al groups 

[Roesler 2003] have already been demonstrated However, such models are eS!lentially 

empirical in that thcy directly utilise admiJrtures of measured ChI a-specific absorption 

spectra, rather than explicitly accounting for absorption causality This study secks to 

estahlish the effectiveness of formulatin g such inverse m<XIels in terms of the assemblage 

de!lCriptors causal to algal ahoorption: ~ize, and intra-cellular pigment concentration and 

composition. The anomalous diffraction approximation (ADA) and derived package 

effect [Morel & Bricaud 1981] offer such a formulation allowing algal absorption to be 

expressed in terms of both gross and intra-cellular ChI a CO!'Jccntration, the absorbing 

material fixming the cell, and cellular ~iLe _ The package effect expre~ses the effects of 

placing cellular material in a discrete particle as opposed to in a solution [Morel & 

Bricaud 1981]. It is a simple and profound expression that allows the cffective 

decoupling ofthc principal causal cffects on algal absorption: those ofaccesoory pigment 

related spectral variability, intracellular pigment concentration, and changes in cellular 

sizc_ It has been used extensivcly in the analysis of algal optical properties, in 

applications rangmg from allometric photosynthetic and metabolic models [l inlde & 

Irwin 2000, Finkel 20011, algal fluorescence [Collins e/ aL 1985], and absorption 

modelling IBricaud e/ al. 1988, Sosik & Mitchell 1991, LohrenL e/ at. 2003]. 

This b1udy will seek to implement and tCb1 an invcrse algal absorption formulation 

cxpressed in tenm of the package eftect and spectral admixtures of appropriate 

unpack aged absorption spectra, based upon analyses of data from a wide variety of algal 

a~semhlages using the anomalous diffraction approximatiorJ. The explicit use oftbe 

package effect is intended to provide a model structure that, by decoupling the three 

primary variables causal to phytoplankton absorption, has the ability to dcrive algal si7.e 

and marker pigment based chemotaxonomic descriptors from algal absorption data. The 

model is designed to fonn the algal absorption component ie,g, Roesler & PetTY 1995] of 

'" 
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an inverse 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 terms of caL/sal 

processes may provide further insight into characterising phytoplankton absorption from 

an allometric perspective. 

Phytoplankton absorption, particle si>:e di:;tribution and HPLC pigment data from 

a variety of natural assemblages in the SOL/them BengL/e1a are used to analyse the 

influence of size and intracellular pigmentation on phytoplankton absorption These data 

are then employed in conjunction with the anomalous diffraction approximation to 

construct and test :;everal invef5e phytoplankton absorption models, based on spectral 

basis vectors of unpack aged absorption a~ (A) , explicit values of intracellular Chi a 

concentration c" and a package effect parameter Q: (A) based explicitly on the effective 

diameter d'jfofthe algal assemblage Model performance is assessed with regard to 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 model determinations, the number of returned 

algal descriptor:;, and their potential utility in algal monitoring. 

3,2 Absorption Theory and the Anomalous Diffraction Approlimation 

Revisiting optical theory explored in Chapter 2, the absorption coefficient of a 

phytoplankton population can be described by the fullowing expression [Morel & 

Bricaud 1986 j: 

a .. (,i) - if Q. p.) fF(d)d ' d(d) 
4 , 

(3 I) 

where a. (Aj is the algal absorption coefficient (m''), Q. (,l,) is the absorption efficiency 

factor (where the overoar signifies the mean factor for a population), d is the particle 

diameter (m), f(dJd(d) is the number of particles per unit volume in the si>:e range d ± y, 
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d(d), and 1 denotes wavelength (nm). U~ing the experimental algal absorption 

coefficients and si..:e distribution data as described above, Q. (A) can therefore be 

calculated for natw'al algal assemblages. Employing the anomalous diffraction 

approximation [Van de Hulst 1957], 

2e-P' e P- I 
Q"(1)~I+--+ 2 ,. 

p' p' 
(1,2) 

dimen~ionless absorption efllciency factor~ can be expressed in term~ of the the 

absorption ofthe cellular material a,., (m- l
) and the diameter ofthe particle d (m-') 

through the dimensionless optical thickness p' - ucJi and u, .. 4!l>1',')., Similarly, the 

dimensionless package effect parameter Q; , as given by [Morel & Bricaud 1981j 

(3 .3) 

can be calclliated. The Chi a-specific absorption of phytoplankton a; (m' mg-') and the 

unpack aged Chi a-specific ah~orption u: (ml mg'l) can therefure be expressed as' 

(3.4) (3.5) 

where c; is the intracellular Chi a concentration (kg m-J
) Eqllations (3 I) to (35) can thus 

be used in conjunction with measurements of ab,;orption, particle size distributions and 

HPLC intracelllliar pigment concentrations to derive absorption eftlciency factors and 

causal variables for algal populations. Detailed methods regarding these derivations are 

presented in Chapter 2,2. 
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Table 3, I Notation and pigment abbreviations and chemotaxonomic usc_ 

a - -absorption-coefficient [mOll 

a_ absorption of cellular matcrial [mOll 

phytoplankton absorption coefficient [m-l] --
-

a, 

a, detrital absorption cocfJicient [mel] 
• chlorophyll a specific phytoplankton absorption [m rug Chla-] a, 
• unpackagcd chlorophyll a specific phytoplankton absorption [m m:g-Chl a-I] a. 

" intracellular- chlorophyll a cOllCc_rrtration [kg m- ] 
Chi a total algal chlorophyll a concentration [mg mol] 

d diameter CJ-!m] 

~i - effective diameter [!:!m I 
number of articles er unit volume ~:Jl '·-

A in vacuo wavelength [nm] 

0 . absorption cfficiency factor [dimcnsionless] 

0: paekagc effect parametcr [dimcnsionless] 
, optical thickness [dimcnsionless] 

Pi mcnt Abbreviations ChemotaxollOmic Identifier 
Allo alloxanthin C to hvtes 
But~fuco 19' -butaoo lox fucoxanthin some Ha to tes Pela 0 h " 
Chi a _chloropbyll a_ - Ubiquitous 
Cbl b cbloropbyll h Chloropbytes, Prasinophytcs, 

EUglcnophytcs 
Chi c chlo.rophyll (' -- ---, -
Diadino Diadinoxanthin -
Fuco Fuco:'l:anthin Diatoms 
Hex-fuco 19'-hc:'l:ano 10:'1: fucoxanthin P~ll1l!esiophytes 

Pend Peridinin DillOflagellates 
Viola Violaxanthin -ChlOrop-hytes, EustigmatophYtCs 
Tis ratio ofal! i 'mcnts (excludin' chloro h lIa) to chloro h lJ a 
1_ Jeffrey (!/ al_ 1997. 

3.3 Field Methods and Analysis 

Bio-optical measurements were made On surface samples from diverse water types, 

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

of algal species. Sampling was conducted ITom 1999 to 2003 in the southern Bcnb'Uela 

from a variety of platforms (see Table 2. I and Appendix II) Principal measurements 

I , 

! 

, , 
, 
, 

I 
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consisted of particulate absorption, particle size distributions and imra-cellular pigments 

from 34 samples_ Identification ofnume1ically dominant algal species and groups were 

made using a combination of microscopic 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 

fBricaud & Morel 1986] were used to derive algal refractive index and celllllar material 

information_ Detailed methods for all measurements are presented in Chapter 2_ 

3.3.1 Particulate Absorption 

Particlllate and detrital absofJflion data were measured with the quantitative filter pad 

technique IYentsch 1962, Roeslff 1998, Kishino el af. 19851 using a Shimadtu UV-250 I 

spectrophotometer equipped with an ISR-2200 internal integrating sphere_ Phytoplankton 

absorption a,,('\') data were then obtained by subtraction of detrital absorption ad(2) from 

total particulate absorption ap (,\.). 

3.3.2 Particle Size Distributions (PSD) 

Particle ~i7.e measllrements were made using a 128 channel COlllter Multisizer II with 

either a 50 >1m or 140 >UH aperture in manometer mode, using freshly prepared 0.2 >1m 

filtered seawater as both blank and ele~irolyte. Numerical techniqlles [Chapter 2] were 

employed to fractionate measured size distributions into algal and non-algal components, 

and extend both lower and upper ranges of measured siLe distributions to match 

absorption measurements_ A discussion ofthe potential errors introduced through this 

approach is presented in Appendix 1. 

Polydispersed algal particle siLe distributions are described by the effective di amele.- d'il 

[Hansen & Travis 1974, Ahn et at. 1992] as given by: 

," J ~d'F(d)d(d) 
, 4 

d - --- ---------<§' - [00 (3 6) 

J l! d O F{d)d(d) 
, 4 
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3.3.3 Pigments 

Pigments were analysed using HPLC Seawater was filtered through 2S nun GFIF filters 

and filters stored fr07.en in liquid nitrogen until analysis [Barlow el al. 1997, Chapter 21. 

Intracellular ChI a concentrations c, (kg m') were calculated from HPLC and algal 

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

c, =Chla If'J'F(d)d1d(d)1-' 
6 , _ 

(37) 

3.3.4 Statistics 

Statistical analyses were carried out to assess the covariance between all pigment and size 

rdated data Cfable 32). and the spectral coefficients of detcnnination between spectral 

algal absorption data and pigment and si7.e related data (Fib'Urc 3.2) All statistical 

analyses were carried out using a bootstrapping technique. as much ofthc data were not 

normally distributed, as determined by the Lilliefors test [Conover 1980], A bootstrap 

analysis using 1000 resamplcd replicates was made using Matlab RI2 [The MathworksJ, 

using a Fisher transform [Fisher 1921] on correlation data from bootstrap replicates to 

ensure a normal distribution , Coefficients ofdeterrnination were determined using 

median 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<O,05, 

Significance levels vary amongst the accessory pigments analysed due to the different 

number of samples analysed: cases with non-detectable pigment concentrations were 

excluded from analysis, Correlation analyses on absorption data were carried out on all 

wavelengths from 400 run to 700 nm at an interval of 1 nm 
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3.4 Results of Field Data 

Example measured and l.mpackaged ChI a-specific absorption spectra, fourth derivativc 

spectra [Butler & Hopkins 1970], and package effect parameter spectra are presented in 

Figure 3 IA to 3 11> The four asscmblages shown are an offshore low biomass (Chi a ~ 

0.5 mg m") sample dominated by ehrysophytes, chlorophytcs and cyanobacteria 

(jIagellale), a high biomass (ChI a- 120 mg m'l) bloom dominated by thc dinoflagellatcs 

Afexat/drium calet/eUa and Ceraliumjurca (dinriflagellale) a high biomass (ChI a - 195 

mg m") bloom dominated by thc ciliateMesodinium mbmm (clJplop!ryle), and a 

monospccific bloom (Chi a= 13.1 mg m") of AUI'COCO.:;CUI QlIophaKct!crens 

(pe!agophyle), The examples are chosen to show the maximum range of variability 

observed in the phytoplankton absorption data, from a range of assemblages likely lo 

cncompass the major suitcs ofacccssory pigmentation found in upwelling systems 

[Hutchings et al. 1994j 'The pcfagophylc assemblage has similar accessory pigment 

composition to the majority of diatom species [JcflTcy J 997], rcgarded as a numerically 

dominant class in upwelling systems, and serves to demonstrate the expected pigment 

related charactcristics of the diatom group. Thc cffccts of both varying sizc and acccssory 

pigmentation can be observed in Fig 3, 1 A; specifically the higher Sorel and red peaks of 

the smaller size pelagophyte- and tlagellate-dominated samples, and the effects of 

phycoerythrin absorption at ~-550 nm [Sciandra el a1. 2000] for the cryptophytc­

dominatcd samplc. Note that the sample in question was dominatcd by the ciliate 

Mcsodinium ruhrum, and the cryplophyle pigments observed are lhus mosllikely lo be 

associated with endosymbiolic chloroplasts rGustafson 2000, Kyewelyanga 2oo2J 
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f'isuro: 3 I A) Packaged (01; - li nes) and u l1pacl aged (a~ - dols) Chi lI· ,~ific 

phytoplankton absorption for four example u,emb l ase~, B) Example fourth d~-rivalive 

<I~ (l) spectra for the same samples. C) Example piICkage effect parameter Q:O.), D) 

Effect ive diameter <4JJ \-S. ifltJlloolu )ar Chi li COf1cerl.ration c, identified by duminant 

alsal group 

Table 3.2 Coefficients of determination (r') vatu<:s for all :;i 7.e and pigment related data 

Onl.Y relationships significant at the 95 % C() nfi denc~ level are shown. 

• 
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The fourth derivative spectra (Fig 3.lB) [Butler & Hopkins 1970J show that pigment~ 

related absorption variability is greatest in approximately nine absorption bands 

corresponding to the spectra of ChI a and the major accessory pigments [Millie ct al. 

1995, Kirkpatrick et af. 2000, Kyewelyanga 20021- The association of fourth derivative 

peaks with specific accessory pigments is somewhat imprecise, due to the spectral shifts 

betwcen In vivo and in vitro pigment absorption peaks resulting from denaturisation in 

the extraction process, and the spectral similarities between most oftbe major 

carotenoids, e.g . fuco"anthin, peridinin, alloxanthin, diadinoxanthin [Bidigare el at. 

19901. Nevertheless, the peaks at 438 nm and 674 nm are likely to be associated with ChI 

a, those between 466 run and 525 nm with chlorophyll e and the major carotcnoids such 

as fueoxanthin (and derivatives), peridinin, diadinoxanthin and alloxanthin, the 547 nm 

peak with phycoerythrin, and the 644 nm peak with chlorophyll b [Ridigare el at. 1990, 

Johnsen e/ al. 1994, 1994a, Millie e/ al. 1995 J 

Calculated package effect parameter for the same examples (Fig 3. IC) are in the roost 

part larger, (Q: ().) closer to zero) than those reported for algal cultures using cell 

disruption techniques [Osborne & Geider 1989, Sosik & Mitchell 1991 , Johnsen e/ at 

1997] but are comparable in magnitude to those calculated for natural assemblages 

[llricaud ct al. 1995, llricaud et al. 2004, Lohrenz et al. 2003J The very high packaging 

ofthe large celled dinoflagellate dominated assemblage (eflective diameter - 28 j.l.m), 

compared to that oftbe small pelagophyte (etTeclive diameter ~ 2.5 I-lm)A. 

anophaKejferens, is clearly evident at 438 run 
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The relationship between the effective diameter d.tJand the intracellular ChI a 

concentration c" two of the variables causal to both packaging and phytoplankton 

absorption, are shown in Fib'llre 3 I D for all assemblages analysed. Previous studies have 

shown quantifiable inverse relationships between c, and cell volume [Ilitchcock 1982, 

Moal e/ al. 1987, Montagnos el af. 19<14J, in addition to rough inverso relationships 

between <.:, and doff [Taguchi 1976, :Malone 1980, Bricaud e/ af. 1988]. Howover, tho c, 

vs dqj·relationships ITom these studie:; have typically shown a great deal of scatter, and 

there is ample evidonce indicating that environmentally induced variability in c, can be 

comparable in magnitude to interspecific variability. Photoadaptive state, nutrient 

limitation, growth phase and tomperature [Messer & Ben-Shaul 1972, Thinh 1983, Rosen 

& Lowe 1984, Osborne & Raven 1986, Sosik & Mitchell 1991, Stramski el af. 2002J 

havo all been shown to cause largo variations in intracellular pigment concentrations. It is 

not unroasonable to assume that the assemblages considorod in this study arc high light 

adapted, given that they are all swface samples taken in daylight The Ci values shown in 

Figure 3, ID (0.7 to 4,2 kg m") compare well with published data for high light grown 

cultures of the diatom Thala.~,im·;ra spp.(1 to 3 kg mol, Stramski c/ al. 2(02) and a range 

of species presented in Bricaud el al 1988 (OJ to 6 kg m'\ Given the lack of any 

statistically signitkant relationship between effective diameter and intracellular Chi a 

concentration (Table 3.2), it would appear that environmental influonces are greater 

determinants of c, than taxonomic groupings for the natural surface assemblages 

considered here. 

Figure 3.2 and Table 3.2 shows the results of the slatislical analyses between all size. 

pigmont and absorption data. Fib'llre 3.2A indicates that mean assemblage size is lhe 

major influence on packaged algal absorption, explaining up to 45 % of absorption 

variability, and most strongly correlated in the Sorel and red peak absorption regions. 

Intracellular ChI a concentration c, is only significantly correlated in the blue and red 

spectral regions, and can explain up to - 16 % of absorption variability al blue 

WlIvolongths 
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Figure 3.2 Re,ults of the spectral bootstrap analyses for measured Chi a-specific 

absorption, and unpackagcd Chi a-specific absorption. Spectra of signitkant (P<O,05) 

coefficients of determination (?) are presented fur: A) d.ff, c, and total acces,ory 

pigrnerrts (relative to Chi a) vs. a; , B) d.,~ c, and tOiai accessory pigments vs. a~ 

(unpachged absorption), C) Accessory pigments vs. a; , DJ Accessory pigments vs_ 

(unpackaged absorption). Note the effi;:clive decoupling of size and pigment effects 

associated with the ullpackaging of absorption_ Discontinuous areas in the spectra are 

indicative of'Wavelell!,>ths where no significant COlTeiation occurred, 
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The relatively minor apparent effC\,,1:s ofc, on absorption are consistent with the lack of 

interspecific c, variability previously di scussed. The em~cts of total cellular pigmentatioll, 

i.e. all accessory chlorophyll, and carotenoids normalised to Chi a, can be seen as most 

pronounced between 500 nm and 540 nm, explaining ~3(J01o of absorption variability 

This result is con,i,tent with published absorption discriminant [Johnsen e/ al. 1994J and 

decompo,ition [Hoepffner & Sathyendranath 1993, Stuart e/ at. I99RJ techniques, which 

successfully used a 530-535 nm wavelenglh to account for the spedralllllluence of the 

major light harvesting carotenoids. 

Analyses of the unpackaged Chl a-specific absorption show that the process of 

unpackaging partially decouples the effects of assemblage size, intracellular ChI a 

concentration and accessory pigmentation (Fig 3.213 and D) There is no significant 

correlation between unpackaged ab,orption and d,gin the blue region, and no significant 

correlation with c, at any wavelength. The correlations between unpackaged absorption 

and site remaining in the red region (-·250/0) are less than for packaged absorption 

(-40%), but ,till significant at 95 % confidence limits, and indicative of incomplete 

decoupling. Problems with direct and theoretical package effect determinations at red 

wavelengths have been observed previously [Geider & Osborne 1987, Osborne & ('.eider 

1989J, and are subject to a number of potential error ,ources, both random and 

sy~1ematic These include instrumental errors affecting measurement precision, scattering 

errors in absorption measurements, residual absorption inappropriately removed by the 

750 nm nul! point correctioll, and inappropriate calculation of detrital particle size 

di,tributions. In addition, the anomalous diffraction approximation's (ADA) assumption 

ofhomogenoos sphericity is very much a simplification with regard to algal morphology. 

There are many pos,ible departures from uniformity, which the ADA cannot account tbt-, 

known to affect absorption packaging. These include variability in: number, shape and 

position of chloroplasts per cell, thylakoid stacking, intracellular biochemi~1ry. and areal 

chlorophyll thylakoid density: [Rosen & Lowe 1984, Geider & Osborne 1987, Berner e/ 

at. 1989, Osborne & Geider 19R9J- Neverthe!e,s, the removal ofsi7.e effects at blue 

wavelengths by unpackaging absorption suggests that an absorption formulation making 

eJl:plicit use of the package efl'ed can account for mean as.<;emblage size. The enhanced 
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correlation between total pigments and ahsorption rewltiog from unpackaging absorption 

(comparison of Fig. 3.1A and 3 IB) also suggests that techniques aimed at discriminating 

acces:;ory pigmcnt related changes in absorption should have greater success when size 

and intracellular pigment colICentration effects have been removed by unpackaging 

absorption 

The apparent explained variability in absorption by accessory pigments is depicted in 

Figure:; 1,2C and 3.20, It appears that Chi h can explain 60 % to 70 % of absorption 

variahility at - 650 nm: the location of a unique Chl b absorption band successfully used 

by previous researchers for chemotaxonomic discrimination of ChI h containing algal 

groups [lloepffner & Sathyendranath 1993, Jolmsen ef al. 1994]. Whilst the explained 

variability associated with ChI h at 650 nm would thus appear to be of causal 

significance, the apparent correlation of the carotenoid Viola at similar wavelengths (at 

which it does not ahsorb) is unlikely to be causal' it is more likely to result /Tom the high 

Viola: ChI h covariance «('=D.88, n=J4, p<O,05, Table 3.2). This high correlation also 

indicates that the majority of ChI b containing algae in this study arc Chlorophytes and 

Prasinophytes a:; opposed to Euglenophyte:;, which do not contain Viola [Jefl'l-ey et al-

19971 

Similar considerations indicate that the other accessory pigments showing moderately 

significant correlations in Figure 3,2C and 3,20 cannot explain absorption variability in a 

cau1;al manner. Peaks in r values fur Perid and Chi c are not consistent with the location 

ofahsorption bands in these pigments IBidigare eT al. 1990, Johnsen <!I al. 1994, 1997] 

The r' values of Allo, explaining - 15 % of absorption variability at 520 nm, arc similarly 

not located either in the vicinity of the ,- 495 nm Allo ahsorption band or the ,-545 nm 

phycoerythrin absorption band absorption band IPrezelin & Boczar 1986, Hewes e/ uf. 

1998], hut are located at wavelengths previously used fur carotenoid detenninations 

IJohnsen et al- 1994, Hocpffncr & Sathyendranath 1993J The Allo related r' values can 

therefore only be interpreted equivocally. The e[fects of unpack aging ahsorption resulL~ 

in an -1 0"10 increase in the (' values lor causally significant pigment absorption 

relationships 
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In conc1l1sion, it appears expressing absorption through a package effect formulation 

allows significant decoupling of the three causal absorption variables: d,,~; c, and 

accessor) pigment composition. It also appears that without recourse to the sophisticated 

discriminant techniques [Johnsen e/ al. 1994, Kirkpatrick el al. 2000J unavailable for 

application to inverse absorption models, it will only be possible to discern the absorption 

effects of algal groups containing uniqllely absorbing pigments, !lUch as chlorophyll h. 

Given the uniqlle location of phycoerythrin absorption bands between - 540 nm and ()(l() 

nm I Prezelin & Boczar 1986J, there would be some hope of discriminating 

phycobiliproteins from absorption However, phycobiliproteins cannot be determined 

using the IIPLC pigment techmques used in this study; alternative means of 

phycoerythrin determination from unpackaged absorption [Sciandra el al. 2000J cannot 

result in measurements independent to absorption. Without such independent data, 

phycobiliprotein concentrations are not considered in a quantitative manner in this study. 
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3.5 [nverse Model De\'e)opment 

Ifaving 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 calculate Chi a concentration, etfeclive 

algal diameter, and appropriate accessory pigment concentrations by simulating measured 

algal absorption with a reconstrul-1ion based on a package effect based fonnulation, Algal 

absorption spectra are approximaled using basis vectors of unpackaged Chi a-specific 

algal absorption spectra a~ (),) , an assumed intracellular pigmenl concenlration c" and a 

package effect parameter Q~ (),) calculaled explicitly from an algal diameler value. The 

four algal groups depicted in figure 3.1A are used to compose the a~ ().) admixture, 

making the assumption that the majority oralgal absorption spectmm can be 

approximated by an appropriate mixture of these four diverse algal groups. Two models 

are assessed: a single spectral vector model rernrning Chi a concentrations and effective 

diameter (l V model) and a four spectral vector model (4V model) that additionall y 

returns accessory pigment concentrations. Revisiting Fquation 3 4, phytoplankton 

absorption can thus be expressed as a function of the Chi a concentration and packaged 

absorption such that: 

(38) 

where a~ represents either a single predetermined mean a~ vector (l V model) or the 

mean admixture or tbuT unpackaged Chi a-specific algal absorption spectra (4V model) 

as given by 

(3.9) 

" 
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where the unknowns Pn represent the normalised scaling parameter (0 :'0 P,:'O 1) for a 

single vector in the admixture such that 

(3 10) 

and Q: (A) represents the package effect determined from an explicit elTective diameter 

vailled.ff (11m), the average a; (A) vector (m' mg' l) and a predetermined value ofe, (kg 

m'\ 

(3 . 1\) 

where the absorption efficiency factor Q"(A) h a function ofthe dimensionless optical 

thickness p' (- a~ c, d<jj ) 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 final model outpllL Eqllations 3.8, 3.9 and 3.10 are thus solved for 

iteratively using a non-linear regression techniqlle (NeIder-Mead Simplex, Matlab R 12 

The Mathworks) [NeIder & Mead 1965], where the number ofllllknowns (model outputs) 

is either two for the I V model (ChI a and d'jf) or six for the 4V model (Chl a, d,gand PI '" 

, , representing the relative concentrations of the algal spectral basis vectors) Relative 

accessory pigment concentrations. to be used as chernotaxonomic markers. are calculated 

through a mean pigment suite admixture ps , where 

(3 12) 

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

algal group; the values ofwhich can be seen in Table 3.2, 

" 
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The validity of using a single effective diameter value in representing complex 

polydispersed algal size distributions has already been demonstrated in Chapter 2 

Unpackaged ChI a-specific absorption spectra a~ ().) were all normalised to a value of 

0.027 m2 mg-' at 674 run [Jo/msen et aJ. 1994aJ. selected as the theoretical maximum 

lmpackaged absorption at this wavelength - the spectra can be seen in Figure 3.3A This 

normalisation ensures that the inverse mood selects algal group ratios only on spectral 

pigment related differences in unpack aged absorption rather than c, related variations in 

absorption magnitude. Accessory pigment concemrations calculated using Equation J 12 

were scaled using these a~ (675) nonnalisation factors to ensure consistem relative 

accessory pigment concemrations hetween algal grolips. 

The basis vector used for the 1 V model was generated using the mean of the pelagophyle. 

jlagellate and dmojlagellate vectors.1t should be noted that the four basis vectors are not 

explicitly lIsed in the models as an attempt to identify these specific algal groups: the 

basis vectors are chosen rather to represent generic unpackaged absorption by the most 

common light harvesting chromoprotelll suites in upwelling systems [Hutchings e/ af. 

19'.l4]. These are chlorophyll c-fucoxanthin-diadinoxanthin (pelagoplryte, representing 

both diatoms and pelagophytes), chlorophyll c-chlorophyll h-fucoxanthin derivatives 

(flagella/e), chlorophyll L~peridinin-diadinoxanthin (dillC!flagella/e), and chlorophyll (:­

aUoxanthin (cryptophyte, or more probably algal groups containing endosymbiorrt 

cryptophyte organelles). The representation of diatoms, so important to upwelling 

systems, with a spectral basis vector derived /Tom a pelagophyte assemblage Can be 

justified on the basis of their very similar chromoprotein characteristics from a spectral 

perspective [Bidigare el af. 1989, Jetrrey el al. 19'.l7]. An intracellular pigment 

concentration Ci = 2.75 kg m-.l, representing a median vallie of the Cj data displayed in 

Figure 3 Id, 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 tested on an independent data set, in that the 

samples used to derive the model basis vectors were removed before analysis. 
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Figure 3,3, A) Unpackaged ChI a-specific absorption basis vectors used by the 4V and 
I V models, U) Example spectra from the 1 V model demonstrating the effects of changing 
size upon phytoplankton absorptioll, C) Examplc spectra from the 4V model 
demonstratillg the efiects of changing assemblage type from dinoflagelJate- to 
cryptophyte-dominated at an ciTective diameter of20 ~m, and D) Example spectra from 
the 4V model demonstrating the efieels of changing assemblage type from pelagophyte­
to flagellate-dominated at an effective diameter of 5 ).1m, 

Table 3,2 Accessory pigment concentrations relative to ChI a for the lour ullpackaged 
absorption basis vecton used in the 4V modeL /Tom HPLC analyses of the respective 
assemblages 

., 
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Figur~ 3 3B lO 3.3D demonstrate the forward response of the IV and 4V models to 

changes in a~semhlage ~ize and structure. Figure 3.3B shows the change in shape of the 

Chi a-specific phytoplankton ab~orption spectra, utili~ing the IV model with effe ctive 

diameter ranging from 2)-Lm to 30 ~. Spectra associated with larger mean cell sizcs 

dffiplay flallened and lowered absorption speClra, as previously shown from theoretical 

studies [DUysellS 1956, Morel & Bricaud 19811 and field data IBricaud CI al. 1995, Ciotti 

CI al. 2002J, Figures 3.3C and 3 3D show the effect of changing assemblage type by 

manipulating the basis vector admixture wmpositioo, The spectral effects of assemblage 

change are most noticeable in the 450 nm - 550 nm regions, primarily due to differing 

relative earolenoid eoncemralion~, and in the 550 nm region due to the effects of 

phycoerythrin absorption. 

3_6 Inverse Model Results 

3.6.1 n il a a nd ElTectiv~ Diameter 

Both the IV and 4V absorption models were able to predict the Chi a concentration and 

efl:ective diameter of a wide v~ riely of alga! assemblages sufficienlly well for use in a 

prediclive operational capaeily. In the majorilY of ea~~ hoth model~ were able to 

accurately reconstruct measured algal spectral absorption, with the exception of 

accessory pigment related features not available to the IV model 

Figure 3.4 shows recon.~tructed spectra ofhoth models for two example a~semblage~ : a 

high biomass bloom dominated by the small dinoflagellate Gyrodmmm zeta (Fig 3 4A), 

and an intermediate biomass assemblage dominated by a variely of diatom speeie~ (Fig 

3AB). The example assemblages are specifically chosen for their dissimilarity to the 

assemblages used for derivation of the ba~i~ vectors u~ed in the inver~e models. Whilst 

both the 1 V and 4V m()del~ appear capable of reproducing the gro~~ features ofthe 

absorption spectra. the 4V model is better able to reproduce accessory pigment related 

absorption fine structure due to the choice of spectral basi~ vectors available to it 
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Figure 3.4 Perfonnance oflhe 1 V (0) and 4V (+) inyer~e ab~orplion model~ with regard 
to: A) Example matched absorption ofa bloom ofthe small dilloflagellate Gyrodmium 
zela, B) Example matched absorption of a mixed diatom population, C) Predicted 
effective algal diameter J<ff u~inH the 1 V model, D) Predicted ChI a concentrations using 
the 1 V model, E) Predicted eO'eclive algal diameter d,g- using the 4V model , and F) 
Predicted Chi a concentrations using the 4V model, The solid line in C) to F) represents 
the linear best tit, while dashed lines represent the percentage standard error (SF.) oftfle 
prediction, which were not calculated using boot:;trapping techniques. The open CIrcles in 
C) and F) represent a mixotroph dominated assemblage - the effects oflower C; 

associated with mixotrophy can be seen in the poor prediction ofd"" for this assemblage 
Note the higher standard error and data se3lter in predicted d.ff for the 4V model. 
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Figure 3,5 Performance of the 4V inverse absorption models with regard to A) Predicted 
Chi h: Chi Q ratio, 8) Predicted Allo : Chi a ratio, C) Predicted Viola Chi a ratio, D) 
Predicted But-fueo _ Chi a ratio, E) Predicted total pigment concentration U'pigs), and F) 
effective diameter <4Jvs total pigments Tpigs. 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 b and Viola prediction is indicative ofthe 
high covariance between these pigments as they occur in this dataset, as discussed 
previously. No other accessory pigments were predicted at significance levels ofP<O,05, 
Note also the changing sample size with regard to tho different accessory pigments, due 
to non detectable pigment concentrations in some samples_ 
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This is also the case when considenng the whole data set (n=34), with..:' values ranging 

from 0, %0 to 0.9'l9 for the 4V model, as compared to? values from 0,933 to O.9'l9 tl" 

the I V model The lower? values associated with the I V model result from the limited 

spectral ability to reconstruct abso[]ltion spectra from assemblages associated with 

different accessory pigments to those used in the derivation of it's basis vector eg. 

cryptophyte dominated assemblages, Despite the reduced capability of the IV model to 

reproduce the finer features of measured absorption spectra, the model demonstrates the 

ability to predict ChI a concentralions (Fig 34D) and effective diameter (Fig 34C) wilh 

some success, Returned Chi a values are highly correlated with measured values 

(?=Og<) and are predicled with a standard error of II % through a range of 0.5 to 130 

mg m-J Returned effective diameter values are slightly less well correlated with 

measured values (r1=0.83) and are predicted with a standard error of24 % through a 

range of 2.5 to 28 ).lm, In comparison, the 4V model sho'Ws a correlation between 

predicted and measured ChI a values of?=099, with a slandard error of 16 % (Fig 3.4F), 

and a correlation between predicted and measured effective diameter values of?=0.75, 

with a standard error 0[30 % (Fig J.4B), 

3.6.2 Accessory Pigmt'nt5 

Figure 3,5 shows the perrmmance oflhe 4V model as concerns the prediction of relative 

concentrations of accessory pigments, of use as chemotaxonomic markers. The model 

was able to predict the rei alive concentrations offour aecessory pigments with some 

degree of confidence, Chill (Fig, 3,5A), Al10 (Fig, 3.5B), Viola (Fig, 3,5C), But-fuco 

(Fig, 3,50), in addition to total pigments (Fig, 3 5E), The ability of the model to 

determine Chi b values with a rcasonably high degree of accuracy (Fig. 3.SA, r' =O 85, 

SF- 28 %) is consistent with the statistical analyses discussed in Section 3.4, and is likely 

to resull from the ability of the model to discriminate the unique absorption band at650 

nm associated with Chi b, The very similar performance of the model with regard !O 

Viola (Fig. 3.Se. r'=081, SE=26 %) should however be considered an artifact of the 

pafllcular data set considered here- it is extremely unlikely that Viola as a minor 

pigment will have any significant effect upon absorption in a causal manner, and Chi h 

and Viola have already been shown to be highly covariant (Table 3 2) 
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The moderately good predictions ofthe other two accessory pigments depicted in Figure 

1,'i are somewhat more open to conjecture. Allo is a major carotenoid in assemblages 

dominated by cryptophytes or species cornaining endosymbiont cryptophyte chloroplasts 

[Table J ,2, Jeffrey el al 1997], and is therefore likely to have a significant effect upon 

absorption in such cases (Fig 3.2) 

However, the cryptophyte associated assemblages in lhe test data set are known to consist 

predominately of endosymbiont oornaining species, such asMesodllll1lm mhmm and 

J)jnophysi.I' spp., and lhere is a strong probability thallhere is :;igniJicant covariance 

between intracellular concentrations of Allo and unquantified phycoerythrin [Gustafson 

2000, Hackett e/ al. 2003], shown to influence absorption strongly at wavelengths where 

the carotenoids have no :;ignificant absorption band:; (5~0 -570 nm), The inverse 

absorption model may discriminate alleast panially on phycoerythrin related absorption 

features, resulting in a vicarious ability to predict covarying Alio concentrations (Fig 

~,5B, r2-o,75, SE- 3J 0/0), Funher vicarious discriminalion may arise from the fact that 

AlIo concentrations are significarnly correlated with total pigment concentrations (Table 

~,2), already demonstrated to have significant effecls UIXln absorption (Fig 3,2), 

The performance of the 4V model with regard 10 But-fuco, which may be used as a 

marker pigment for some haptophyte species and pelagophy1es [Jeffrey 1997, Zapata el 

al. 2004], ii> likely to ari:;e from similar phenomena Whilsl But-fuco can form a 

significant fraction of the total intracellular pigment complement (e.g, 2'i % for the 

pelagophyte vector accessory pigmentation), it is not spectrally distinct from fucoxanthin 

and others of its derivatives, and is therefore very unlikely to be direclly discriminaled by 

the absorption model It would thus appear that the apparent ability of the model to 

determine Slit-fuco concentrations is based upon dhcriminalion of some covariant 

variable; Table 3 2 would indicate that the significant correlation between d-tr and But­

fuco may be responsible J'urther evidence for a size covariant influence upon BUl-fuco 

predictioll.~ arises from the small sized picoplankton algal classes typically associated 

wilh lhe pre:;ence ofBut-tUco, e,g. the genera AureoGocGuS, Diera/erlG, Imamotlia and 
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I'hae(}cyslis (as a single cell) JZapata el al. 2004J The ability of the 4V model to also 

predict tOlal intracellular accessory pigment concentrations moderately well (Fig J.SE) is 

consistent with the earlier findings of tile study indicating that tOlal accessory 

pigmentation exerts a significant intluence upon bOlh unpackaged and packaged 

absorption (l'ig 32) Whilst there would seem little doubt that the model's ability to 

predict total pigments is rootcd in causality and may therefore be used relatively robustly, 

there is a need to ascertain whether the total pigment descriptor has any usc in HAS 

detection. Figure 3 SF indicates that there may be some potential in this regard: large 

dinoflagellates, as the most common problem species in the southern Benguela [Pitcher 

& Calder 2000], may be distinguishcd from other large celled organisms, c.g. Mesodinum 

rubrum, on thc basis of their increased acccssOf)' pigment concentrations. The statistical 

results presented in Figure 3.2, and thc peIfonnancc of the inverse model, indicate the 

small likelihood of establishing a predictive capability to distinguish diatoms from 

dinoflagellates based on their pigment related signatures, i.e, through fuco:<anthin vs. 

pc:ridinin markers. Tn the southern Benguela, efl'ective HAB detection through bio-optical 

means requires an ability to distinguish between diatoms and dinoflagellates as the two 

most common non-harmful and harmful algal groups, respectively. There is a need to 

establish whether other bio-physical descriptors can be identified that may prove useful 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 ofthe two models demonstrates the payoff demanded by 

increasing the number of unknowns to allow the estimation of accessory pigment 

concentrations. Whilst the 4V model has an enhanced ability to more closely reconstruct 

measured absorption spectra, "'ith a choice of assemblage type ",ith which to synthesize 

spectral absorption features, the incceasc:d number of unknowns result in slightly less 

confident ChI a and efl'ective diameter predictions The superior performance of the 1 V 

model with regard to ChJ a and effective diameter prediction demonstrates the benefits of 

both a robust parametensation with regard to algal absorption, and minimising the 

number ofunkno",1IS when seeking the solution to the simplex non linear inversion. A 
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balallCe must be found between seeking to obtain maximal ehemOlaxonomie data (as 

given by the relative concentrations of the spectral basis vectocs), allowing the model the 

necessary freedom to simulate the absorption of a wide variety of algal assemblages, and 

the robustness of the non-linear solution method, which ideally shonk! solve for a 

minimal number ofunkno1H!lS. Tn addition, any bio-optieal data to which the inverse 

model is applied will have a limited number of wavelengths which represent the number 

of independent variables, In the case of hyper spectral data (as used here), whilst there 

may be several hundred wavelengths hypothetically available to solve with, there will be 

a finite number of pigment absorption bands which will effectively represent the number 

of independent variables, e.g. the nine bands sl101H!l in Fig 3, lB. It must also be 

appreciated 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 baekseattering components. Thus the choice between the 4V spectral 

mixing model, with it's greatly increased number of unknown paramcters, and the simpler 

and more robust I V model, must be dictated by the potential model application and both 

the cost and effectiveness of making accessory pigment retum~ a"ailahle 

3,6.4 T heoreticill and Methodologicill Considera tions 

There is lillIe doubt that the intracellular Chi u concentration, as given by '-'" has a 

profound etlect upon both cellular absorption and physiological efliciency [Morel & 

Brieaud 1981, Raven 1984,] The assumption ofa constant c, is therefore a somewhat 

artificial constraint that effectively ascribes all changes in packaging to size variations 

rather than changes in intracellular pigment density Given that both size and ~,variations 

can result in apparently similar packaging effects [Morel & Bricaud 1981], it is unlikely 

that an inverse absorption model of the type presented here would be capable of 

distinguishing the effects on absorption of these two causal variables. The models 

presented here were tested with a variety of formulations allowing both C, and size to be 

solved for as independent unknowns - lfl 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 cons/ant c" or the 
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adoption of an empirical Cj 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 ofBricaud et 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 water 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 Cj 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 Cj constant is unlikely to perform successfully 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. 

65 



Univ
ers

ity
 of

  C
ap

e T
ow

n

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 Cj 

values of assemblages dominated by very small cells, and the unpackaged absorption 

values of assemblages dominated by very large ceUs. 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 et 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 et 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 ChI a specific absorption of natural algal assemblages. Such findings are 

consistent with anomalous diffraction theory [Morel & Bricaud 1981] and previous field 

studies [Bricaud et aI. 1995, Ciotti et ai. 2002]. The total intracellular accessory pigment 

concentration is also shown to have a significant effect upon absorption (12 % to 30 %), 

with the effects of Cj less significant (12 % to 16 %), as has been demonstrated previously 

[Bricaud et al 1995, Stuart et ai. 1998, Lohrenz et ai. 2003]. The discemable effects of 

specific accessory pigments are limited to narrow spectral ranges corresponding to 

unique absorption bands, e.g. those of ChI b at 646 nID. 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 ofthe 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 ChI 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 IV and more complex 4V models shows the ability to 

return ChI 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 ChI a predictions at 25 % to 300/0. 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 (ChI b) or vicariously (AlIo) 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 4 V 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 1 V 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 1 V 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 win require 

the incorporation of a detrital term in the model [Bricaud & Stramksi 1990, Roesler et al 

1989]. Obviously model performance win 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 ofbio-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 ofthe absorption models is consistent with regard to the aims 

of such monitoring systems - the robust estimation ofbio-physical descriptors allowing 

an assessment of the changes in algal biomass and assemblage type. 
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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 ofbio-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 ofbio-optical tools for marine 

biogeochemical and ecological applications. 

The equations of radiative transf~r describe the propagation of light through the sea, 

relating radiative field structure to the inherent optical properties or lOPs [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 ex: bbl (a+bb). where R is the reflectance, bb 

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, AM 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 wen 

suited to describe backward scattering [Quinby-Hunt et al 1989, Volten et al. 1998, 

VaiUancourt et al 2004]. These studies, and others investigating the effect of internal 

cellular structure on angular scattering [Witkowsi et al. 1993, 1998], and the application 

ofMie 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 ofMie and ADA modelling in marine bie-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 oflayered 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 et al. 1992, Kitchen & Zaneveld 1992, Zaneveld 

& Kitchen 1995], using volume equivalent refractive index schemes to compare lOPs for 

homogeneous and heterogeneous spheres. Such studies appear to confirm that 

backscattering is the lOP 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 et 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 et al. 1992], which can be regarded as exceptional 

backscatterers in the algal milieu due to their very high refractive index cal.cite 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 et 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 

phycological.ly 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 morphometrlcal. 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 biogeochemical.ly 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 et 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 win 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 ofa homogeneous particle interacting with 

an electromagnetic wave are dependent upon the Mie size parameter a, and complex 

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

(4.1) 

where d is the particle diameter and Aw is the wavelength in the surrounding medium -

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

m=n-n'; (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 

mwater=1.334-0i [Morel & Bricaud 1986]. The effects of employing a two-layered particle 

geometry are relatively simple: a new size parameter q is introduced describing the 

core:particle diameter (or radius) where q=dcoreld. In addition the refractive indices of 

both the chloroplast and cytoplasm layers must be explicitly described: the subscripts h 

for homogeneous, chlor for chloroplast, and cyto for cytoplasm will be used for this 

purpose where: 

is the refractive index of a homogeneous particle 

is the refractive index of the chloroplast layer 
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, . 
mcyto =ncyto -n cyto 1 is the refractive index of the cytoplasm layer (4.3) 

The relationship between the imaginary refractive index and the absorption coefficient of 

the cellular material Qcm is useful when considering the effects of intracellular pigment 

concentration on the refractive index and is given by: 

(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 Qa, attenuation, Qc and scattering Qb 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 Q, attenuation c and scattering b 

coefficients can be calculated from these efficiency factors (absorption is used as an 

example, analogous expressions are used for other coefficients): 

(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 0 (assuming rotational symmetry) are 

calculated at greater computational cost and include the volume scattering function (VSF) 

P (0), and the phase function P (0) (the scattering normalised VSF), described by: 

b=21! J: p(B)sinBdB (4.6) and P(B)=P(B)/b (4.7) 
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Integrated scattering parameters in the backward direction include the volume 

back scattering coefficient bb, the backscattering probability factor bb' and the 

backscattering efficiency factor Qbb described by: 

bb =21f rf 

p(B)sinBdB 
JlI'/2 

4.2.2 Size Distributions and Polydispenions 

(4.8) 

(4.9) 

(4.10) 

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]: 

- f' QaF(d)~ d(d) Q ==0:.....-___ _ 

a J: F(d)d2 d(d) 
(4.11) 

and the resultant volume absorption coefficient is given by either: 

(4.12) 

or, if the result of Equation 4.11 is used: 
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(4.13) 

Note that such expressions can be used for the determination of experimental optical 

efficiency factors,. and subsequent refractive index determinations,. if measured lOPs and 

size distributions are known [Bricaud & Morel 1986, Stram ski 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 A can be considered implicit in equations 4.2 to 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 et 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 et al 2001, Naqvi 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 ofBricaud & 

Morel [1986], where the spectral variations An( 1) vary around the central part of the real 

refractive index 1 +S, as given by: 

n(l)=l+e+An(l) (4.14) 

4.2.4 The Anomalous Diffraction Approximation 

Somewhat different to the anomalous dispersion effects described. above is the anomalous 

diftTaction 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 (a»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, AM et 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 et al. 1988]. The 

ADA expression for the absorption efficiency factor is given by: 

p'=acmd=4an' (4.15) 

where p' 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 Q;(A) 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 • (A) to the Chl a-specific absorption of the same 

material placed perfectly in solution a:1(A). It is given by [Morel & Bricaud 1981]: 

(4.16) (4.17) 

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

concentration Cj (kg m-3
): 

(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 win obviously not hold true if the Qa 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 win 
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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(4.19) 

where Qa is the absorption efficiency factor of the two layered sphere (dimensionless), 

a:; is the absorption of cellular material for the particle core (m-\ a!l1 is the absorption 

of cellular material for the particle shell (m- l
), and q 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 aem values for both layers can be calculated from equation 4.4. 

The hypothetical total absorption in solution can be calculated as: 

(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 T oon & Ackerman [1981] with size bins of 1 Ilm 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 Morphometries and Refractive Indices of the Algal Cell 

4.3.1 Chloroplast l\1orphoHll"trics 

The chloroplast of an autotrophic eukal'yotic cell is the membrane bound organelle 

containing the highly absorbing pigment-protein complexes responsible fa.-light 

harvesting and photosynlhesis, and it will exert a protbund optical effect. Algal related 

studies investigating the effects of cellular inlernal structure on scattering [Witkowski el 

al. 1993, 1998J and absorption packaging [Geider & Osborne 1987J indicate the 

importance of chloroplaslS in modifying both the absorbing and scattering properties of 

algal cells, 

Imposing a simple two-layered geomelry lIpon a hypothetical algal cell thus requires 

some knowledge of the variability of chloroplast size, or more appropria\ely, the relative 

chloroplast volume, Phytoplankton cells exhibit wide variability with regard to 

chloroplas\ morphology: the total number of chloroplasts is higbly variable, and they 

cxhibit a wide variety of shapes, size and mcmbrane structure, Physiology is also known 

to strongly influencc cell structure' photoadaptation, temperature, life stage, nutrient and 

trace clement history can all influence chloroplast volume, location, inkrnal structure and 

inlernal pigmcnt dCllsity r Jeffrcy & Vesk 1977. Thinh 1983, Rosen & Lowe 19841-

Table 4.1 details relative chloroplast volumes Vv derived from published data for a range 

of cultured algal species, which show Vv values ranging from 4.4 % to 57 % (cf. 3 % to 

66 % from Geider & Osborne [1987]). There appears no sib>1lificant relationship between 

cell size, as given by the equivalent voilime spherical diameler, and chloroplaSl volume 

this may be a function of the small data set in Table 4, 1 (published morphometric 

chloroplast data is scarce) which incorporatcs a wide rangc of growth conditions and 

speCIes, 

Nevertheless, within thc contcxt of this study, it is reasonable to assume a size­

independent relative chloroplast vollime of20 % (the median vallie from Table 4, 1) as a 

first approximation for a spherieal algal geometry. The use ofa sizc invariant Vv valuc 

can be justified by evidence suggesting that the algal protein to ChI a ratio is relatively 
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invariant to changing cel! size, and thu.~ the proportion of cytop1a.~mic mas, devoted to 

chloroplasts is independent of .~ize [Hitchcock 1982, Moal ef al. 1987, Montagnes et al. 

I <)94] To aid visualisation in comparison to a typical transmittance electron micrograph, 

a Vv value or20 % would re.~ult in an iMer relative radiu.~ q orO.58 if the inner layer ofa 

two-layered sphere is considered (he chloroplast, Previous modelling studies employing 

heterogeneous geometries with dedicated chloropla,t layers have employed relative 

chloroplast volumes of Vv =41 % [Zaneveld & Kitchen 1$"J5], VF58 "I. [Latimer 1984], 

and Vl= 27 % to 66% [Bricaud e/ al. 19921- The.'!e are in all case, considerably higher 

than the preliminary Vv value assumed here, and fall amongst the higher values reported 

in Table 4 I. Nevertheless, a Vv value of20 % for a dedicated chloroplast layer is 

considered appropriate given the available morphometric data. Additionally, the primary 

focus of this study is ocean oolour related applications in productive upwelling water.'!., 

and thus high-light adapted algae from the upper few metre, depth. The a~Sllmption of a 

relatively small chloroplast volume is consistent with observations of smaller chloroplast 

volume in high-light adapted cells, as shown in Table 4.1, 
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Tftble 4 I Relative chloroplut ,·oli.une (i"v in %) for a rftllge of cultured phytoplankton species under vaJ)'ing gfOlllh conditions The 
paucity of published data regarding chloroplast morphometry has necessitated the use of diflerem methods 10 gellerate chloroplasl 
volume data, IS given by tile V.' metlwxb column The uppe!' box represents cultures considered low light « 200 IJ,£ m'l 5'), and the 
lower box high light (> 200 j.If 01'l 5.1) Where necessary growth illuminance quoted in lux have been convened with I ).IE m" s'] ~ 60 
lux. EVSO"'equivalent volume spherical diameter. Ao=rdative area. d=diameter, TEM=trammittancc electron microgmph. 

""'" many 

" 

, 
" 

01. 1999 
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4.3.2 Real Pari of Ihe Algal Refractive Index 

The real ren-active index of a homogeneous algal cell is the primary causal variable with 

regard to the magnitude of algal scallccing [Morel & Bricaud 1986]. Whilst the same is 

true as concerns a cell ofhetcrogencous geomctry, complexities are introduced by the 

presence of additional refTactive index botmdaries corresponding to simulated internal 

structures IMeyer 1979, Zaneveld & Kitchen 1995] 

The assumption ofa two-layered geometry givcs critical imJXlrtance to the establishment 

of suitable chloroplast refradive index ranges. It should be realised that chloroplast, are 

far n-om homogeneous, and the adoption ofa single refractive index value or spectra is 

itself a simplification The chloroplast is enclosed in 2 to 4 outer membranes, and consists 

of;1acked thylakoid membranes containing the pigment-protein complexes. embedded 

wilhin the stroma, Thylakoid ;tacking and areal chlorophyll den,ity i, variable [Rosen & 

Lowe 1984, Berner e/ at. 1989], and the thylakoid membranes can exhibit considerable 

birefringence [PailJotin el al. 1998] Changes in membrane stacking and transparency can 

affect light absorplion due lo an intracellular package effcct [Jcllllings & Zucchelli 1985, 

Berner el at. 1989] However, accounting for phenomena arising from chloroplast 

helerogeneity is beyond the scope of this study, and the chloroplasl will necessarily be 

considered homogeneous here. 

Table 4 2 provides con,iderable evidence that the real refTactive index of chloroplasts, or 

the material contained thccein, arc con~iderably higher than values published fur 

homogeneous cells, The chloroplast related data from a wide range of sources, display 

central real refractive index I-;-E valucs ofbctween 1,06 lo 1.22 (excluding highest and 

lowest values as extrema), as compared lo homogeneous cell values of 1.01 to 1,09 

[Bricaud el at. 1988. Ahn d til. 1992] However, taking chloropla;1 I+C; values of 1.06 to 

1.22, a cytoplasm l+e value of 1.02, and a relative chloroplast volume 01'20"/0, lhe 

homogeneous volume equivalent 1+& values under the Gladstone-Dalc schemc rangc 

from I 028 to 1.060 consistent with experimentally dctermined homogeneous values 

[ihid]. Whilst simple volume equivalent or effective medium schemes arc approximate 

from an optical perspeclive [Chylek & Videen 199R], this consistency indicales 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 perspecti~e For 

preliminary analyses, a chloroplast 1 +6 ~alue of 1 14 will be used, as the extrema rejected 

mean from Table 4,2 

Few measurements of cytoplasm refractive indice, ha~e been published ~ Table 4 2 

shows the single value of 11 6=1.015 [Charncy & Brackett 196IJ Previous studies ha~c 

adoptcd cithcr this value [Bricaud ~l at. 1992J or similar values of 1,02 [Kitchen & 

Zarn:veld 1992, Zaneveld & Kitchen I 995l- Variations in (he algal real refractive mdex 

are typically coosidered as due to changes in the relative amount, of cellular water and 

solids, rather than changes in the chemical composition of solids [Aas 1996, Stramski 

19991 The low reponed refractive indcx valucs for cytoplasm arc thus consistent with an 

expected high water coment 1 Aa, 19961. A value of 1+E=1 .02 for cytoplasm will be 

adopted tor this study. 
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Table 4,2 Publishtd values of the real part of the relractive indtx for a range of cellular 

stmetures tl'om ttrrt~irial plants and algae. relative to 'Water. The mean value, for 

chloroplasts (including those fur thylakoid membranes. pigment bound proteins. and light 

harvesting complexe,) are calculattd with the highest and lo'West values excluded, whilst 

the mean value lor external cellular membrane, excludes values for calcite coatings 

(tlltse are ~onsidered specific to the coccolithophore case). RJ -rtiractive index, 

LHC=light harvesting complex, 

I ~ " '. , • , '""' 
" I 

1030 - 1.1)60 ela!. 1%9 

A . carler""khloropwst 1.199 , " r· ''''' , " L1211 absorption shif\ , 1991 

. 1.130 , aboorption ,!~n 1996 
, 

" 
100-1179 

" 
, 'm . 

"'" , l.lH "bsoo:ption ,tuft ai, 2001 

cerealeJLHC 11 1.15 - U9 , absorption <Ilift al. 1999 
I, . , 1,060 ., , &Urac~c[ll%1 

, , 1.080 ." , d al. I'!R'! 

" 
U40-1 BO '" ,,~-;ghl Aa, l9% , L 1.>2 _ 1.1 ')') IAa' 19% 

" ccll/cl\loroplaM 1.()9~ , 
K~ldlC~ 

'''' -p; , cdVcj-ioplasm ]02 , 
" " hneyeld 1991 , 1.1115 , , 1992 

" , ~ ."" , '""" , , L22 , , , .1')')2 , '.m model vaho:; 1995 

• 1 162 " [C\'leW IA."% 
~ = ., 

" 1.017(=0.003) 

L 127(±!1,1136) 
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4.3.3 Imaginary Part orlhe Algal Rerractive Indn 

A useful conceptual rramework in algal optics is to consider that unpack aged ChI a­

specific absorption ha~ theoretical maxima, based on either absorption measurements of 

Chi a in wlvent, or of isolated chromoproteins [Rricaud et al. 1995, Johnsen el aI, 

1994aJ- Based on this conslruct, the unpackaged Chi a-specific absorption can be 

normalised to a theocetical maximum at - 675 nm - the wavelength of the red Chi a 

absorption peak where ChI a is considered the sole absorber [ibid.] Under a two-layered 

geometry, it is possible to combine equations 4.4, 4,18 and the Gladstone-Dale 

expression of volume equivalence to allow the calculation oftre imaginary refractive 

index of the chloroplast layer at 675 nm: 

n'""", (675)= 
675 Irci a:'(675) 

,,_ 4Vv 
(4,21) 

where n"",<I;.=1.334 and Vv is the relative chloroplast volume. Equation 4,21 thus 

des(.,,--jbes the relatiollShip between the intracellular Chi a concentration, chloroplast 

volume, chloropla:;t imaginary refra("1;ive index, and cellular absorption, based on the 

assumption that the cytoplasm layer has 00 significant absorption at 675 nm, 

Equation 4.21 offers a useful starting point to examine the potential range and behaviour 

of the imaginary refractive index for algal chloroplasts n'd.h-, or more accurately the 

simulated chloroplast layer in a hypothetical two-layered geometry. It can be seen that 

n 'd,h- is dependent upon the relative chloroplast volume and the intracellular Chi a 

concentration c" based on Glad:.10ne-Oale volume equivalence Whilst it would be more 

desirable to employ chloroplast (as opposed to intracellular) ('hi a concentrat ions, and 

thus dispense with the need for a volume equivalence scheme, such chloroplast data are 

very rare (unkoown to the author) The dependence of n ''''10' upon c, is therefore 

considered a necessary approximation. and at least allows consideration of algal optical 

properties armed with a considerable body of published c, data [e.g, Taguchi 1976, 

Malone 1980, Bricaud e/ al. 1988]. In addition, published relationships between Ci and 

1/', (675) for homogeneous cells IStnlmski 19')9, Equation 9] can be used for 
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comparative purposes A reasonable range of algal c, values could be considered O.S kg 

m·3 to 10 kg m·3 [Taguchi ]976, :\1alone ]980, Bricaud etal. 1988]-these would 

produce homogenous n' , (675) values of -D.OOOS to 0.011, using Equation 4 18 and 

a:'(675) -0027 mg.l m" lJohnsen 1994a], ur values ofO,0017 tu 0.011 using the 

Stramksi formulatiun. These data ranges compare well with published values [AIm et al. 

1992, Stramski ef al. 2001], and confirm the use of the Stramski formula as a validation 

check. The equivalent chloroplast n',,,,,~ (67S) value range using equation 4.21 with 

Vt=20 % is - 0.0027 to 0.054, as compared to a range from the Stramski fonnula of 

-0,0037 to O.OSI Whilst the Stramski formula is designed for use with homogeneous 

cells as opposed to chloroplasts, the elose comparison of the two n'""", (67S) data ranges 

(from Equation 4.21 and the Stramski formula) i~ encouraging, given their derivation 

from very different sources. Previous heterogellCOllS modelling studies have employed 

n',,,.,, values ofO,024 in the 670 nm regiun [Zaneveld & Kitchen I99S] ur 0,04 to 0,05 at 

442 nm LQuinby-Hunt et ai, 1989J, which fall within the proposed range of values from 

Equation 4.21. 

The ~pectral ~hape oftbe cellular imaginary refractive indices will be discussed in detail 

later, in relation to the application of inverse refractive index models to measured algal 

optical data. Briefly, the spectral imaginary refractive index ofthc chloroplast layer can 

be estimated to a first order u~ing volume equivalence, ifhumugeneuus and cytoplasm 

data are known or assumed. Few imaginary refractive index data arc available for cellular 

cytuplasm However, it would appear that the q1opla~m i~ weakly absorbing, with an 

exponential type spectral shape typical urnon-pigmented urganic cum pounds [Stephens 

1995I. The cytoplasm imaginary refractive index is thus expected 10 be small but 

significant at blue wavelengths, decreasing to insignificant values in the red 

For preliminary single particle anal y~es to inve~tigate tbe broad characteristics 1.11' a two­

layered geometry, an n ',i./or value of002 and an n"J*' value of00005 will be used, 

considered typical values in the Soret spectral region, e.g 435 nm. Detailed spectral data 

for the imaginary refractive indices will be revi~ited later 
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4.3.4 Cellular Morphometries 

Having established reasonable morphometric and refractive index data ranges. it is 

necessary to assess the assignment of the two layers available is it more appropriate 

from a general perspective to model the chloroplast as the inner or ouler layer? It must be 

appreciated that such a synthetic construct is a vast oversimplification· chloroplast 

phototaxis is a known phenomena [Rosen & T.owe 1984, Stephens 1995J and the 

variability of chloroplast morphometrics has been discussed previously. Nevertheless, a 

simplified cell geometry can be mathematically simulated, and to this end the 

implications of selecting a central or peripheml chloroplast layer can be assessed. 

Figure 4. J shows the optical efficiency factors and backscattering probability ofpartieles 

using the geometrical and refractive index values discussed above. fur a range ofMie size 

values, The a values used are compatible with a particle diameter range of 1 )-I.m to 96 

)-I.m and a wavelength of 435 nm. The efficiency faclors of interest 10 this discussion arc 

the absorption effici ency factor Q, and the package effect parameter Q; Figure 4 IE 

demonstrates the considerable difference in packaging between the inner and outer 

chloroplast models - the inner model has Q: values approximately up to 40 % lower 

(meaning that the absorption packaging is approximately 40 % higher). In comparison, 

the packaging of the homogeneous and outer layer model differ by a ma:'l:imum of 10 % 

Figure 4, Ie reveals that it is the difference in Q. values lhat is the predominant cause of 

these packaging differences, The inner chloroplast model has considembly lower 

absorption efficiency factors, particularly so at higher sizes where it tends toward a lower 

limiting value than the theoretical maximum of one [Morel & Brieaud 1986] The two 

means of calculating 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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/'igure 4.1 Optical efficiency factors and baekseattering probability against Mie size 

parameter a for two-layered and homogenous spheres. Two-layered spheres in both inner 

(dashed line) and outer (oolid line) chloroplast configurations have refractive indices of 

m,I>I",= L 14 - O,02i and m,>,o=L02 - 0.0005i. Homogenous spheres (dots) have a 

refractive index ofm.-1.044 - 0,00441, calculated as volume equivalent to the two­

layered geometry using Gladstone-Dale equivalence Relative chloroplast volume is set 

to 20"/0, Note the log scales for the two baeksealte1ing related graphs. 
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The outer chloropla:;t model appears to be a more appropriate choice for general 

application for several reasons. It can be asrumed, from a general phycological cost­

benellt perspective, that an algal cell will benefit from minimi,ing ab,orption packaging 

[Raven 1984] Direct measurements of absorption packaging indicate that packaging 

tends to be lower than predicted by theory, j,e, Q; is closer to one [Geider & Osborne 

1987, Osborne & Geider 1989] Given both these factors. it would thus ,eem reasonable 

to adopt a model geometry that minimises packaging - the outer chloroplast model. 

Previous studie:. have also :;uggested that a high refractive index peripheral layer is 

beneficial to a cell in teons of light: trapping [Latimer 1984, Geider & Q:;bome 1987, 

Zaneveld & Kitchen 19951- In addition, the inner chloroplast model typically yields Q" 

values smaller than -0 5, except for very large cell sizes of>30 !-lm diameter. Reported 

experimental Q, values considerably larger than 0.5 are not uncommon [lturriaga & 

Sigel 1989, A1m ef al. 1992, Stephens 19951, and the inability of the inner chloroplast 

model to simulate large Q. v,dues at typical algal diameter:. of <30 )-Lm diameter 

indicates that this geometry may be les:; suitable, 

A further rea:;on for adopting an outer chloroplast model geometry lies in the re:.trictions 

ofa two-layered geometry - this precludes the specific assignation of a high refractive 

index external membrane or coating, structures shown to have considerable impact on 

backscatteting [Meyer 1979, Bricaud ef at. 1992. Zaneveld & Kitchen 1995]. Table 4.2 

indicates similar real reli-active indelC value:; of -1.12-1,14 for chloroplasts and the 

various forms of external membrane or coating material (excluding the calcite coatings of 

coccohthophores which must be con:;idered a special case). The intracellular refractive 

index gradient of the outer layer 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 chloropla,t 

layer, of similar real refractive indelC and zero imaginary refractive index [laneveld & 

Kitchen 1995J Differences in the ,cattering behaviour of the outer chloroplast two layer 

model and a hypothetical three layer model can reasonably be e:<peCled to be small, 

particularly in comparison to an inner chloroplast two layer model. 
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Examinalion oflransmittance electron micrographs from morphometrical studics confirm 

that, for a wide variety of species, chloruplasts arc located peripherally. These ;nclu(le a 

rangc of Diatom species [Hoops & Floyd I 979, Sicku"Goad & Stoermer 1979, Hitchcock 

1982, Rosen & Lowe 1984, Janssen el al. 2001], Oinuflagcllatcs with single [Highfill & 

Pficster 1992, Jenks & Gibbs 2000 1 and many radial chloroplasts [Messer & Ben-Shaul 

1972, Dodge & Crawford 1969, Spector & Tricmer 19791, Pelagophytes 1 Gastrich el at. 

1998, Pilcher e/ af. 1999], Chluruph)-tes [Rusen et at. 1986], .Eustigmophytes 1 Fisher e/ 

al. 19981, and Cryplophyles [Thinh 1 'JiB]. There would thus seem cvidence bascd on 

several forms ofrcasoning, and from a wide variely of sources, suggesting that an uuter 

chloroplast geometry should be adoptcd for the rcmainder of this sludy_ 
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4.4 Comparative Geometry aDd Causal Variability 

Figure 4.IA and 4, I B show the typical oscillating behaviour with changing 0; of the 

attenuation and scallering efficiency factors [Van de Hulst 1957, Morel & Bricaud 19861 

Similar behaviour was noted by Aas [19~4J , and it can be seeo that the outer layer model 

causes greater amplitude oscillations in both Qc and Q~, whilst tending to the sarne 

approximately coostant values of Q,,- 2 and Q,- I at large si7es [Morel & Bricaud 1986J, 

The behaviour of the Qo values in Figure 4, IC have been discussed above - the behaviour 

displayed is again consistent with previous results [Morel & Bricaud I 'l~ IJ, in that the 

homogeneous and ooter layer model produce similar results I Aas 1984l- The largest 

differences arising from heterogeneity can be seen in the enhanced baekscattering 

efficiency QM (Fig, 4, lD) and backscattering probability 1\ (Fig. 4.IF) values associated 

with the outer layer modeL The QM values of the outer layer model are between 5 and 25 

times higher than the homogeneous model, converging to an approximately constant 

value at high sizes of Q~;'" 0,0025 - 9 times higher than the homogencous model, 

Roughly the same comparisons hold for the backscattering probability factor values, It 

can be seen in both cases (Fig, 4,10 and 4.IF) that the somewhat chaotic stru,,1ure in the 

backscattering vs size relationships IMorel & Brieaud 19861 is also appreciably different 

for the contrasting model geometries. 

The effects of varying chloroplast size can be scen with regard to different means of 

comparison: heterogeneous cells of varying volume equivalence relative to 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 chloropla~t sile whilst maintaining volume equivalence have only small 

effects on attenuation, scattering, absorption and the package effect parameter (Fib'Ures 

4.2A to 42C, and 4.2 E). However, more marked diITerences are observed if chloroplast 

size is 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 considerably The oseillation patterns in Q, (Fig 4 3A) and Q~ (Fig. 4.3B) show 

considerable difference in magnitude and peak position. Absorption is also affected, in 
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that the largest chloroplast cdl displays Q" values (l'ig. 43C) and packaging (Fig. 4.3E) 

up to 50 % greater, concomitant with the increased bulk imaginary refractive index. It 

would lhus appear that bulk refraclive index change, are ofmllCh b>reater significance 

lhan morphological change, a_ concerns attenuation, total scattering and absorption 

parameters, These observatIOns are consistent with the successful use of homogeneous 

Mie model, lo de,eribe such parameter, in the pa>l [e.g. Bricaud & Morel 1986, Brieaud 

era!' 1988J 

The converse appears to he true with regard to backseattering parameters from 

helerogeneous eell-. Bachcallcring efficieney and probability factors of the 

heterogeneous volume equivalent cd ls (Fig. 4.2D and I'ig 421') show considerable 

variability with changing chloroplast size and refractive irxlex Values of heterogeneous 

QI>I> and h, range from approximately 2 to 35 times higher than homogeneous values, 

with considerable dependence on 0::; somewhat chaotic at 0::<400 and approximately 

cvnstant thereafter. The approximately cvn_tant QM vaioos at high ,izM (a>400) ean be 

u,ed a~ a convenient comparison: these arc O.()(4 (V>= 15 %, n""",=L18), 0.0025 (Vv=20 

%, II,JoI",..==1 14), 0.0014 (Vv=30 %, f41,,;= L 10), and 0.00028 (homogeneous, n-I ,044). In 

comparison, the heterogeneous cell> with con_tant refractive indicM (Figure, 4.3 D and 

4 3 F) show markedly less relative variation in backscattcring - whilst there are some 

differences in the oscillation patterns, the QM values at 0::>400 are approximately cvnstant 

at 0,0025, Tt i, intere,ting to note lhat the equivalent homogenCOl" cell, with varying 

bulk refractive indices show significantly more variation, with the highest real refrac·tive 

index cell, displaying the highMt bachcattering valuM (Fig. 4.3D}Tbese cvmparisons 

reveal not only that heterogeneous cells backscatter cvnsiderably more than their 

homogeneou, equivalent" bllt behave in very different ways in re'ponse to refractive 

index changes, It would appear that the real refractive index of the outer chloroplast layer 

(or any peripheral layer) could be considered the single most important intracelllliar 

eall,al variable for backscattering; certainly more important than the relative size ofthc 

peripheral layer Such conclusions are at least partially supported by previous 

heterogeneous modelling studies [Meyer 1979, Bricaud 1992, Zaneveld & Kitchen 1995J, 
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Figure 4,2 Optical efficiency faclors and backscaltering probability against Mie size 

parameter a. for homogeneous spheres and heterogeneous spheres of varying relative 

chloroplast volume V" and volume equivalent refra,,"tive indices. Relative chloroplast 

volumes are set to 15% (blue), 20"10 (green) and 30% (red). Homogenous spheres (dots) 

have a refractive index ofmh=l,044 - 0,0044;. Two-layered spheres (lines) with an outer 

chloroplast configuration have volume equivalem refractive indices of m" ",-i.02 

O.OOOSi and m,,,,,,,- L 18 - O,0265i (V1=15 %), mchl",=Ll4 - 0_020i (Vv=20 %j and 

m,lI/w= l, 1 0 - 0.0135i (Vv-JO %). 
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Figure 4.3 Optical efficiency factors and backscatteting probability against Mie ~iLe 

parameter [( ror homogeneous spheres and helerogeneou~ spheres orval'ying relative 

chloroplast volume V.' and constant reli-act ive index, Two-layered spheres (lines) with an 

outer chloroplast cont1g11ration have rerraetive indi ces of mc,\b-- l.14 - Q,02i and 

m,>,lj= L 02 - 0 OOQ'i. Relative chloroplast volumes arc sct to 15% (blue), 20"10 (green) 

and 30"/0 (red). Homogenou~ spheres (dots) have volume equivalent refractive in(lices of 

inl/=1.032 - 000241, mll=L044 - O.0044i, and mh = 1.056 - Q,Q063i respectively_ Note the 

Jog scales for the two backscattcring related graphs_ 
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The effects of variations solely in the imaginative refractive index are shown in Figure 

4.4, where the value ofn 'chl",- is varied from 0.001 to 0,04 Resultant variations for Q, 

(Fig. 4.4A) and Qb (Fig. 4.4B) are consistent with the data of Morel & Bricaud [1986]­

increases in the imaginary refractive index, responsible for absorption, re~ult in damping 

of the typical oscillation patterns in these variables. Damping effects are observed for 

both homogeneous and heterogeneous geometries, although they appear more 

pronounced for the latler- perhaps due to tbe higher !I 'chi'" values rdative to the 

homogeneous volume equivalent n', values, Geometry related effects on absorption (Fig 

4.4C) and the package effect parameter (Fig. 4.4E) are not pronounced for volume 

equivalent cells with a maximum difference of - 12 %. Again, the general increase in Qa 

and decrease in Q; with increasing n ',_ are consistent with previous observations 

[Morel & Bricaud 1981, 19861-

Backscattering parameters for heterogeneous geometries appear to be affected in similar 

ways to total scattering - a related oscillations are more heavily dampened with 

increasing !I ',h!vr and become approximately constant at high a (QOb=OOO25 to 0.(027) 

Homogeneous hachcattering with increasing a displays a different structure; a 

pronounced backscattering maxima at o:coQOO to 300, which disappears with increasing 

n 'h values - a phenomenon that has been observed previously [Morel & Bricaud 1986]. 

Of particular importance are the considerably elevated backscattering values at very low 

imaginary refractive index values; the potential effects of this will be discussed later with 

regard to spectral bachcattering characteristics. 
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Hgurc 4.4 Optical efficiency factors and bad:sc811cring probability against Mie Si7-\: 

parameter (J. for two-layered spheres with varying imaginary part oflhe chloroplasl 

refractive index_ Two-layered spheres (lines) with an outer chloroplast configuration have 

reli-active indices of m"",- I ,02 - O,())()5i , """",- 1,14, and n'cNh Yalue~ of 0.00 I (blue), 

0,02 (green) and 0,04 (red). Homogeneous :;phcrcs (dots) have volume equivalent 

reli-active indices ofmh-1 ,044 - O,OOO6i, m,,-L044 - 0,0044;, and mel ,044 - 0,0084; 

respectively_ Relative chloroplast volume is set to 20%. Note the log scales lor the two 

backscattcring related graphs. 
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The effects of variations in polydispersity can be seen in Figure 4,5, displaying data for 

single si7.es and Standard distribuiions IHansen & Travis 1974, Chapter 2] of differing 

effective valiance (or width). The Q" (Fig. 4.SA) and Q& (1:ig. 4.S(3) data are consistent 

with the finding of Morel & Blieaud 119861 increased polydispersion results in grealer 

damping of the oscillation patterns in these variables, leaving only the first oscillation 

peak at (F60 still prominent Absorption would appear to be affected primarily by the 

inclusion of smaller sizes as polydispersion increases, with Q" values at v'if-O.6 up to 15 

0/0 lower than the mOllOdispersed values (Fig, 4,5C) - package effecl parameter values are 

consislent with this (Fig. 4SE). Gromctry related variability remains small, with 

maximal 10 % differe/ICcs between homogeneol.ls and heterogeneous absorplion. The 

effects on polydispersity on backscattering are consislent with previous sludies [Morel & 

Bricaud 1986] - the finer scalc chaotic behaviour in both QM (Fig. 4.SD) and h. (Fig 

4.5F) are smoothed. Increased polydispersity leads to slightly higher backscatiering 

values at large sizes due to the greater inclusion of smaller particles in the si7e 

distribl.ltion. It can also be seen that very low imaginary refractive index values lead to 

profixmd changcs in sde<.'led optical properties· these will be discussed later with regard 

to the spectral naiure of modelled inherent optical properties, 
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Fib'llrC 4.5 Optical efficiency factors and backscattcring probability against Mie siLe 

parameter a for size distributions oftwo-laycrcd spheres with varying poJydispersity. 

Two-layered spheres (lines) with an outer chloroplast configuration have refractive 

indices ofm,-"o= l 02 - O,OOO5i , and md,)",.=L 14 - O.02i.Homogcnous spheres (dots) have 

volume equivalent refractive indices ofm,= } ,044 - OJlO44i, Relative chloroplast volume 

is set to 200;' . Data are shown for a single size (bll1e), a narrow Standard size distribution 

with v.rr=02, and a wide Standard size distribution with v.rr=06 Ncte the log ~ales for 

the two backscattering related graphs, and the a scale of I to 800, The green da~hed lined 

represents a Standard size di~lribulion oflwo"layered spheres with vd[=O.2, m,)<o=L02-

1O-'i, and m,, __ =1 14 - 10-\ and demonstrates the effe~is oflow imaginary refractive 

mdex in both chloroplast and cytopla~m 
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4.5 Comparative Geometry and Spectral Inherent Optical Properties 

4.5.1 Determination of Refractive Indices for Algal Populations 

Modelling the full spectral inherent optical properties ofan algal population requires the 

derivation of the refractive index spectra: either m.(A) for homogeneous cells, or m,,, ... (A) 

and m,y</A) for two-layered cells. Measurements ofphytoplanklon absorption and si7.e 

distributions allow the calculation of experimental absorption efficiency factors ming 

Equation 4.13 (Brieaud & Morel 1986, Stramski el at. 1988J From these data lhe 

imaginary refractive index, and the spectral shape of the real refractive index, can be 

determined (as discussed previously) for both homogeneous cells and the layers of 

heterogeneous cells. The real refractive index spectra 11('-), of either the homogeneous 

cell or its constituent layers, can then be calculated using Equation 4.14, through the 

seleclion of appropriate ]-£ values 

It is possible to make direct dctenninations of J - £ values for homogeneous cells through 

the ADA - this would require additional usc of attenuation or scattering data, not 

available to this study [Bricaud & Morel 1986, Stramksi el Ill. 1988], Even if i;uch data 

were available, it would be extremely difficult to determine real and imaginary reft-active 

index spectra for both chloroplast and cytoplasm from optical and size measurements, 

The ADA, allowing the decoupling of the rcal and imaginary refractive index, is typically 

used for such purposes as an iterative inverse efficiency factor model for homogenoous 

cells [ibid]. Whilst an ADA formulation is available for a two-layered geometry 

[Quirant~ & Bernard 2004l it is unlikely to satisfy the original ADA assumption that the 

real refractive index is small (m-l«I) [Van de Hul:.1 1957], given the high chloroplast 

refractive indices suggested by Table 4.2. Two-layered application of the iterative 

modelling approach to refractive index determination of Stram ski [1988] wOLlld thus 

require invocation of the full Aden-Kerker fonnulae, dealing with the four unknowns of 

real and imaginary refractive index for both layers, SLlch a model was constructed and 

applied to sample data from Bricaud el ai. [1988] The results (not presented here) 

indicate that multiple solutions abound even with very close matches for absorption and 

attenuation data. i,e. a pri()rI assumptions concerning the spectral refractive indices of 
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layers must be made to rerum feasible model solutioll&. The dependence of the study 

upon J , ~ values gleaned from the literature, most specifically for simulated chloroplast" 

is thus not inappropriate, 

Preliminary two-layered modelling eflbrt, also indicated the need for assumed refractive 

indel( values of the cytoplasm. Based on the intracellular optical etl1ciency mea>urements 

of Stephen, [1 <)95], the typical el(ponential spectral shape of organic detrital particle, 

[Itturiaga & Siegel 19891, and trial tn(Xlelling runs. the imaginary refractive inde); for 

cytoplasm was chosen to be' 

n'",", (,{) = 11'.,.., ( 400)cxp [-0.0 I( J. - 400) 1 (4.22) 

where " ")<0(400)=0.0005. Real refractive index spectra for the eytopla,m /I""o(J.) were 

then generated with a Hilbert transform under Matlab R13 Cfhe MathWorks), and 

Equation 4. 14 with 1+~- 1 ,02 

Given such considerations, refractive index spectra for sample natural algal populations 

have therefore been determined in three different ways. To generdle init ial values for 

homogeneou, cells, n·h()") spectra were calculated using the ADA (Equation 4.15) 

[Stramski d al. 1',l88j. Using the /I ·.",Jl) values of Equal ion 4.22, volume equivalent 

n '"",,,,\,l,) values were determined using the Gladstone-Dale fOHoolation given by: 

(4,23) 

where Vv is the chloroplast volume, Real refractive index spectnl for the chloroplast 

1I,,!;~1) were then similarly generated with a Hilbert transform, and Equation 4. I4 with 

assumed 111'; values as discus!ied below 

In addition to the volume equivalent generat ion of /1 ', ,,...,,(2), a further method based on 

direct application ofthe Aden-Kerker formulae was employed, designed to provide 

'" 
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greater accuracy ofrefraetive index detennination, Using the volume equivalent mel.", 

arxl me,,,, values just described as inilial input, a non-linear solution of Equation 4, II was 

implemented, employing a simplex routine [Neider & Mead 1%5] arxlthe Toon & 

Ackerman [1981} code, Solving for experimental Qa value, with measured size 

distributions, the model was allowed several passes through the entire wavelength range 

to yield n '""",.( -i) arxll1c...,.{ -i) values consistent with Aden-Kerker theory arxl the 

Kramers-Kronig rdations, with mc."", (A) he ld constant 

Sample absorption and size distribution data from natural algal a,semblages in the 

southern Benguela are used as input to the refractive index models (Appendix II). Briefly, 

particulate and detrital absorption data were measured with the quantitative niter pad 

technique [Yentsch 1 %2, Roesler 1998, Kishino et al. 1985] using a Shimadzu UV-2501 

spectrophotometer equipped with an ISR-2200 intemal integrating sphere. Phytoplankton 

absorption v; (-i) data were then obtained by subtraction of detrital absorption ad (j\)from 

total particulate absorption ap (A). Particle ~ize mea~urements were made using a 128 

channel Coulter Mullisiz.cr II with a 140 !-1m aperture in manometer mode, u~ing fre,hly 

preparcd 0.2 ,un filtercd seawater as both blank and electrolyte, Numerical technique~ 

[Chaptcr 2] were employed to fractionate measured si7£ distributions into algal arxl non­

algal components, and extend both lower and upper ranges of measured siw distributions 

to mateh absorption measurement, Pigment~ were analy,ed u~ing High Performance 

Liquid Chromatography (HPLC) u~ing the methods of [Barlow el al. 1997]. Oetailed 

methods for all measurements are presented in Chapter 2 

Four assemblages types common to upwelling systems [Hutchings I!I al. 1994] were 

cho!l<ln for detailed analy~i~. The,e are: an otr~hore a%emblage dominated by small 

Chlorophytes and Prymnesiophytes (flagel/a/e, d.;t=4 32 ,.un, Chi <FD.59 rug m-' , c,~ L5 

kg m-' ), a diatom dominated assemblage (diatam, d.r S3 !J.m, Chi (1-6, 1 mg mol, <,,- 2.3 

kg m"'), an a~semblage dominated by the dinoflagellate, Ale=mlnum ,'O/endla and 

Cl!ratlUm spp, (dinoflagella/e, ri.tF26 ,un, Chi a=126 rug m-', c,=4,O kg m-' ), and a 

mixed as,emblage ofdia!Om~ and the Cryptophyte endo,ymbiont containing ciliate 

MI!~lJdil/lum ruhrum (<'ryp/opjryre, d,r l4 ,un, Chi a=195 mg m-' , <,,=3 I kg m-') 

103 
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Dominant accessory pigments for these samples are: chlorophyll c"chlorophyll h­

fucoxanthin derivatives (jlagella/e), chlorophyll c-fucoxanthin-diadinoxanthin (dia/om), 

chlorophyll c peridinin-diadinoxanthin (dinoflagellale), and chlorophyll c alloxanthin 

(aYl'lophyle), 

The measured and derived refractive index dala for the four example assemblages are 

shown in Figure 4,6. Measured ChI a-specific phytoplankton absorption (Fig. 4.6A) show 

the effects of size related packaging, most obvious when comparing the.!la7elfale and 

dinoflagellate samples., dominated by small and large cells respectively , The etTects of 

differences in accessory pigment complements can also he seen, !lDst prominently in the 

phycoerythrin affected cryptophyrr sample [Gustafson 2000J. ChI a-normalised volume 

sizc distributions show the typically highly polydispersed nature of natural algal 

assemblages, even in high biomass bloom situations, particularly so for the aylophyle 

sample, which is composed of ~mal1 celled diatom~ and the large celled Mesodi1liw1I 

rubrum. 

Modelled absorption efficiency factor data used for the direct two-layered rerractive 

index detenninations show a very close match (Fig 4,6C) to experimental detennined Qa 

values., indicating the successful simulation of the helerogeneous model It should be 

noted that the two-layered refractive index model ulilising the Aden-Kerker codc was 

unable to produce appropriately smooth 11 'c_ values when using the default Vv value of 

20 % for the large celled dinoflagellate and crytophyle samples. Appropriately shaped 

11 'd.or spectra (i c. thosc without significant spikcs) wcrc only obtaincd when minimal Vv 

values of30 % were adopted for thcse two samples. It would appear that this is duc to the 

high experimental Qa values for these samples (Fig, 4,6C), and the relatively higher Qa 

valucs theoretically possible when higher Vv values are adopted (Figures 4.2C and 4.3C). 

Relatively high Qa values are associated with high values of either of the two variables 

causal to absorption - ccll diameter d,IJOf intracellular ChI a concentration C; [Morel & 

I3ricaud 1981, Bricaud et at. 1988, Ahnet al. 19921- Consistent wilh Ihis., the two 

sample~ requiring larger V!' values of 30 % (dmoflar,dlate and crytoph}1e) display higher 

d.-,rand c, values than the two samples that can be modelled with V!' valucs of20 % 
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(jlageflate and diatom). Further comment on the relationship between chloroplast siT.e 

and ab,orption in the context of general algal morphometrics and phy,iology i~ 

considered beyond the scope of this study_ To facilitate comparison between as~emblages 

the real refractive indices of the two samples with forced Vv values ono % were 

adjusted to maintain a constant homogeneous volume equivalent 1+-<: of 1.044 - flclol", 

values for the d;mJjlageilale and cryl0l'hyle samples thus use 1+&=1 10 as opposed to 

l+~-L 14 forjlagellale and diatom samples 

A final comment of the refractive index detenninatiollS can be made with regard to the 

use of volume eql.livalent deternl;nations, Figu.re 4 6R di>plays the n'o,"" values 

calculated both from voll.lnte equivalence with homogeneoos n". values, and those 

determined directly using Aden-Kerkertheory. In the majority of cases the agreement 

between the two methods is good, with under 10 % diflerence, The exceptions are at the 

Sorel peak of the crytophyte and dinoflage{{ate ~amples, where dilferences of"- 15 % and 

-25 % are ob,erved_ It should be remembered thal the n', are calculated with the ADA., 

known to give error, of - 10"1. in comparison to Mie theory [Latimer 1984. Geider & 

O,borne 19871. and ,ome discrepancies can therefore be expected between ADA and 

Aden-Kerker derived values_ The general agreement between volume equivalent derived 

imaginary refractive index values and those derived from exact theory are consl:,1ent with 

previous discussion indicating the effects of cell heterogeneily are relatively small on 

absorption, It wol.lld thl.ls seem reasonable to employ the more easily derived volume 

equivalenl refractive index values for general ca,es. perhaps excepting very highly 

packaged cells such as the dil/,Jjlagellale ,ample 

W5 
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Fib'llJe 4 6. Optical and si~e data for fOliT ~ample algal assemblages. A) ChI a-specific 

pbytoplanton absorption, R) Chl a specil1c cellldar voll1me distributions. C) experimental 

(line) and two layer mode! values (-I) for absorption efficiency factor~, DJ imaginary 

refractive indIces for homogeneous cell Ii ,,'j, (,l) and for cellular cytoplasm n ',,<0(1) (black 

line), E) imaginary refractive indices for chloroplasts n',JoIo/il), determined with the 

inverse Aden-Kerker mode! (solid line) and from homogeneous vall1e~ with voll1me 

equivalence (da~hed lines), F) real refractive indices for chloroplasts nc!;k,,(l} (solid 

lines), and volume equivalent homogeneous cclls (dashcd hnc,)_ NOle lhallarger Vv 

values of 30 % wcrc required for sllCce,srlll two-layered Q" simlilation roc the two 

assemblages dominated by larger cclls; the dimiflagellate and Gl)l'/ophyte ~amples_ 
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Based on the Aden-Kerker derived refractive index spectra and measured algal size 

distributions for the fuur 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 Modellfil. Optical Efiiciellcy Factors 

Mean optical efficiency factors are detailed in Figure 4.7. Consistent with Figure 4.2, it 

appears that geometry related differences in attenuatioo. total scattering and absorption 

are relatively small. Absorption appears to be least aft"ected by geometry changes ­

heterogeneous cells produce slightly lower absorption values with a maximum 10% 

difference and little change in spectral shape (Fig. 4.7C) Attenuation 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 Qc values appear to 

display greater spectral variability than their homogeneous counterparts. Maximum 

differences for Qc values occur at red wavelengths and are - 15 % - in all cases apart 

from the far red values for the dinoflagellate 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) - two-layered Q~ values are - 15 % higher in 

most cases, with the most pronounced spectral differences observed for the dinoflagellate 

sample. In all cases the magnitude and spe~1ral shape of the Qc. Qb. and Q" spectra 

displayed in Figure 4.7 are consistent with analogous published experimental data for 

algal cultures [Bricaud et af. 1988. Aim et af. 1992]' 
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Figure 4.7 Optical e1liciency factors for the four sample algal asseUlblage~, Legend 

colours are as for the previous fib'llre, for data ITom the two-layered geometry (lines) and 

homogeneous geometry (dots) A) attenl1lltion efficiency factors Q" B) 5catlering 

efficiency factors Q" C) absorption efficiency factors Qa, OJ backscattering efficiency 

tacton; QO!, E) ratio oCQ, for two-layered and homogeneous gemoetries, F) ratio of QM 

for two-layered and homogeneous gemoetries_ HomogenOOlls refractive indices are 

calculated ITom vollune equivalence [0 the two-layered data to fiu:ilitate comparisun, 
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The geometry related effects for attenuation, scattering and absorption are very ,~mall in 

comparison to tho~e observed lor back scattering. Two-layered backscattering value~ 

range Ii'om ,·-500 % to , .. 2500 % higher than equivalent homogeneous value£, with 

considerable difference~ in spectral shape (Figures 4.7D and 4.7F). Two"layered Q" 

values Hinge from ,-0,002 to - 0,026, in comparison to homogeneous QI>, values or 

"{).OOO2 to 0.0014 The two-layered Q" value~ compare well with measured (I" values 

for a range of algal cultures of ,,{)003 to - 0.039 [Vaillancourt el of. 2004], indicating that 

the large increase,~ in backscattering associated with heterogeneity are appropriate The 

backscattering spectra display considerable variability with wavelength, with consistent 

depressions located at very slightly shorter wavelengths than the Soret and red Chi a 

absorption peaks - such features are consistent with the effects of anomalous di~per,~ion 

[Van de Hulst 1957, Bricaud I!lal. 1983, Zaneveld & Kitchen 1995] 

Further assemblage-specific anomalous dispersion effects can be seen in the depressions 

at , .. 495 nm and -550 nm in the cryptophy/e ,'>ample, which correspond with the 

unusually di~tinct ab~orption bands at these wavelengths for this assemblage, All algal 

backscattering spectra di~play their highest value~ at red wavelengths, with broad 

secondary maxima at - 600 nm the region where algae typically display absorption 

minima (e.g. Fig. 4.7C) These anomalous dispersion effects are not always ~een in 

measured QM values for algal cultures [Vaillancourt et al. 2004] - the reason~ for thi~ 

would appear to lie in the assumptions made in backscattering derivations from specific 

lllstrument sYb1ems, 

The varying magnitude of the Q~, spectra (Fig, 4,70) are consistent with both the size 

effecg (4.50) and the real refractive index effects (Fig. 4.20) discu~~ed previously - the 

two small celled samples with central values of"~I, 14 (flagellalt' and dialam) display 

back scattering effici encies 2 to 3 times higher than larger celled sampk~ with central 

values of n,""" =1,10 (dimiflagdlatl! and cryptophyll!l. The decoupled effects of these 

variable,~ on heterogeneous back~cattering will be di~cu,~sed in more detail below, 
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Figure 4.8 ChI a-specific inherent optical properties, package ellect parameter and 

backscattering probabililY data for the four sample algal assemblage~, Legend colour~ are 

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

homogeneous geometry (dots). A) Chi a-specific attenuation coefficient "'; (1) , 8) Chi a· 

,pecific ~caltering coefficient h; (AJ , C) ChI a-specific absorption coefficient ,,; (lJ, OJ 

Chl a-specific backscatlering coefficienl b~ (A.), E) package effect parameter Qa" (J,) , F) 

Algal backscattering probabilil y mctor h,.,. (Aj, H oTll!)geneous fen-active indices are 

calculated from volume equivalence to the two-layered data to facilitate comparisOll_ 
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4.5.3 .\Iodelled Inherent Optical Properties 

ChI 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 

attenuation (Fig. 4.8A) and scattering (Fig.4,SB) values are again consistent with 

previously published values for algal cultures lBricaud e/ al. 198R, Ahn et al. 199Zj. 

Geometry related differences for attenuation, scattering absorption and backscattering are 

equivalent to those discussed above with regard to efficiency factors Adopting a two­

layered geometry results in slightly greater packaging (Fig.4.8E) for all samples with 

maximum differences of -~ 10 % - the dinoflaxellale sample is the most affected, as might 

be expected considering the relatively high <4ifand c, values of this asscmblage. 

Chi a-specific backscattering values for the two-layered geometry range from - 2,Ox I 0-" 

to -~ 1x 10-4 m 2 mg-J at 550 nm, as compared to homogeneous values -~Ih 10--< to --2" 10-' 

m 1 mg-' at the same wavelength These can be be compared to measured ranges of 

- LOx 10-' to -2x I 0-' m 1 mg-' at 550 nm 1 Ahn e/ at. 19921, the mean value of9x 10 .... m 2 

mg-' at 510 nm [Vaillancourt 1'1 at. Z004], and a measured valued for Trichodcsmium spp. 

ofZ,Ox J 0-' m 1 mg- l at 550 nm [Subramaniam d at. 1999]. With the caveat that such 

coarse range comparisons are useful only to nrst order, and there are observed 

discrepancies with the data of Ahn eI at. 11992], the comparable values of the higher two­

layered values generated here and the experimental values indicates appropriate input and 

structure with regard to the heterogeneous model 

Modelled back scattering probability data (Fig.4 ,RF) show equivalent geometry related 

differences to those discussed with regard to Figure 4.7. Backscallering probability 

values range from --0,2 % to -- I % forthe two-layered geometry, as compared to -0,02 % 

to - 0,08 % for homogeneous panicles. Such values can be compared to values 

determined experimentally of- DOl to-O.4 0/. 1 Bricaud el aL 19R3, Ahn et aL 199Z}, 

those determined through combined experiment and radiative transfer modelling of -o.z 

0/0 to - 1.5 % [Stramski & Piskowb 2003J, and those predicted by Mie theory of a 

maximum of - 0,2 % [Bricaud et at. 1983, Morel & Bricaud 1986, Morel 19881 Whilst 

the homogeneous b. values generated here compare well with previous theoretical value 

'" 
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ranges [ihid], the comparisons with published data are somewhat equivocal, 

Nevertheless, the b" data shown here indicate that adopting a viable heterogeneous 

geometry produces considerably higher backseattering probabilities than homogeneous 

equivalents, and the observed b" range of up to I % is consistent with experimental 

observation [Stramski & Piskozub 2003]. 

4,5,4 Size and Assemblage Dept"ndt"nt Inherent Optical Properties 

The assemblage-specific rcfractive index spectra and morphometric data can be used, in 

combination with the Standard siLe distributions outlined in Chapter 2, to cak-ulate the 

optical properties of hypothetical polydispcrscd algal populations, This gives the ability 

to assess the optical effects of variability in key intracellular parameters: thc imaginary 

and real refractive indiccs, and chloroplast morp~ogy, In addition, such an approach 

also allows a grcater undcrstanding oftbe enect~ of changing mean assemblage siTe, as 

given by the efl'e~1ive diamcter. Whilst such relationships are well understood as regards 

algal absorption, they are fJ<XJTly underb100d with regard to algal backscattering, 

particularly so from the perspective ofa heterogeneous geometry, An lmproved 

undcrstanding of how backscallering varies with both assemblage type and sIze is 

extremely important to HAll related bio-optical observations and inversion lechniques, 

A Chi a-specific ~iLe distribution to.. a hypothetical algal population can be calculated 

based On three variable~: the effe~1ive diameter d1f; the effective variance v",Jand the 

intracellular Chi a conccmration c" A Slandard siT.c dib1ribution F(d) for a "mge of 

particle sizes given by diameter dis exprcsscd as [Hansen & Travis 19741: 

(4,25) 

whcre ASF can be lreated as an arbitrary scaling parameter at this stage, The total relative 

particlc volume V of this diSlribution can then be calculated with: 
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V= ~fF(d)d'd(d) (4 26) 

and the initial distribution F(d) scaled to ChI Q"specificF"f«,I with 

"'(d)= '!/) 
J~ c, 

(4.27) 

The F"(d) values can then be used with the Aden-Kerker derived rcn-activc indices 

discussed m Section 4.5. 1, with the additional use of Equation 4 21 to ensure thallhe 

chloroplast refractive index data are consistent with the c, value employed. With this 

approach lOPs have been generated for hypothetical diatom and dinoflagellate 

populalions wilh d,jJyarying from 2 !-lm to 64 !-lm. Refractive index speclra from the 

dialOm and dinoflrwi!llate example assemblages analysed previously haye been used, in 

combination with the measured ,', values for these assemblages of2.3 kg m" and 4.0 kg 

m" respectively. Diatom simulations employed Vv =20 % and 1Ic!-k~=L 14 values, whilst 

dinoflagellate simulations employed Vv - 30 % and IIchI",= I. 10 values, as deduced forthe 

original example assemblages. Cytoplasm ren-aclive index are as used previously 

It must be appreciated that the use of constant refractive index and morphological data 

across a wide range of algal ,i..:es is a first approximatation In reality, size and 

assemblage relaled variabilily will be considerably more complex, due to issues such as 

the non-scalability of certain intracellular membranes [Raven 1986], photoadaptive, 

taxon, and trophic state induced morphological variability (Table 4. 1), and c, and 

resultant real and imaginary ren-acti ye index variability [Bricaud e/ af. 19881, amongsl 

others. The use of a single chloroplast refractive index spectra as representative of a 

group such as the dinoflagellates across a wide range of cell sizes is also very much a 

>lmplification, as the relative concentration and occurrence of accessory pigments will 

obviously vary considerably in nature. In addition the real ren-active index oft/Je 

chloroplast, kept at a constant central value for each assemblage across the size range, is 

likely to show variability [Bricaud t'I aJ. 1988, Aim el al. 1992]. Nevertheless, as a 

In 
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preliminary means of enhancing under~tanding of the optical variability of algal 

populations, the approach is of considerable usc. Diatom~ and dinoflagellates are chosen 

a~ examples due to the occurrence of these algal groups across a wide range of sizes 

I Table 4. 1, Bricaud e/ al. 1988, Ahn el a1- 1992J It should be realized that the refractive 

index spectra emplo)'ed for the~e group~ are representative of the measured accessory 

pigment suite - the dil\OflagelJate~ are thus considered repre~e!ltative only of those 

species containing peridinin dominated pigment protein complexes 

Figure 4.9 details the Chi (I-specific inherent optical properties of simulated diatom 

dominated populations of effective diameters from 2)-Lm to 64 )-Lm, The changing shape 

of the attClluation coefficient c; ("') with size (Fig, 4,9 A) is of considerable interest: it has 

been used previously fO£ refractive index detenninatioos IBricaud & Morel 1986, 

Twardowski et (II. 200 I J, and to establish estimates of particle size distribution 

parameters I Boss el af 200 I, Roe~ler & Boss 2003]. Three broad types ofspcctral shape 

in c; (l-) can be distinguished (Fig, 4,9A): I) decreasing c; (A) with,t for small cell sizes 

(d'1i-=J. and 4 I-llll), 2) increasing <'; (A) with", for intermediate cell ~ize~ (~ff~8 and 16 

)-Lm), and 3) approximately constant «A) for larger cell sizes (d4F32 and 64)-Lm) 

[Bricaud el (II. 1986]. Such observations arc not entirely consistent with studies 

employing numerical relationship~ between the attenuation and Junge slopes to describe 

the particle sizc distribution IBoss e/ uf. 2001, Twardow~ki e/ al. 200 I J, which cannot 

display the second case of ~pectral shape above. However, such studies have been 

concerned with total particulate as opposed to the viable algal particulate [ibldJ, and the 

inconsistency is at least in part due to this, Otherwise the changing slope and magnitude 

of the c; (A) spectra with size arc entirely consistent with both measurement and theory 

IBricaud & Morel 1986, Bricaud e/ (II 1988J, Again, geometry related differences in the 

attenuation spectra are small « 15 %), and adoption of a two-layered geometry does not 

appear to impact upon the spectral shape considerations discussed above, Similar 

considerations hold for the scattering b; (l-) spectra (Fig. 4.9B), which are also consistent 

in shape and magnitude with previou~ observations [ibid]. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

r 
". 

-• • . ,' 

Figure 4.'> ChI a-specific inherent optical propenies, padag<" etTeo:! pararrlCl.<:r and 

bachcatleOng spcclrul shape datil for Sl3ndard size d l~lribuljons of varymgJ.;,-and 

constant .. .,-o 2, based llpon dilllom .e/'racli.e index data. En'ecli~ll dillmo:ler "81ues 

(>1m) aTe given in the legend for (1ata /Tom the Iwo-I~yered geometry (lind) and 

homogenoous Hl'Ometry (dots) . FigllTM arc A) Chllt-~ific attenuat ion coefficient 

,;(A.) > 8) ChI a·~pcci fic scanering coetTicicnl b;(~ ), C) (:hl a-spec ifIC 3b!orption 

coefficient "';(J.), D) Chl (N)'IeI;ilic backscanenog c(.ellicient b;" I ).) , E) p3ckagc cffet:t 

paramder Q~ 'CA), n Algal backsc"1tering coe!Ticicm normalised [0 ~50 om. 

Homogt:n«Ius rell-active i"J.ices arc calculatoo from volume equivalence to the two­

layered data 10 folCilila te comparison, ",ilh c, '<2 J 19 nf' and V1F2O%. 
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The simlilated diatom ChI a-specific absorption (Fig. 4.9<:) and package efiect parameter 

(Fig. 4.9E) _~peetra display well known characteristics with regard lo changing size­

higher absorption and les_~ packaging at smaller sizes [Kirk 1975, Morel & Bricaud 1981, 

Ciolti e/ at. 20021 Geometry related effects are not large and vary with size - lor small 

cells the heterogeneous geometry produces higher a; (,i) and Q,:(..l.) values (i.e. lower 

packaging) with a maximum difference of - 10 0/0. For large cells the _~ituation is reversed 

- the heterogeneous geometry produces lower a; (,i) and Q)l) vallle_~ (I.e. higher 

packaging) with a maximum difference of - 20 'Yo. These are consistent with the single 

cell analyses ofFigllre 4.2. The geometry related ditTerences for _~mal1 cells are also 

consistent with the observations ofGeider & Osborne [1987j, who found experimentally 

determined cellular packaging for a small diatom species to be lower than theoretical 

predictions, and ascribed the differences at least in pan to celllllar heterogeneity. 1\0 

comparable study with regard to large cells is known lo the author. Nevertheless, the 

predicted absorption coefficients and package effect parameters lor the simulated 

populations are consistent with observation Uhidj , and reveal small but significant 

differences arising from cellular heterogeneity 

Geometry related differences in the ChI a-specific backscattering coellicient b~ (A.J (Fig. 

4.9D) and backscattering probability b"" (A) (not shown) are large, and similar to those 

discllssed for Figure 4.8 Heterogeneous populations produce b~ (A-J and b,~, (A) values 

ranging from - 200 % to -~3500 % higher than their homogeneous equivalents, with small 

celled populations exhibiting the greatest differences. Backscattering values are highest 

for _~mall _~izes, as is expected with ChI a-specific bbl:550)=3 8x 10" m ' mg" lor the 2 !Jm 

population and bu(550)-6x lO-l m l mg-! for the 64;tm population. Small and 

intermediate sized cell populations also display greater absolute spectral variability in 

their backscattering spectra, with spectral standard deviations - 5 to 10 times hig her than 

those for larger cell populations. The normalised backscallering spectra (Fig. 4.9F) 

provide further evidence that the shape of the backscattel'ing coefficient is strongly size­

dependent, showing pronounced anomalous disper_~ion effects at all sizes other than the 
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smallest diameter population in addition, the backscallering shape at larger sizes show a 

pronounced broad maximum at red wavelens>1hs - the eflects ufthis phenumenun have 

been observed in the proouunced red reflectance peak in high biumass bloom waters 

[Carder & Steward 1985, ('",wer e/ al. 1999, Roesler & Buss 2003]. Understanding the 

phenomenon is thus extremely important with regard to the application ufbiu-uptical 

and ocean colour techniques to harmful algal bloom monitoring, where the effects uf 

elevated algal back scattering at red wavelengths <lTe likely to be most pronounced 

Figure 4 6.F shows that the effect is not due to elevated real refractive index values at 

these 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 n',-Nor and n'ryto values at > 

700 nm are extremely low «I ~ J 0-\ Figure 4 4 shows that low imaginary refractive 

indices, either for the ch luruplast ur the entIre cell, result \n elevated backscattering 

values - this effect is cunsiderably pronuunced at very luw values II',,,,,,, values, e.g. 

< j x 10-) (data not shown) The reason why larger cells show elevated backscaaering 

maxima at red wavelengths in cumparison to smaller cells would appear to be due to a 

related changes. Figure 45D (green dashed line) shows that when considering the a vs 

Q" relatiunship fur pulydispersed cells with low imaginary refractive index there are 

three distinct regioll8: a) with a < - 70, QOb increases sharply with a, 2) with a between-

70 and - 400, QOb decreases sharply with a , and J) with a > - 400, QOb decreases slowly 

with a. Wavelength induced changes in a acros, these zunes, where QM changes rapidly, 

will thus lead to prominent spectral teatures in the bachcal1ering spectra. II must also be 

appreciated that small cells have narruwer a ranges: a 4).lm cell would have assuciated a 

values of ~2 and -24 at 400 nm and 700 nm respectively, as compared to a 32).lm cell 

with analuguus a values of-335 and - 192. Large cells with low imaginary refractive 

index values are thus more prone to rapid increases in Qb' with increasing wavelength 

(decreasing a) effectively the spectral range oflbe QM spectra> 700 nm falls within 

the second region discussed abuve, This phenumenun, in cumbinatiun with anumaluus 

dispersiun effects resulting from the high n ', 1>/00" values at the red ChI a peak, appear to 

'" 
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produce the distinct back scattering maximum at red wavelengths for large celled 

assemblages. 

fhere are implications to this phenomenon, with regard to both algal absorption and 

backscattering. Residual measured absorption at long wavelengths is ollen considered 

due to scattering, and ~'lIn be corrected for using both estimates ofscatteri'\lo', [Bricaud & 

Morel 1981] and a null point correction [Roesler 1998] - the technique adopted in this 

study [Chapter 2]. Tbe absorption characteristics of algae in the near infra-red are still 

open to debate, not least due to the methodological difficulties of measuring low 

absorplion v ~lues of scattering panicles, Whilst some studies have concluded that algal 

absorption in the red is small [Babin & Stramski 2002], others have measured residual 

absorption at red wavelengths that ~'8.nnot be accOlmted tOr by scattering processes 

[Bricaud et al. 1981, Osborne & Geider 1989] Given the sensitivity ofbachcattering to 

even small changes in the imaginary refractive index at these wavelengths, it would 

appear that correct measurement of algal absorption is of great importance to establishing 

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

lligure 4, I 0 displays the Chi a -specitic inherent optical properties of simulated 

dinoflagell ~te populations of effective diamcters from 2 !-1m to 64 ~, The input 

parameters differ to tbose used in Figure 4,9 in that the dillojlagellate refractive index 

spectra are used, (:,=4 kgm-3 and V,'- 10 0/0, The lower magnitudes of the c; (A) (Fig. 

4. lOA) and b; (A) (ilig. 4.1013) spectra, by ~'ompari son to the diatom simulation (Fig. 

4.9A), are due primarily to the ellbcts of the higher Cj value of the dinoflagellate sample, 

Whilst the differences between the analogous optical efficiency spe<:.1:ra are relatively 

small, the ChI a -specific size distributions calculated with Equations 4.25 to 4.27 are - 40 

% smaller in the dinoflagellate case. In the case of absorption (Fig 4,1 OC), the higher Q. 

values resulting from the increased c, values and larger chloroplast volume are more than 

onset by the smaller size distributions to produce u;(A) values ranging from- ~ % to-

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

package efi'eo:.1: - the dinoflagellate populations di splay .- ~ % greater packaging for small 
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cells increasing to - 400/. for the large celled assemblages. Simlilated dinoflagellate 

backscattering (Fig. 4.IOD) is '~2 to 4 times lower than that for corresponding diatom 

populations - this is primarily due to the higher central real refractive index value of the 

diatom population, The red back scattering maximum is noticeably more enhanced for the 

dinoflagellate populations (Fig. 4.1 OF), due to the higher relative assumed chloroplast 

volume of h'-30 %, leading to Qb.(700) values·- 50 % higher than Vv-20 % values. 

Given that the pronounced red reflectance peaks that would resllh from this elevated long 

wavelength backscattering are typically associated with very high biomass dinoflagellate 

blooms [Carder & Steward 1985, Gower et al 1999, Roesler & Boss 20031 it is tempting 

to interpret these data as being typical of large celled dinoflagellates However, this 

would be somewhat simplistic, particularly given that the data used here employ 

somewhat generalised morpological values, and that the imaginary refractive index data 

at red wavelengths are generated from absorption data measured in a spectral region with 

low signaL noise ratios and employing a null point correction, There is also considerable 

complexity introduced in the translation of algal spectral backscattering features into 

reflectance data representative of the water body as a whole. Nevertheless the enhanced 

red wavelength back scattering features seen here are consistent with observation and 

worthy of closer investigation 

119 
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Figure 4 10 Chi a-specific inherent optical properties, package eflect parameter and 

backscattering spectral sbape data for Standard size distributions of varying elTeclive 

diameter, based upon dinoflagellate refmctive index data_ Lffectivc diameter values 

(~m)al'e given in tbe legend for data from the two-layered geometry (lines) and 

homogeneous geometry (doIS)' A) ChI a-specific attenuation coefficient <PI, B) Cbl G­

specific scatlenng coefficient b; (Al, C) Chi a-specific absorption coefficient a; (J.) , D) 

ChI a-specific backscattering coefficient b;:"(A-j , L) package effect parameter Q,:(A.), F) 

Algal backscattering coefficient normalised to 550 fim. Homogeneolls refractive indices 

are calculated from volume equivalence 10 the lwo-Iayered data to facilitate comparison, 

with Ci =4 kg m-] and Vv=30%. 

no 
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4.6 Preliminary Validation of the Two-Layered Geometry 

Absolute validation of the two-layered model would require comparison wilh full angular 

scallering measurements of cultured algal populations IQuinby Hunt e/ al. 1989]- such 

data are not available lo this study. Currently commercially available backscattel'ing 

instrumentation are in essence single- or multi-angle scattering meters, trom which 

volume backscallering coetlicienls are calculaled based upon assumptions rooted in Mie 

lheory IMaffione & Dana 1997, Boss et af, 20011_ Validation with such instruments 

would require measuremenls of cultured algae [Vaillancourt el aL 2004]- again, such 

data are not available to this study. However even in such circumstances the use of these 

instruments would provide uncertain validation, a~ the Mie theory upon which their 

spectral back scattering derivations are based has been shown lo be somewhat 

inappropriate to the simulatioo of algal angular scaUering_ An alternative to the use of 

dediealed 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 refle~'tance inversion algorithms [Ibid.] expresses 

the light leaving the sea surface in terms of the absorption and backscattering properties of 

the water column Using remote sensing reflectance R,_, [Zaneveld 1995] 

R =L, (W,A) 
~ I'AO' ,A) 

f b.(A) 

Q a (A)4- b,(A) 
(4_28) 

where I,. (0')..) is the upwelling radiance just above the sea surface, Ed (O+,:\.) is the 

downwelling irradiance just above the sea surfaceJQ is an assumed constant (~0.085) 

describing the angular structure of the light field, and alA) and bb (Al are the total 

absorption and backscat\ering coefficients respectively. It is thus possible lo relate the 

absorption and backscallcring coefficients in the upper optical depths [Gurdon & Mcluney 

1975] to measurements of the upwelling radiance and downwelling irradiance In practicc, 

in-water reflectance measurements require that the upwelling radiance moeity is 
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necessarily made at some nominal depth below the sorface, requiring the further use ofa 

propagation scheme to describe the attenuation of upwelled radiance as it is propagated to 

the surface [Albert & Mobley 2003]. Given that the diffuse attenuation coefficient for 

upwelling radiance can be also expressed in tenus of the absorption and backscattering 

coeffici ents [ibidj , Equation 4.28 can be retormulated to explicitly solve for the upwelling 

radiance L. measured at depth z' 

(4.29) 

where 'lh is an assumed constant (=1 3(12) describing the transmittance across the air­

sea interface, K" is the diffuse attenuation coefficient for I.Ipwelling radiance and other 

notation is as for Equation. 4,28. The dift'u.se attenuation coefficienl for upwelling 

radiance Ku i~ dependem upon the lolal aboorption and backscatter-ing coeffici ents, and 

solar zenith angle B" using the formulation of Albert & !\-1obley [2003]: 

K,=(a +h,{I+[ b, ]] """ [1- 0.2786] 
l a' h, c<Jsfi, 

(4.30) 

in most waters, the total absorption and backscattering coemcients will include 

contributions /Tom constituenl~ olher than water itself and tile algal component: these 

incll.lde gelbslolT, organic detritus, small particles such as bacteria, viruses and lithogenic 

particles, and sediment in areas of significant terrestrial input. However, algal blooms of 

extraordinary biomas~ can provide scenarios where it is oot unreasonable to assume that 

the sea' ~ optical propeTlies are dominated only by algae and water, and the effects of 

other constituents can be regarded as negligible. This IS particularly so in scenarios where 

there is little riverine input, such as the SOUlhern Benguela. The use of the reflectance 

approximation as a validation tool does suffer /Tom some I.Incerlainties wilh regard to 

assumptions concerning the angular structure of the light field [Zaneveld el al. 1995, 

Morel <:I a'- 2002]. However, it is of particular advantage 10 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 of the southern Benguela are used to assess the validity ofthe two­

layered geometry with regard to algal optics. The first of these events occurred in 

October 2002; a bloom of the large dinoflagellate Alexandrium catellc!la, with 

microscope count~ taken tklring ~ampling revealing a unialgal bloom with cell 

concentrations of98 million cells r'. The second bloom, occurring in April 2004, was of 

the small dinoflagellate Proro('entrum trieslillum - microscope counts again showed a 

unialgal bloom with cell concemrations of 120 million cells r'. Even in a productive 

system suffering the frequent occurrence of high biomass dinoflagellate blooms [Pitcher 

et al. 19<18], these events were conspicuous both by their magnitude and monuspecific 

nature. 

4,6,1. Method s ror Radiance Compa risons 

Principal measurements cunsist of in-water hyperspectral radiometric measurements, and 

algal micruscupic counts and size calculations u,ed to derive algal ,ize di~tribution,. 

Radiometric measurements were made with two in-water hyperspectral instrument 

systems, Measurement~ of the A. ealellalla bloom utilised a Satlamic Hyperspectral 

Tethered Surface Radiometer Buoy (11-TSRB) - a tethered surface buoy measuring 

upwelling radiance at a !lUminal depth ufO.66 m, and above suriace duwnwelling 

irradiance. The P .Tries/illum bloom was measured using a TRIOS ACC sensor, 

measuring downwelling above surface irradiance, and a TRIOS ARC radiance sensor 

measuring upwelling radiance at a nominal depth of 04 m. The TRIOS ,en,ors were 

moonted un a prututype coastal bio-uptical monituring buoy, using a modifi ed Ocean-i 

power and data control system (Saturn Solutions, UK) The two systems can be 

considered approximately analogous with regard tu measurement geometry and 

radiometric ~en,itivity, and both have a ~pectral reoolution of - 3 nm Radiometric 

measuremems were made fur a duration uftwu lU five minutes, with sampling rates 

(dictated by radiance integration time~) of - 0.5 Hz. Median value, from the whole 
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sampling period were used to derive single spectra for both sen3OfS, resampled to a 

wavelength resolulion of 5 nm. Microscope counts were made on samples preserved with 

buffered formalin and counted using the Utermohl [1958] technique. Mean equivalent 

volume spherical cell diameters were calculated based 011 -- 40 microscope measurements 

of cell dimensions, utilizing a spheroidal geometry to calculate cell volume 

Modelled upwelling radiance spectra are calculated using several steps: Standard si ze 

dislributions, as discussed in Chapter 2, were generated using the microscope cell 

concentration and d'!fdata, using an effective variance ofv.JFO,OO6 - the narrowest 

possibl e numerically stable distribution using the Hansen & Travis [1974] formulation. 

The integrated total number of particles for each distribulion were rorced to match 

reported cell concentration values of98 xlO" cells m" for the A. catenella bloom and 1.2 

xlOll cells m" ror the P. irif<siltYlm bloom. Equation 4. 12 was then used to calculate algal 

absorption and backscatterillg properties using the microscope-derived size distribution 

and optical efficiency factors modeled from the din!!flu!(ellate refractive index data 

(f'i,\,'llres 4,610 and 4.6Fl. 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 4,29 was then used to calculate simulated upwelling radiance spectra, using 

measured downwelling irradiance spectra, the modelled algal absorption and 

backscaltering coetl1cients. and the absorption and backscattering of water, For the 

absorption o!'pure water the data of Pope & Fry [1997] were used for 400 nm to 725 nlll, 

with scaled data from Buiteveld et af. [1994] used for 730 nm to 7.~O nm. The equations 

of Morel [1974] were used to generate pure seawater backscattering coefficients. 

'" 
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4.6.2. Resulh of Radiance Comparisons 

Microscope-derived size distributions can be seen in Fi!,,'ures 4 liE and 4.12E, based on 

cakulated eITective diameter values ofd-rJO flm tOr A. cal~nella and <4tr=i3 flm for P. 

tricsfimlm. The Standard distribulion for the A. calcnel/a sample (using the smallest 

possible numerically stable l"-iTvalue) appears rather wide for a unialgal event, and 

simulations were checked using normal and log-normal distribulions allowing 

considerably narrower di;1ributions - reflectance perturbations with narrower size 

distributions were relatively minor «10 'Y~). 

The measured upwelling radiance spectra (Figures 4.11 A and 4. 12A) can be considered 

typical of very high biomass waters. and are characteriLed by low light levels in the blue 

and a red peak located at > 700 nm. This peak must be distinguished Crom the sun 

induced natural !luorescence peak [Babin ef aL 19%], typically located at - 683 nm. As 

concerns theA. calme/la simulations in Fi!,,'ure 4 II, the simulated radiance data show a 

reasonable match to measured data, with considerable geometry-related variability Given 

the very low radiance values below'· 550 nm and between- 660 nm and ,'. 680 nm, 

comparisons will be restricted to values at the two main radiance peaks. located at - 580 

nm and -- 710 nm. The two-layered Vl=20% data would appear the best matched 

geometry, with a relative underestimate 01'- 10 % at 580 nm and a relative overestimate 

of - 80 % at 710 nm. In comparison the two-layered Vl=30"1o data appear 10 backscaller 

too strongly in the red (Fig 4.11 C), overestimating reflectance at 710 nm by > 100 %. 

This is consislent with previous discllssions of morphologically induced variability in lhe 

red backscallering phenomena, and indicates the importance of the assumed morphology 

in sllch an approach rhe homogeneous geometry underestimates radiance by - 80 % at 

both radiance peaks Comparison of the absorption (Fig. 4 lIB) and backscatlering (Fig, 

4.llC) data show that geometry-related absorption variability is small « 15 'Y~) in 

comparison lo backscatlering variabilily, where the homogeneous geometry produces hh 

values - 20 % to W/Q lower than those of the heterogeneous b. values, 

IH 
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Figure 4, II Comparison of measured and simulated upwelling radiance L" for an 

Alerandr;um caterwlla bloom with cell coocentrations 0[9.8 x Hf' cells rI, A) Measured 

and simulated upwelling radiance I." tor variOllS geomelries, B) Simulated algal 

absorption coeIT'tcients and the absorption coefficient of pure water, C) Simulated algal 

backscattering coefficients and the backscattering coellicient of pure seawater, D) 

Difl'use attenuation coeffici ent for upwelling radiance K", used to propagate measured r. 
to the air-sea interface, and E) Microscope derived algal size distribution 
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Fib'llre 4.12 Comparison of measured and simulated upwelling radiance L, for a 

Prorocenlrum tries/ilIUm bloom with cell concentrations of 1 ,2 x \08 cells/litre, A) 

Measllred and simlilated upwelling radiance Lu ror various geometries. B) Simulated 

algal absorption coefficients and the absorption coefficient or pure water, C) Simulated 

algal backscattering coefficients and the backscattering coefficient or pure ~awater, D) 

Diffuse attenllation coefficient for upwelling radiance K., u~d to propagate measured r , 
to the air-sea interface, and E) Microscope derived algal size distribution 
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In comparison to the A. calenella bloom. the P. Iriestillum event showed much higher cell 

conccntrations of a smallcr organism (d,IFI] ~m). leading to a relatively high red 

wavclcngth radiance peak. The geometry-related differences are even more markcd than 

for the previous assemblage. with the homogeneous cells underestimating meMured 

radiance by up to 100 % The comparison between the two heterogeneous geometries is 

not as marked as forthe previous assemblage (- 5 % to 30 % differences at 580 nm and 

710 nm). although it would appear once again that the VI'-"20 0/. geometry is 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 

« ]0 %). whil~t backscattering differences are COTlSiderable, with the homogeneou~ 

geometry yielding backscattering values up to 95 % lower than lhose of the 

heterogeneous geometry The close match of the measured and simulated radiance using 

the heterogenoous geometries, and the poor match using the homogenoous geometry, 

would suggest that the two-layered geometry as it is configured here is appropriate for 

algal bio-optical applieation<, 

Whilst the renectance approach does allow the ability to confirm that the magnilude of 

backscattering is within appropriate ranges. the very low radiance at blue wavelengths 

does not allow an Msessment of the simulated backscattering <pectral <hape throughout 

lhe visible spectrum. Neverthelms, the reasonable simulated radiance comparisons fmm 

-- 550 nm to 750 nm. with backscattcring spectra that display considerable anomalous 

dispersion effects (fig 4 12C) at these wavelengths, indicates that the highly structured 

backscattering spectra that are predicted by theory are not unrea'<Onable, The data used in 

the simulation are derived from a combination of the metical considerations, literature 

derived values, and absorption and size measurements from a dinoflagellate assemblage 

mcasured several years before the bloom events shown above. The close comparison 

between measured and simulated radiance data, based solely on the derived optical 

efficiency factor< and microscope-derived size parameter>, coni;n:ns the validity of the 

approach and the general application ofheterogcneous geometry algal optics to in-water 

bio-optical application 
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4.7 Conclusions 

The study has outlined a general strucrure for the simulation of algal optical properties 

using two-layered geometry models. An initial analysis of the effects of manipulating 

causal variables on algal lOPs has been conducted. The adopted structllfe u~es an innt:r 

layer rt:prest:nting the cytoplasm, which typically occupies most of the cdl volume, and 

an outer layer repn:senting the chloroplast (or chloroplasts). The model geometry has 

heen shown to bt: appropriate using several arguments: it is appropriately packaged from 

a physiological perspective, it is able to simulatt: observed absorption efficiency factors, 

it has intracellular rt:al rt:fra~1ivt: indt:x gradients more closely approximating those 

geometries explicitly considering an optically "hard" peripheral cellular membrane, and 

there i~ a considerable hody of morphological observations supporting tht: assumption of 

peripheral chloropla~tlocation. Appropriate relative volume and refractive index ranges 

have been established for algal chloroplasts and cytoplasm; from a volumt: equlvalent 

perspective these vallies are consistent with previous observation, both from a cellular 

composition and an optical perspective Based on these data and field measurements of 

algal absorption and sizt: di,tribution" chloroplast refra~1ive index spectra have been 

derived for several algal assemblages typical of the Benguela system. These data have 

~n used to assess the changing nature 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 impact upon 

optical propt:fties thaI are not dt:pendent upon 3/lgular scattering processes - attenuation, 

total scattering and absorption properties, including the package effect parameter. These 

findings 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 describe non-angular optical 

properties llowever, anb'lliar scattering properties, of which the integrated backscattering 

IS focused on here. are con~iderably affected by the adoption ofa hett:rogeneous 

geometry. Algal bachcattering coefficients associated with a heterogeneous geometry 
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are between 5 and 25 times higher than their homogeneous volume equivalent 

counterparts; considerable dilTerences in the spectral shape of the backscattering spectra 

are also induced by geometry change. The nature of these geometry-related differences 

vary considerably with size and intracelhIlar refractive index 

Assessment of the size and assemblage--~pecific inherent optical properties show that 

non-anglilar coefficients behave consi:.1ently with previolls observation and theory­

examples include the changing slope of the attenuation coefficient with size, and package 

effect related variability in the absorption coefficient_In an analogous manner, variability 

in the algal backscattering coefficient can be characten7.ed: specu-al variability can be 

large and is size dependent. populations dominated by small cell~ backscatter 

considerably more than those dominated by large cells, and the real refra<.'tive index: of 

the chloroplast (or equivalent peripherallayec) is the dominant influence on 

backscattering. Tt mu~t be realised that this :;tudy makes somewhat simplistic assumptions 

with regard to algal morphology and intracelllllar refractive index: values, arxl must be 

regarded as a preliminary attempt to create a general heterogeneous geometry fur the 

simulation ofspcctraJ algal optical properties. Fllrther data are needed, particularly with 

regard to the intracellular refractive index and intracellular morphology of algal grOlipS 

from a systematic perspective I-;evertheless, the retlcctance based validation indicates the 

validity of the adopted backscattering geometry and refractive index: structure, and 

indicates that it i~ possible to establish a quantitative formulation between single particle 

optics and ocean colour. Such an approach otters the ability to express the algal 

contribu.tion to 11/ SiUl or remotely measured ocean colour data pllrely in tenns ofa 

poplilation of particles, or more importantly for HAB applications, population size and 

accessory pigment related refradive index variability An immediate application is HAB 

oriented inverse reflectance models; the combined use of particle size distriblltions with 

the heterogeneous geometry can establish size and assemblage--specific, coupled and 

casily manipulated algal absorption and backscattering coefficients_ 
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A Hyperspeetral Reflectance Inversion l\'lodel 

Utilising Size Distributions of Two-Layered Spheres 

for the Description of Algal Populations. 

]]1 
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5.1lnlroduction 

The light leaving the surface of the sea contains a wealth of information concerning the 

constituents uf surfuce waters: mo:.1 significant ecologically of which is the population of 

phytoplankton within the upper optical depths Ocean colour i~ thu~ a valuable source of 

infonnation to marine scientisl~, allowing a greater under~tanding ofphytoplanktun 

dynamics and the ensuing effects on biogeochemical cyc\e~ in the world ocean. The 

ability tu measure ocean colour on a variety of spatial and temporal scales, using both 

~atellites and in-water platfunns, emphasise:; the utility ofthese data for algal detection. 

quantification and dynamic analy:;es, As ocean colour :;ensor systems, both In Situ and 

satellite borne, become more refined and readily acce~sible, further application uf ocean 

colour data can be expected. An emergent ocean colour application that will be IOcussed 

on here is the detection and munitoring of harmful algal blooms (HAlls) in coastal 

waters, 

The effective use ufpa:;sive ocean colour measurement:; for HAS detection is reliant 

upon the use of inverse reflectance algurithms capable nut only uf quantifying algal 

biomass at bigh algal concentrations, but also allowing some form of distinction hetween 

phytoplankton as~emblages dominated by dilferent taxonomic group~ A range of such 

algorithms have been developed to obtain infonnation on algal populations basod 

principally un radiative t ransfer theory; techniques that potentially have broad ranging 

application to the bio-optical monituring ufooa:.1al waters fur hannful algal bluum:; [e,g. 

Roesler & Perry 1995, Garver & Siegel 1997, Roe:;ler & Bus> 20031- These analytical or 

semi-analytical reflectance algorithms typically make use of the reflectance 

approximation [Morel & Prieur 1977, Zaneveld 1995], allowing the inversion of ocean 

colour data by parameterising reflectance in the funn R '" h,/ (a I h,J, where hh is the tutal 

backscattering coefficient and a is the total absorption coefficient. Such algorithms 

typically u~e a spectral mixture approacb, employing scaleable canonical basis vectors ur 

ana1uguu~ funnulatiun:;, tu :;imulate and quantify the absorption and back scattering 

coefficients ufthe principal ocean constituents [Roesler & Peery 1995 , Garver & Siegel 

1997, Roesler & Boss 2003]. These include the water itsclC the algae and their associated 

m 
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rctinlle of detrital breakdovm products, dissolved organic material otherwise variously 

known as gelbstoft: yellow substance, gilvin or chromophoric dissolved organic matter 

(CDOM), suspended sediment jn areas of high terrigeneous input, and various other small 

particles such as bacteria and lithogenic particles [ibid.]. The approach is thus reliant 

upon an eftc~tive paramcterisation of constituent specific absorption and backscattering 

coefficients - most importantly those of the algal population_ 

Of particular importance is the understanding and parameterisation of the speclral 

contribution of algal cells to the bulk backseattering coefficient - the integrated angular 

scattering that is responsible tor returning light to the surface of the sea, Whilst algal 

absorption is relatively well understood with regard to both chemotaxonomic variability 

and other causal processes [Morel & Bricaudl981, Bricaud el al. 1988, Johnsen et al. 

1997], algal backscallering is jXXlrly understO<Xl: it is a difl1cuit parameter both to 

measure IAbn I!/ al. 1992, Vaillancourt e/ al. 20041, and to simulate using homogeneous 

geometry scattering models [Quinby-Hunt et ai. 1989, Volten e/ al. 19981 Uncertainties 

concerning algal backscanering variability bas lead to the adoption of simplified 

spectrally invariant ba<lis vcctors, decaupled from algal absorption, to parameteri"e 

backscattering in inverse reflectance models [Roesler & Peery 1995, Garver & Siegel 

1997]. An exception to this is the scheme adopted by Roesler & Boss [2003], who used a 

backscattering term coupled to the beam attenuation and absorption coefficicnts, based on 

tbe results ofMie modelling ofhomogenoous particles conforming to a Junge size 

distriblltion [Ulloa e/ al. 1994, Boss el al. 2001 bl. Such a fonnulation allows some 

spectral shape to the simulated algal back scattering coefficient (as predicted by 

anomalous dispersion), and is coupled to the changing size dislriblltion of the particlliate 

component (as given by the slope of a Junge distribution) through the beam attenuation 

coemcient and backscattering probability However, tbis "c-model" fonnulation, whilst 

offering a more representative backscattering parameterisatiOll, is still somewhat 

restrictive for several reasons. Firstly, it employs a constant (Le_ spectrally invariant) 

backscanering probability factor - evidence suggests that this is unlikely to be the case 

for natural waters [Morel e/ al. 2002]. Secondly, the attenuation slope parameterisation 

[Equation 6, Roesler & Boss 2003] upon which the bachcattering term is based, is 

m 
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derived USlng a~sumptions that may not be ~propriate for biologically dominated waters 

the u-e of Junge particle size distribution,., and the use of eithe.- non-absorbing particles 

or panicle.. with spearally invarian imaginary re fractive indices [Boss t!1 (1/. 200 Lb] 

Chapter " hu dcmonJ;lrllled that it i~ po~sibl e to clo:.ely ~imul!lte tire ref1ectlllK:e spectra 

of biologically dominated Wil.ters by repre..eot in!! the optical propenie, of an algal 

population using Stundard $ize distribution , of two-layered spheres with appropriate 

rell·actiye inde" chantc!eri~ics_ The adoption of II\lc h a formulation for a more !,'OOeral 

im erse reflectanCe algorithm polCIJlially oiIC'fS se~eral advantage.. over pre..-ious 

IIlgorilhm Slmcture... The approach allows It more holistic descnpl iOll or algal inherem 

optical properticl; one In which the algal ahlOfptlon and bacbcattcring coemcie"'-~ are 

coupled at a filndamentallevel In addition, wh,l $! the two-layoced geometry ;, relati~ely 

untested as concerns alga1 simulation across a broad range of scenarios, it would appear 

to provide more realistiC ,i mulations ofalgal bad.sCl.\tering properties lhan previoo! 

reflectaocc algorithm paramelerisations. oflering variable spectral sbape and 

back>oeauerillH pHlbability Jmponanrly, Ihi, ~ariabl hly is manipulated striCl ly in term. .. of 

fundamental cw .... 1 van ablC$ such as al£.lll size, iOl r:!cellular Chi" oo~lltr"tion and 

spectral refractive index Parameteo-i sation of the algal component in thi s ",'ay thus not 

only offers the possibility of inyerting reflectance in terms of algal absorption and 

backscatterin£, but also directly and quantiti ~bl y In terms of causal p,IIJamele r,., such a, 

a,.-.emblage size The use of speclnll mixing model~, Ila-ed on acce~sol)' Plgmenl related 

spectral refractive inrle.-. ~ariabi l it y, may 1Il!O al low too derivation of qu31l1ilati ve 

Chemol;VOflOmiC dMa [e.g. Chapter 31_ Additionally, expressing the IIIgal ab..orplion and 

bacl:.cattering1Tom expl)!;:it particle optic calCulations gives the ability to derive other 

inherent optical properties potentially de~irabl e fo r ecophysiological model hnJ:!:, such as 

anenu&tion, scattering and volume scanering coefficient;., and the packayc effect 

This study wi llihus seek to implement an inverse reilOClilJlCe algorithm based 0 11 a n0n­

linear solution ofthe reflectance approximat iOIl in terms of the lotlll absorption and 

bad.:scatterlng coefIiclena of tile uppa- optical depths. The optical p!"openies of lIarum! 

algal populations will be represented with Standard size di$!ributions of two_layered 

particles. r n addition to ! he calculation of Chi a concelllratioll5 and an a,,-><emb lage size 

,~ 
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descriptor (as given by the effective diameter of the size distribution), the algorithm will 

also investigate the potential of deriving accessory pigment "olK'entrations through the 

use of spectral mixing models. Whilslthe algorithm as presented here is designed for use 

with in ,w/u hyperspectral retleclance data, the structure of the algorithm allows potential 

moditkation for u~e with mliiti-spoctral space based ocean colour data. The algorithm is 

tested here with in-water hyperspectral radiometric data sampled across a wide range of 

water types ill the southern Ucnb'llcia, using concurrently measured independent 

absorption, parti<,;le size distribution and HPLC pigment data to as:;es:; algorithm 

performance Assessment is made with regard to the accuracy and preci~ion of model 

determinations, and the potential utility of returned algal descriplor~ tor application in 

harmful algal bloom monitoring. 
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5.2 fieltl Methods 

B ilMlptiCllJ measurell'lenl ~ wele lI'Iadt 00 near'5llrface 5.!Imple~ from diverse watcr lypeS, 

ranging from the near ol ig(llropbie 10 btgb biomas~ algal bloom~ dominated by a variety 

of algal species Sampling "",.s rontJuctc:d from 2002 10 2004 in lhe §(JlJ!h.,.,.n Benguela 

from a variC!}' of platforms (see Table 5 I), IIlId fony-three: !!o3mples in IOtai were analysed 

fur lhi~ study. Pnr>C'pill meawremenh consi sted ofhypen;pcrtral nidiomctry. 

phytnplanktOll, derrilal and gelb~orr absocption, PlIniele size di!>tribullon!'., and intra­

cellular pigments Ld~miflCiUkm of oomimmt algal spcl:ies aoo groups were made using a 

combination ofmitlDSCOpe analysis of fresh and preserved samples and chcmotaxollomic 

information frOIll HPI.C pigment !lnaly~e~. 

Table S.l Description of Mmpling l ocfttion~ and date~, with general as~emblage 

descriptioll$ and blOrnus ra ltg~s (see Appendix TT) . 

!'i.2. 1 Radi(lwflrk !\tusurelUentll 

In_wl!.(er bypeupectral radiometric meUuremenl~ were m&de witb a Hyperspeclral 

Tethered Surface Radiometer RUDY (HypcrTSRB SIN 01 8), manufactured by Satlantie. 

Inc (Halifal(, Canllda), and is designed to obtain upwelling near surface spectral radiance 

LU(l;) and above surface downwel1i[lg irradiance Ed (O-i-), away from vesr.cl penurbations 

ill the , ubmarine light Held. Upwelling radiance i~ measured at a lIominal depth ofz -

0_66 m The inSlnJ m~l1I consists of two 256 channel spectrographs linked by fiber optie 
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bundles !O an upward looking COlOme corre<:ted ilTl!.diance sensor, and /I do"''IIward 

JooI;iog 8.5· field ofview radillooe !;efIsor Ad~p4;ve gain allows a variable integration 

time 10 be chosen independently for tach 1ICn~r head ba!'led on the cu~TlI lighl fIeld 

Actual acqui~ition rale~ lire therefore variable a!1d dependent upon instrument response!O 

the light field, lind typically range from 0 7 Hz to 1,6 H7.. The 256 channel spectro!jIaphs 

provide a spectral range of 400 nm 10 800on~ at a svectral resolution 01'3 3 mn and 

accuracy of 0 3 nm. Radiomdrie measurtmenl5 Wllre typically made fo r II durlllioo 0{2 

10 S mlnUIes. with median values from lhe whole sampling period used 10 derive sll'Igie 

~tl3 for both SCflSOrs. re-samp\i:d to a wavelength resolution ofS nm runher 

proctS~i08 offlldiometric data, IIImJely propIIgation ofradiaRCe data thf"OUll,h the water 

column and lIir.!'Iea interface, were carried 001 a. an il'l tegrnl part of the renCClan(:¢ 

algorithm. a. pre!'lCll.ted below 

5.2.2 farticulatt Absorption 

Panicl.I\ate ab.-.orption dam were meafoured with the quantitative tilter pad technique 

IYent:;eh 1%2. Roesler 1998J using a Shimadzu UV-2S0 1 spcclropOOlomeler equipped 

wi lh a ISR-2200 internal imeg.rating !:phefe. Discrt: te seawater samples wen; filtered 

under le:o;s than 10 mrn mercury prd..<;ure lI.~ns What man UFIF filler p3ds, which ..... ere 

placed at the entranoo poll ofthe .spI1ere, and scanned from 350 nm to 750 nm u~n8 an 

~ir reference and ba!iCline. [n cases v..o11ere filtefs could nol be read immediately thc:y were 

~1ored frozen in liquid nitrogen Blank filter pads were prepared by filtering !levefsl 

hundred ml ofMil1i-Q water through fresh GF/F filters, which were then read in the SlIme 

manner as the iIaIllples Filtration volumes were adjusted to maintain a large amount of 

matenal on the fi lleT while avoiding e"'C~!ve dogging, and varied belween 2 I and 0 I I 

Ab5Ofption coefficients were calculated using the p.arhlength amplificatioo factor of 

Roesler [1 99&] assuming a null point COITCCloon ar 7W nm. Iktrilal measutemems Wllre 

made using methanol extraction on the IiIter, foliowed by re-readmS in the 

specfropl!otometer [K;.hino el at. I93S) Ph~t(lplanlton absorption "I(..{) data were then 

obt~iood by ~btradion of detrital ab~rptiOfl <l.f (..{) from lotal panirulate atoofptioo 

<lp ().). 

137 
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A different method was adopted on the BenCal cruise, necessitated by the collaborative 

involvement of several research groups. Particulate absorption measurements were made 

using aU-COR U - 1800 UW modular speetroradiometer equipped with an 1800- 12 

external integrating sphere [see Barlow el al. 2003]. WhiM similar measurement 

protocols were followed in the main, a diITerent pathlength amplification factor was 

employed [Mitchell and Kiefer 1988], and detrital absorption was estimated through the 

numerical techniques of Bricaud and Stramski [1 9'XlJ . 

5.2.3 Gelbstoff Absorpt ion 

Samples were prepared by filtering discrete water samples through GFIF filter papers 

under less than 10 mm mercury pressure, using stainless steel filter frits. Absorbance 

measurements were made using a Shimadzu UV-2S0J spectrophotometer equipped with 

10 em pathlength matched quartz cuvettes SDH Lichrosolv HPLC grade water was used 

as a pure water reference. Absorption coefficients were calculated as by Mueller & 

Austin [1 995J, with a null absorption point set to 750 nm. 

5.2,4 Pa rt icle Size Distributions (PSD) 

Particle size measurements were made using a 128 channel Coulter Multisizer II with 

either a 50 J-lm or 140!-lm aperture in manometer mode, using freshly prepared 0.2!-lm 

filtered scawater as both blank and electrolyte. Polydispersed algal panicle size 

distributions are described by the effective diameter d"ff [Hansen & Travis 1974, Ahn el 

al. 19921 a, given by, 

,w 
I If d ' F(d)d(d) 

= L 4 
,,~ 

I ~d' F(d}d(d) 
. 4 

(5.1) 

where d is the particle diameter, and f{d)d(d) is the number of particles per unit volume 

in the 5ize ranb'C d ± v., d(d) 

DR 
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5.2.5 Pigments 

Pigments were analysed using Hlgh 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 tilter and ranged from 0 1 I to 2 I Pigmcnt~ were 

extracted in acetone, containing Imm-,B-apo-8"-carotenal internal standard, with the aid of 

ultrasonication and clarified hy centri!ilgation, Analy~i~ ofpigment~ followed the reverse 

phase HPLC procedure outlined by Barlow I!f al. [1997] using a 3 ~m Hypenil MOS2 C8 

column (100 x 4,6 mm), a Varian ProStar pump, a Thermo Separations AS3000 

auto sampler, a Thermo Separations lN6000 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 tmns-,B-apo-8,'-carotenal were obtained 

from Sigma-Aldrich Ltd. Other pigment ~tandard~ were purchased from the Dm Institute 

for Water and Environment, Denmark. Slight variations in the method were employed for 

pigment analyses from the BenCal cruise [see Barlow el al. 20031-

1.19 
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5,3 Optical theory & Model Development 

The reflectance approximation, commonly used for refleetallCe inversion algorithms 

[Roesler & Perry 1995, Garver & Siegel 1997, Roesler & Boss 2003] expresses the light 

leaving the sea surface m terms ofthe absorption and backscattering properties of the 

water column. Using remote sensing re!leetance R" [Zanevc1d 1995] 

R = L.(O+,A) / b, (A) 

" E.W,A) Q a (A)+ b. (A) 
(5,2) 

where J," (0 .1..) is the upwelling radiance just above the sea wrtllCe, Ed (0 ' .1..) is the 

downwelling irradiance just above !he sea surfaee,j'Q is a shape factor describing the 

angular structure of the !igh! field [Zancvcld 1995, Morel et af. 2002]. a(A) IS the total 

absorption coefficient. and b;(A) is the total back scattering coefficient, It is thus possible 

to relate the absorption and backscattering coefficients in the upper optical depths 

IGordon & Mduney 1975] !o measurements of the upwelling radiance and downwclling 

irradiance. 

The !o!al absorption and backscattering coefficients are !he summed total respective 

coefficients of the principal optical constituents ofthe water column, considered to be 

phytoplankton, coloured dissolved compounds (here referred to as gelbstotl). particulate 

biological breakdown products otherwise known as detritus, other small particles 

generally considered to have a ubiquitous presence in the sea, such as lithogenic material 

or bacteria, and the seawater itself, 
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Figure 5 _ 11~put data and examples of absorption and backscattering data for the three 

algal groups u,ed as basis vectors. A) Cytoplasm and chloropla,t imaginary refractive 

index data, 13) Cytoplasm and chloroplast real refra<.'tive index data, C) Example 

absorption efliciency factor spectra al 5 ].1m and 50 ].1m for the lhree algal groups, D) 

Example backscattering efficiency factor spectra at 5 !-1m and 50 11m, E) Example Chi a­

specific algal absorption spectra for typical si7.e distributions at effective diametcl1l of 5 

!-1m and 50 !-1m, F) Example Chi a-specific algal backscattering spe<.'tra for typical size 

distributions at effeclive diameters of 5 ].1m and 50 Iffi\-
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5.3.1 Phytoplankton Absorption and Bacllsca ttering Coeffidents 

Earlier sections of this study have demonstrated the feasibility of representing the optieal 

properties of complex phytoplankton size distributions with simple Standard distributions 

[Hansen & TravIs 1974J. providing the effective diameter and tola! particle surface area 

are equivalent. In addition, particle optic models using a two-layered spherical geometry 

have been shown to provide reasonable approximations to the absorbing and 

backscaltering properties of phytoplankton populations, based on reflectance 

eompansons. 

The algorithm uses absof1ltion and baehcatlering data for three algal groups - Chi h 

containing nanoflagellates and Chlorophytes, fucoxanthinlpcridinin containing diatoms 

and dinoflagellales, and alloxanthinlphycoerythrin containing Cryptophytes (or 

organisms associated with Cryptophytc endosymbionls sueh as Mesodinium ruhrumj. 

The three groups ~re chosen as representative of the major algal classes in upwelling 

systems [Hutchings e/ at. 1994], and will he referred to as the nano, dimun and crypo 

groups, repectively. In addition the three groups poientially allow the calculation of the 

two accessory pigment groups (ChI b and AlIo) shown to be quantifiable from absorption 

speetral mixture models [Chapter 31- ReITa\..1:ive index data representative ofthcse three 

algal groups (Figure 5.1) are derived from field measurements of absorption and particle 

size distributions, based on a two-layered geomeuy with a peripheral chloroplast layer set 

to 20 % of total cell volume [Chapters 2 - 4]. Absorption (Q") and backscattering (QIob) 

efficiency factors for size ranges of the three algal groups IToln 1 Ilm to 100 I-un diameter 

are then generated using these refractive index data These pre-computed etTIcieney 

factors are used by the algorithm to calculate the phytoplankton absof1ltion coefficient 

and backscattcring coe!1icienls using an admixture of the three algal groups as given by: 

a,=lhla(n/4) f L:(P, Q",, )F"(d)d'd(d) (5.3) -
,od 

h". =Chl a(II'-j4) f '2JP.Q ... )F"(d)d'd(d) (5.4) 

" 

'" 
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where F~(d) is the ChI a specific siu distribution (sec Equation 59) and the solvable 

unknowns p~ represent the normalised scaling parameter (0 S FnS 1) for a single vector 

in the admixture such that· 

(5 5) 
• I .. , 

Sample absorption and backscattering efficiency factors and volume coeftlcients can ~ 

seen in Fi.\,'Ure 5.1. Relative accessory pigment concentrations, to be used as 

chemotaxonomic markers, are calculated through a mean pigment suite admixture ps , 

where: 

(56) 

and p'-" represents a vector of measured accessory pigment concentrations associated with 

each algal group The particle si>:e distribution in Equation 5.3 is given by a Standard size 

distribution [Hansen & Travis 1974, Chapter 2]. 

. .[dJ'" "."'.' [[dJ/[d< II r(d)=ASr - exp - - " . 
222 

(5.7) 

where the effective diameter defi is a solvable unknown, ASFis an arbitrary scaling 

parameter, and a constant effective variance of v,.rO,6 is used [Chapter 2] The total 

relative particle volume volume V of this distribution can then ~ calculated with' 

v ~ : J F(d)d' d(d) (5.8) 

and the initial distribution F(d) is scaled to a Chi a specific size distribution F~(d) lor use 

in Equations 5.3 and 5.4 with: 
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F ' (d)=F'!:d) 
Vc , 

(5 ,9) 

The phytoplankton absurptiun and back scattering efficiency factors are thu, explicitly 

dependent upon the spectral refractive index data, twu-Iayered geometry parameters., and 

thee, values empluyed for each algal group 11lese c, values were set tu 3.'i kg m-' (diadlll 

and nono groups) and 2,5 kg m--' (crypto), considered representative value, fur each 

group based upon analysis ufprevious fi eld measurements [Chapter 31. Phytuplanktun 

absorption and backseattering coenlcients are in turn further explicitly dependent on the 

ChI a cuncentratiun, effective diameter, and the fractional cumponent ufthe three algal 

groups as given by the Pn parameters - these five parameters being explicitly ,ulved fur 

by the reflectance algurithm, 

5,3,2 Absorption and Dackscattering Coefficients of Other Constituents 

Gelbstoff and detritus absorption spectra typically di splay similar exponential spectral 

:;hapes [Bticaud et at. 1981, Roesler el aL 1989] and their combined absorption is 

represented by an exponential shape function [e.g. Roesler & Pen-y 19951: 

ilg-J (Al = a .. (400) exp[- S (A-4oo)1 (5.10) 

where ~d (400) is explicitly solved for The exponential slope factor S is taken as a 

constant ofO,O 12, determined as a typical combined value for the southern Benguela 

[Bernard 19%, unpublished datal 

Backscattering by small particles hb" e.g, detrital, bacterial or lithogenic particles., is 

represented by a power law following a },._u relationship [Roesler & Perry 1995], 

employing an explicitl y solved sealing parameter The absorption of seawater is given by 

the data ufPope & Fry [1997] , whilst the backscattering uf , eawater is given by the data 

of Morel [1974]. 

'" 
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5.3.3 Bidirectional Reflectance Considerations 

The bidirectional character of the upwelling light field in the sca is weI! known, and is 

described in the reflectance approximation (Equation 5.2) by the combined parameterf Q 

[Zancveld 1995, "'ord e/ al. 2002J. Tt is known that this parameter is dependent upon the 

inherent optical properties of surface waters, most importantly the phase function and 

hackscattering efficiency ["'ore! & "'aritorena 200 I j, and other factors influencing the 

angular structurc of the radiative ficld, such as solar zenith angle and surface rougimess 

IMorel e/ al. 2002, Alben & Moblcy 20031 There is thus a need for analytical reflectance 

models to account for variability in thefQ parameter, as acknowledged in previous 

mode! formulations [Roesler & Boss 2003]. The most sophisticated formulation available 

to estimate systematic variability in thefQ parameter is that of .Morel e/ al. [20021, 

obtained through radiative transfer simulations employing phase functions allowing a 

variable backscattering efficiency. The spectral formulation is explicitly dependent upon 

both the ChI a concentration and the solar zenith angle, and the look-up tables provided 

by Morel el al. 12002J are used here forIQ e,timation. Somewhat coarse adaptations are 

necessarily made for tbe change of application: the original data (available at seven 

wavelengths) are linearly interpolated to a 5 nm resolution for hypecspectral use, and the 

data for ChI a = 10 mg m-' are used where model estimated Chi a values arc larger than 

this. Solar zenith angles are calculated /Tom position, date and time using the algorithm of 

Reda and Andreas (2003). 

~.3.4 Propagation ofUpwdling Radianc~ 

In practice, in-water reflectance measurements requ ire that the upwelling radiance mocity 

is necessarily made at some nominal depth below the surface, requiring the further usc of 

a propagation scheme to describe the attenuation ofupwcllcd radiance as it is propagated 

to the surface. The difruse attenuation coefficient for upwelling radiance K" is dependent 

upon the total absorption and backscattering coefficients, and solar 7£nith angle 0" using 

the formulation of Albert & Mobley [2003J 

0.2786] 
cosO, 

(5.11) 
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5.3.5 Final Model Formulalion 

Given that the diffuse attenuation coefficient for upwelling radiance can be also 

expre5sed in terms of the solvable absorption and backscattering coefficients, Equation 

5,2 can be reformulated to explicitly solve for the up-welling radiance L. measured at 

depth z whilst maintaining the integrity of the reflectance approximation: 

L.(z,A)=! r/ b,(A) }<;.(A) 
Q l" a (A)+h,,(A)exp(-K"(A)z) 

(5.12) 

where r}/Tis an aS5Umed con5tant (- L3612) describing the upwelling radiance 

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

The model can be summarised as follows, Inputs are measured hyperspectral up\VClling 

subsurface radiance (I. .. (z,A), j.(W cm'l nm'l S{I) and above surface downwelling 

irradiance (EJ(O+, A), !-lW cm-' nm-'). The modelllse5 seven solvable unknowns: ChI a 

concentration (rug m-\ algal effective diameter (t4J; ,.un), the relative concentration of 

the three algal groups (0< ?"< I, n-I to 3), combined gelbstolfand detrital absorption 

(e,g. awl(400), m-'), and small particle backscattering (e.g, bh, (5S0), mol) Algal optical 

properties for the three groups are calculated asSllming constant group-specific and size­

independent chloroplast and cytoplasm refracthe indice5, chloropla5t volumes of20 0/0, 

and c, values, Gelbstonldelrilal absorption and 5mall particle backscattering employ 

constant spectral shapes and variable magnillide. 
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Figure 5,2 Simulated reflectance, absorption and backseattenng using the reflectance 

model in a forward mode. The effects of increasing Chi Q concentration are shown for A) 

rci1ectance, DJ absorption, and G) backscatlcring, u,ing a hypothetical diadin population 

with dtr=16 ;1m The effects of changing algal assemblage size arc shown for B) 

reflectance, E) absorption, and H) hachcaltering, using a hypothetical diad;" population 

with Chi a 25 mg m-~, The effects of changing accessory pigmcnt31ion are shown for C) 

reflectance, F) abr.orption, and I) backscattering, using a variable admixture of the djadm 

and <:ryp/o basis vecton;, at ChI a- 25 mg m-J and d.rl6 ~m For all simulation, constant 

value, of ai400)- O,2 m-' and hb,(550j--O,OO5 m"! were used, in conjunction with the a~ 

and h" spectral shapes discussed above, 
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The model employs a Simplex solutioo method [Nelder & Mead 1965], u,ing constant 

initial values. and is coded in Matlab R 14 (The Mathworh). As the model specifically 

does nol account for scm induced natural fluorescence [Babin e/ al. 1996, Maritorena el 

al. 2000]. the convergence weighting fur th~ NeIder-Mead solution is s~t to negligible 

values between 66S and 71 S nm the spectral region likely to be affected by natural algal 

fluorescence [ibid]. The model thu, does not seek to match spectral reflectance values at 

th~se fluo",sc~nc~ wavd~ngths, and in effect offers a means of discriminating 

fluorescence effects, as have ~arlier modds ofa similar nature [Roesler & Perry 1995]. 

The sensitivity of the model to changes in algal biomass, effective diameter and 

assemblage type is demonstrated in Figure 5.2. using the model in a forward simulation 

mode. The lack of simulated algal fluorescence is apparent in the reflectance spectra 

(Figu",s 5,2A to 5.2C), with clos~ to minimal values at- 683 nm, typically given as the 

t1uore,cence peak wavelength IBahin el at. 1996, Maritorena er al 20001 Increases in 

algal biomass (Figures 5.2A D. G) demonstrate the change from low biomass waters 

with high reflectance at blue wavelengths (due to the dominant optical effects of the 

water), to high biomass waters with high red ",f1t,ctanc~ (due to th~ dominant optical 

efTeet, of the algae). 

Figures 5.28, E and H show the profound effect, that changes in algal size can have on 

reflectance values in high biomass waters (ChI (F25 mg mol), at lcast consid~ring th~ 

theoretical paradigm of this study, Reflectance values from waters dominat~d by small 

cells display very different spectral shapes to waters dominated by large cells: the effects 

of enhanced algal backscattering and Sorer peak absorption by small cells lead to greatly 

enhanc~d refl~eran~ values at Iong~r wavel~nglhs. \n oontral,11arge cells, with algal 

backscallering values typically an order of magnitude lower and greatly flattened Soret 

peak absorption valu~s, ",suIt in much Io""",r, flatter rcflectanc~ sp~ctra, 

Ret1eetanee variability as,ociated with chang~, in accessory pigmentation (Figures 5.2e, 

F and I), whiM distinct, appear rdati""ly small in contrast to size induced changes. As 

the algal light hruvesting pigment system changes from carotenoid- to phycobjliprot~in-
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dominated (diad", to <-'r.'7'/o), the primary reflectance peak is shifted to a longer 

wavelength ( -570 nm to -590 nm) and a peak appears at - 525 nm.The effects of 

changes in c, can also be discerned (diadifl c,-3.5 kg m-' vs, crYP/(H',-2 ,5 kg m·l), with 

the cryp/o assemblage demonstrating higher absorption at the Soret and red peaks, and 

higher backscattering values. Whilst the size and accessory pigment related changes 

shown in Figure 5,2 represent somewhat extreme cases of comparison, they demonstrate 

that the primary solution variables of the reflectance model with regard to algae (biomass, 

size and accessory pigment complement) can be considered causal to reflectance 

variability in algal dominated waters. 
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5.4 Results 

5.4.1 Rcfltd a nct Simulation 

The model was able \0 closely simulate either measured upwelling radiance or remote­

sensmg re(lectance R" through a wide range of water types, with ChI a values ranging 

from 0,24 mg m-J to 309 mg m-l l'mther discussion of algorithm performance will be 

concerned solely with N" data - whilst the algorithm is mathematically manipulated to 

solve fO!' upwelling radiance, it is the reflectance approximation aoo U" data thai are the 

core of the model, Examples of the ability ofthe madelto closely simulate refl ectance 

data from a diverse range of water types (with associated predictions for absorption and 

backscattering) are shown in Figure 5.3 

A closer e:mmination of model simulated spectral reflectance can be seen in Figure ).4D. 

showing the r'. standard error of prediction (SEP). and linear least-squares slope values 

of predicted vs, measured reflectance, A noticeable feature is the poor simulation in the 

natural fluorescence spectral range, centred at - 683 nm 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 r, high SEP 

and lowered slope values, coincident with sun induced fluorescence emission spectra 

[Babin el aL 1996], are an indication that the spectral weighting procedures used by the 

model to avoid fluorescence aliasing are appropriate 

The model appears to perfonn relatively poorly at long wavelengths i_e, > 720 nm, 

probably due to two factors (Fig. 5.4A)_ Firslly, reflectance values a! these red 

wavelengths are typically low e,g, -<: 5 xl ()-4 sr- l
, leading to lower signal, noise ratios and 

enhanced errors in prediction Secondly, phy!oplank!on absorption and backsca!!ering are 

somewhat poorly characterised at these wavelen,,'1hs, primarily due to uncertainties 

regarding the typically low values of cellular material absorption As discussed in 

Chapter 4 with regard to these wavelengths: algal backscaHering is highly dependent 

upon the absorbmg properties of the cellular assemblage, low algal absorption leads to 

150 
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As regard~ the prediction ofreiati\lc ~~ry rigment OOf\o::tItrntiom (Fig. S <IF" the 

model wu only able to J'f"cdict the A1 lo/Chl a ra lio v.1th succes§ «~=O 64, SEP-- 42 'Vo, 

n=36). with an ()lT~et resulting trom the !lOll-zero Allo concentrations of the pigmcQI 

bui~ \leeton used in the model (y ... O.52x -t 0 04). The elevated Allo ratios in the data set 

employed here Me associated wilh the ci li ate '\'·le.'odiniIJm rubrum, and whil s! it IS 

unlikely that tile dire~1 effects of A110 life C3ll,alto dete\.1iOll (see d(Kuninn in Char ter 

2), there is no doobtthai lhe model is efft(.1 ively distinguishing wmen with tlevtllled 

ooncenlraUODt Orlm. organism. 

rile Iimiled abil ity of t ile model as concerns tlte praliction of Chi b ~nd orher ~ 

pigments (data nO! shown) is comi~ten t wilh tre f,n(lings ofCh!!ptec 2, and :'t !"u uh of 

causa lity, only significant spectral change' to absorption and backscattering, a'~ociated 

Will! large changes in assemblage structure, are likely to be detected The model ~ lack of 

ability to dete\.1 changes in the relative C hI h concentration (cj Chapter 2) is al!O pos$ibly 

a tt'nclion of the te<>t data set used. ChI II CI.I nnining organi~1llII only form at lIl(~t a minor 

asse mblage Ulmptment (maximum CIIl b ChI (I fllliCFO 14) In addil>on.. it i~ only 

relal i\icly low biomau waler5 thaI show e\"~ these modrnllely elevmed ChI" 

ooncenlratiolls (ChI tr<3.6 IllS m·3), and the ",odel is unlikely to be abk 10 dlslmguiJh 

subtle spect ra! changes in algal opticlll properties when tile algal cont ribution 10 the \OtlI1 

rtileclance signal is relativel y small . 

15(, 
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clarity. The ability of the model to closely simulate reflectance, whilst accurately 

predicting algal absorption and mtracellular descnptors, can be used to argue that the 

backscattering values predicted by the model (and the ilCaUering model u!led to provide 

these) are approximately correct. Further discussion of the modelled bachcaltering 

predictions, in compari!;Oll to previou~ly pllbli~hed bachcattering parameterisations, are 

presented below 

5.4.3 Prtdiction of Algal Iffscriptors 

Detailed quantitative analY!le' of model performance, u~ing bool,trapping analyses (1000 

replicate~) to generate all statistical data. are shown in Fi~,'ure 5.4. Prediction ofChl a 

concentrations (Fig. 5.4D)was extremely good (rl-o.98, standard error of prediction 

(SEP)=29 %, n=42). throllgh a dynamic range of over three decades and with little bias 

(y-O.9lx) 

The model alw showed the ability to detect the effective diameter (Fig. 5.4E) of the: algal 

assemblage d'ff (r1=Q.67, SEP= 47 %, n=42), although with a systematic bias towards 

over-prediction (y= I J9x). The over -predi~1ion of algal si"e is likely to result at least in 

part from the assumptions neces!;arily employed by the algal lOP parameteli~ations in the 

model; specifically the a~sumption of con,tant c, value, for the three algal groups 

represented. Whilst it is known that this assumption is a considerable simplification (Fig. 

3 I). it is necessary in the context of the model: the effects of variations in G, and effective 

diameter upon absorption are somewhat ~imilar, and the model effeclively a~cribe~ 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 si7.e parameter from 

reflectance data, with the important caveat that assemblage G, values must remain 

rea~onably con!;tant, e.g. the lJJllikely switch to a heterotroph dominated community 

[Pitcher et at. 1998J with considerably lower c, values could introduce significant errors 

in size prediction. It is con~idered inappropriate to use the renectance model to gain 

absolute algal ~ize data: the effective diameter prodllct mould rather be used to assess 

whether the relative size of the algal community ha~ clIanged, e.g. the ~hifi to domination 

by large celled dinoflagellate specie~ through a data time serie~. 
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5.4,2 Prediction ofTnherent Optical Properties 

Performance of tile model with regard to spectral algal absorption is shoWTI in Fi!,'llre 

5.48, with synopses in Table 5.2 and examples in Figllre 5.3 Algal absorption 

coefficients were in general well predicted by the model. with s~tral r values ofO,84 to 

0,94 and STIP values of 34 % to 55 'Yo, between 400 and 700 run, The rather flat spectral 

.-z and SEP values indicate that there is little spel-1rdl bias in the a;(A) predictions. The 

good comparison between the mean absolllle deviations of measured and predicted algal 

absorption suggest that predicted algal absorption coefficients fall within a suitable range, 

Algal absorption is also an important intermediate variable with regard to ChI a, 

assemblage 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 ability of the model to predict variations in the combined gelbstotfand detrital 

absorption coefficient is limited, with ma><imal r' values of 0 I and minimal SEP values 

of48 % (Fig. S.4C). However, the contribution of gelbstofTand detritus to the total 

absorption coefficient is relatively small. with the mean absolute deviation of measured 

" IJ(440) values appro;.;imately four times smaller than that ofa;(440), This relatively 

small non-algal absorption componen.t is typical of the southern Benguela system, which 

is prodllctive, dynamic and has little terrigenous input [Bernard 1996, unpublished datal­

The inability of the refle(,tance model to predi~t variations in what is e/f(ll,1ively a 

relatively small modifier of the submarine light field is therefore nOl wholly negative. as 

can be seen by the good comparison of the mean absolute deviations of measured and 

predicted axJ values (Table 52). 

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 

crui'e [Barlowe/ aI, 2003], there are considerable uncertainties a'sociatoo v.rith these data 

- in the author's opinion introduction of such data would lend more obfuscation than 

'" 
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Figure 5.4 Algorithm perrormance, given by? standard error of prediction (SEP). and 

linear slope value~, with regard to : A) spectral remote sensing reflectance R" (A), (3) 

spectral phytoplankton absorption a; (Aj , C) spectral combined gelbstoffldetntal 

absorption lIgd ( A). D) Chi a concentration, E) effective diameter d'lT> and F) the AlloiChl 

a ratio. 
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Figure 5.3 Example reflectance model matches and lOP results for a range of water type •. 

A) reflectance, Dj absorption, and G) backseattenng for low biomass flagellate 

dominated waters (measured Chi a-c-O,24 mg mol); B) reflectance, E) absorption, and H) 

bachcattering for intennediate biomass diatom dominated waters (measured ChI a~20_9 

mg m-'); and C) reflectance, F) absorption, and I )backscattering for high biomass 

Mesodinium ruhrum dominated waters (meawred Chl a-49.3 mg m''), Note the di51;in,,1 

natural fluorescence peaks unmatched by the model in 13 and C, the generally good match 

between measured and modelled absorption values, and the variability in the spectral 

:;hape of the total particulate bachcattering coefficients_ In all cases lines represent 

measured data whilst dots represent modelled data 
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low precision ohbsorption measurements and SUbSe<;IUent lOP parameterisation, a.nd 

ultimately low eontldence in the model backscattering values in this spectnll region , 

Finally, Figure 5.4A shows that the slope values of the predicttd vs, measured refltclanct 

arc elevated by - 10 % in a band centered at --630 nm This feature indicates that 

reflectancc simulation is lcss good in this spectral region; an area influencoo by the minor 

absorption peaks of the chlorophyll pigmcnts [Stuart et al. 19<)~1 It is likely that this 

region of elevate<;1 uncertainty is due to the algal lOP parameterismions cmployoo by the 

model. Whether this is manifest thrOllgh abs.orption, backscattering or some combination 

of thcse is unclear Chapter 3 indicates that the abs.orption size/pigment related 

decollpling, madt possible in theory through simulation of the package effect, is 

somewhat incomplete at these wavelengths (Figure 3.2A) - such a phcnomenon eOlild 

lead to the reflectance simulation fuature under discussion. 

Table 5,2 Analysis of model performance: r', !!landard error of prediction (SEP, 010), 

slope, interccpt, mcan abs.olute deviation (MAD), and number ofsamplcs for algal 

descriptors and absorption coefficients 

Variable , SEP Slope MAD MAD No. 
(%) 

Intercept] 
mcasured prooieted Samples 

ChI a 0.98 29 1.04 o . 1 9,5 20 42 
; 

-
dif 0.67 47 1.19 0 , 

4.6 10.7 42 
• 

- -
Allo/Chl a 0,65 45 0.52 0.04 0.028 0,024 " 
u,, (440) 0.89 42 0,92 0 0 ,26 0.24 42 

I 
usd(400) i 0, I 48 0.~6 0 0.069 i 0.058 42 

, 
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5.5 Discussion: a Perspective on Marine Hackscattcring 

An improved understanding of the contribution of algal backscallering to total 

backscattering in surface waters is crucial to the ability to analytically express ocean 

colour. Whilsttbere are no independent measurements ofbackscallcring with which to 

assess the validity of the algorithm backscattering estimates presented here, it can be 

argl.led that these estimates are reasonable, considering the good performance of the 

algorithm with regard to simulation of reflectance and prediction of absorption 

parameters. An examination of the backscattering data returned by lhe algorithm may 

therefore be useful in allempting to gain a broader understanding of what can still be 

regarded as a poorly understood inherent optical properly [Morel & Maritorena 2001 , 

Stramski etal. 2004] 

Flgure 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 e/ al. [1988 J, referred to as MMOI and G88 respectively There is, however, 

considerable scalier oflhe algorithm returned data around the MMOI and G88 

parameterisations, due to both the varying presence of non-algal particles and the 

substantial spectral shape the algorithm assigns to the backscattering spectra (hg 57). 

Such scatter has been observed previously in the backscallering probability data 

presented by Twardowski e/ al. [2001 J, referred to as TWO! . 

It is also possible to analyse algorithm returned backscattering in tenus of hack scattering 

probability b", making the assumption that the non-algal h, data have a spectrally 

invariant value of 1 % - the maximal value suggested by Morel & Maritorena [200 11 The 

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

highly variable;;" based on a full calculation oftbe volume scattering function. It would 

appear (Fig. 5.6B) that the algorithm ii, values are only in agreement with MMOI. G88 

and TWO] at low ChI a values and at blue wavelengths. i.e 435 nm. 
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Figure 5.6 Analysis ofbackscattcring parameters returned by the retlectance algorithm in 

comparison to published backscattering models - those or Morel & Matitorcna [2001, 

Equation 13J (}.1M0l), Gordon el at. 1988 (G8S), and Twardowski etal. 2001 A) 

Particulate backscattering at 435, 550 and 710 nm Vg, measured ChI u concentrations, 

from the algorithm (dots), MMO I and G88 (lines), B) Particulate backscallcring 

probability in percent at the same wavelengths VS, measured Chi a concentrations, from 

the algorithm (dots), MMOl, G88 and TWO! (lines), C) Percentage ofpar!iculate 

backscallering ascribed by the mode] to the algal component at the same wavclen.\,<ths vs_ 

measured ChI a concentrations. and DJ Particulate backscattering probability in percent 

\'5. the percentage of particulate backscattering ascribed to the algal component. Small 

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

flat backscattering probability of 1 0/0, the maximal prescribed value of this parameter 

used by MM.OL 

15R 
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Al higher Chi a values (>3 mg mol), algorithm b, values are 30 % to 50 0/. higher lhan 

lhose from previous studies, particularly at longer wavelengths, and do not appear to 

decrease so sharply with increasing ChI a values. This is due largely to the considerable 

speclral shape the algorithm imparts to both the bb and b, spectm (Fig. 5.7) In almo~l all 

cases the algal backscattering b,~ and backscattering probability b ... spectra have maxima 

al red wavelengths, and in a majority of case~ the fraclional contribution by algae lo the 

particulate backscattering is large enough to impart similar red maxima lo the partic.,.lale 

back scattering b,p and backscattering probability b" speclra (Figures 5.6C and 0, Figures 

5.73 and D), Algorithm algal backscattering probability values range from '" 0,2 % to 

~.9 % and are considerably influenced by cell size [Chapler 4J: in all cases algal b", 

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

The algal contribulion lo particulate backscattering is of considerable interest. 

particularly as lhis contnb.,.tion has in the past been considered relatively minor [Slramksi 

& Kiefer 199 I, Morel & Ahn 199 I j, Again, assuming for the sake of argument that the 

algorilhm backSCallering relurns are correcllo firsl order, it appears that the algal 

contribution to backscallering is very much speclrally dependent (Figw-es 5,6C and 0). 

Al 435 nm (excl.,.ding lwo outliers) the algal contrib.,.tion to particulate backscattering is 

relatively small through a wide range of ChI a concentrations (0.3 to 100 mg mol) , /Tom 

negligible to 25 0/0 , At 550 nm this contribution is raised to between - 5 % to 55 %, and al 

710 nm the algal contribution is between 10 % and 90 % of the particulate backscattering 

These algal contributions to backscattering are significantly higher lhan those proposed 

previously (Stramski & Kiefer 199 I, Morel & Ahn 1991), and the possible reasons for 

this are explored below. 
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Figure 5,7. Returned algorithm backscattering data for A) Chi a specific algal 

back scattering, B) Chi a specific particulate bachcattering, C) Algal backscattering 

probability in percent, and D) Particulale bacbcattering probability in percent. Small 

panicle backscattering as returned by the reflectance algorithm is ascribed a spectrally 

flat bachcatteting probability of I %, the IT\a;<imal prescribed value of this parameter 

used by MMOJ Coloured lines are simply used lo distinguish between samples. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Two conclusions can be drawn from these data. firstly, the algorithm requires the 

presence of significant non-algal particulate to ex:plain observed reflectance values, in 

accordance with mueh previous research [e,g, Morel & Ahn 1991, Morcl & Maritorena 

200!, Twardowski et al. 2001]' The simple backscattering shape assumed by the model 

to account for this poorly defined particle field (ho, = ,r'll does not allow further 

comment on the nature of these particles: they are likely to be a combination of organic 

detritus, bacterial cells and inorganic particulate of an aoelian nature [e,g Twardowski er 

af. 2001, Claustrc & Maritorena 2003, Stramksi er af. 2004]. Secondly, de~pite this need 

for the presence of a non-algal particle pool, the algal contribution to back scattering can 

be significant, particularly at red wavelengths where hb; values can be up to three times 

higher than at blue wavelel1h>ths. 

The enhanced algal contribution to back scattering relative to previous work appears to 

have two main causes. The fIrst of these is the avoidance of a Jungian type distribution, 

commonly assumed for oceanic waters [e,g, Stramski & Kiefer 1991, Morel & 

Maritorena 2001, Morel el al. 2002], to determine the relative proportion of both the 

algae and small non-algal particles, Such a distribution is not appropriate to thc high 

biomass waters ofthe Benguela (cE Chapter 2), and the fonnulation of the reflectance 

algorithm negates the need for this assumption, Algorithm results appear to show that 

evcn at relatively low biomass waters the non-algal contribution to particulate 

backscattering is highly variable (fig. 5.6C), indicating the nced for a greater knowledge 

of variability in the non-algal particle population [Twardowski el "I. 200 I, Morel ,,' af. 

2002, Stramksi et af. 2004] 

The second cause of the rclatively elevated algal baekscancring contribution results from 

the adoption ofa two-layered geometry with complex spectral refnlctive index (in 

combination with Standard size distributions) to calculate all algaJlOPs, Detailed 

discussion of the effects orthis parameterisation are presented in Chapter 4: a general 

conclusion is that both ChI a-specific backscattering coefficients and probability values 

are enhanced by an order of magnitude relative to data resulting from homogeneous 

geometries [Stramski & Kiefer 1991, Morel & Ahn 1991, Twardowski e/ al. 2001]. An 
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additional effect of the spectral two-layered geometry is the considerable spectral 

variability in algal bacbcattering now observed, imparting in hUl1 considerable spectral 

shape to the particulate bachcattering parameters (figures 5.60 and 5.7), Thi~ produces 

pronounced algal & particulate backscattering at red wavelength!;: a phenomenon that 

would appear to he respon~ible for the red-brown colour of very high bioma.~s "red tides" 

[Chapter 4]. Understanding thi~ elevated red backscattering is thus eKtremely important 

to bio-optically based HAll application~, and it wOllld appear to be due in part to the low 

imaginaT)' refractive iooex values of phytoplankton at these wavelengths [Ahn et al. 

1992, Chapter 4]. further research i~ needed to better under_~tand the potential impact of 

the.~e low refi-octive index values on algal lOPS and thus ocean colour. 

5_6 Conclusions 

The inverse reflectance model presented here appear_~ capable of simulating refl ectance 

spectra from a wide variety of water types and algal biomass concentrations, allowing the 

model to accurately estimate ab~olute value~ of the algal absorption coefficient and ChI a 

concentrations. Tn addition the model appears capable of estimating relative change_~ in 

the effective diameter dq'l ofthe algal population, and the presence ofphycoerythrin 

containing orgamsms through the relative alloxanthin concentration AHo. Estimates of 

the~e two algal de_'\Criptor_~ are achieved through assumption_~ concermng the invariant 

behaviour of certain algal intracellular propertie~ (a.~ discu~_~ed below): it is _~lIgge~1ed the 

the si>:e and accessor)' pigment descriptors estimated by the model are more appropriate 

to assessing relative change in the algal assemblage rather than the estimati,m of absolute 

values The model i~ designed tbr application to harmful algal bloom monitoring in the 

productive waters of the southern llenguela, and would appear \0 have considerable 

potential in determining core a.~sembiage descriptors of a causal bio-optical nature from 

ocean colour data, 

The model is based on the assumptions that I) algal inherent optical properties may be 

accurately described through the lise ofa two-layered geometry in combination with 

'" 
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as:;umptions concerning intracellular variahilily and Slandard size distributions, 2) the 

inherent optical properties of non-algal components are adequately described, and 3) 

lhe modilied reflectance approximation deseribed in Equation 5.12 may be used in a 

quantitative manner. The model has been developed and lested u,ing independent data, 

and the model is essentially untuncd 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 variability ha:; nece:;:;arily been con:;trained with 

chloroplast volume being a:;sumed constant at 20 %, and algal C , and refractive index 

values held invariant fur each of the three algal groups represented. In addition, it is 

assumed that a Standard siLe di:;tribution [Hansen & Travis 1974] of constant width and 

selectable effective diameter is able (0 simulate the oplical propertie:; of complex 

phytoplankton size di~1ributions [Chapter 21- These as,umptions, and the use ofa spectral 

mixing model employing an admixture oflhree algal group:;, allow the quantifiable 

manipulalion oCnear-surface algal absorption and hackscallering in terms ofas,emblage 

size and accessory pigmentation. Further investigatiOil of the validity of(hese 

assumptions is reliant upon the availabilit)1 oCintraeellular morphological, pigment and 

rell'aetive index data Crom an appropriately wide seleclion of algal assemblages It mo,l 

also be emphasi7.ed that the model structure ,hown here i, specifically designed for 

application in a productive upwelling system, and application to olher water types, e.g. 

oligotrophic systems, may require an alternative choice ofba,is algal groups and 

independent testing. 

In addition to allowing a more detailed description of algal assemblage variability for 

ocean colour data, returned model data may allow some insighl to the contrihution of 

algae to particulate backscatteting. The model indicates that the algal contribution to 

backscattering introduce, considerable spectral shape, and is notably higher than 

previously lhought, particularly at red wavelengths where algal backscatlering i:; often 

maximal This phenomenon highlights the importance of red wavelengths in high 

bioma,s ocean colour dala, and the potential inclusion ofthe,e longer wavelength into 

ocean colour models may allow more accurate Chi a estimates at high concentrations of 

algal biomass. The importance 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 varialions in 

the intracellular imaginary refractive index can have a profound impact on backscatter 

Backscattering data retumed by the model has also highlighted the need for greater 

knowledge of the non-algal particlilate pool which, in almost all cases other than extreme 

bloom events, make a significanl ifnot major contriblltion to particulate backscattecing 

[Stramksi et al. 2004] 

Whilst the model has been designed for application lo moored hyperspeclral radiometric 

sensors. it can relatively simply be adapted for use with space-based ocean colour 

sensors_ Requirements for this are: the provision of sllitable geometrical factors to 

estimate coherent water leaving radiance data under different viewing configurations 

[Morel et af. 2002, Morel & Genti120041, and a reduction in the llLImber 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 componenls, and potentially more accurate 

Chi a estimates in high biomass waters_ Whilst the derivation of fluorescence parameters 

has not been examined here, similar previous models have demonstrated such an 

application [Roesler & Perry 1995], and there is considerable potential to utilise III situ 

and space-based fluorescence data for HAB delection [Gower el al. 1999] and as a 

physiological proxy [Young & BeardaIl2003]. 
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The study has demonstrated that it is possible to quantitatively relate spectral reflectance 

data, through the absorption and backscattering coefficients, to the variablcs 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 simply 

parameterised equivalent size distributions. The use of these constru('1s, in combination 

with spectral mixing models hased on common algal groupings for upwelling systems, 

allows the derivation of algal biomass, an algal size descriptor, and coarse accessory 

pigment identification through a reflectance inversion a1gorilhm. Whilst the reflectance 

algorithm and underlying optical models presented here are far from optimal, and specific 

to upwelling syslems in their present fonns, they represent the beginnings ofa framework 

for fully analytical ocean colour models utilising a unified theory to describe the entire 

suite of algal lOPs for a hypothetical algal population_ 

The adoption of a preliminary analytical framework for the interpretation and simulation 

of ocean colour has highlighled gaps in the current knowledge of algal cellular 

characteristics and related effects on algal TOPs. Sueh gaps mUb1 be addressed, not least 

with the aim of providing a truly robust reflectance inversion algorithm capable of 

operation in a wide variety of water types_ A variable of considerable importance to algal 

optical properties and physiology is the Chi a concentration per cell volume or c, (kg m"J) 

[Morel & Bricaud 1981, Raven 1986j.lhe reflectance algorithm presented here has 

employed invariant CI values for each ofthe three algal groups represented, as a necessary 

constraiot for effective diameter prediction. These invariant c, values have beeo 

employed in the absence of field data indicating a more appropriate parameterization (sec 

discussions in Chapter 3.4) There is little doubt that a greater urxierstanding of the C, 

variability of natural algal assemblages, from allometric, broad taxonomic and 

physiological perspectives, is required: both lo improve performance oflhe reflectance 

algorithm presented here, and to promote greater understanding of the processes 

underlying algal optical properties 

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

morphometrics and intra-cellular refractive index variability of the algal cell, as a 
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necessary first step in adopting a two-layered geometry model tor algal optical properties 

Comprehensive validation of the two-layered model requires a grealer understanding of 

cellular morphometrics from a systematic perspective_ In addition, the studv has shown 

that intracellular spectral refractive index variability has a con,iderable effect on 

backscattering, particularly so when the imaginary refractive index is very small, e8 at 

red waveleTlb>1hs Greater knowledge is thus required of the refractive index of cellular 

organelles, in particular the chloroplasts as the maj or source of variability in both the real 

and imaginary parts oflhe cellular re!ractive index. Whilst the two-layered spherical 

mode! ha~ been employed here a priori, the effects of non-sphericity may be as important 

as tho,e of cellular heterogeneity. There is thu, a need to examine the impacts of using 

models employing a heterogeneous non-spherical geometry, expanding on the 

preliminary studies that have been conducted in this regard for small cells !Quirantes & 

Bernard 2004]. 

Whil,t the major focus ofthi, ,tudy ha, been the oplical properties of the micro-algal 

milieu, there i, a well documented need to better understand backscattering from other 

sources in the ocean [Stramksi el al. 2004 and references within]. The results presented 

here emphasise this need, indicatill'.,l that non-algal particulate matter represents a major 

source ofbackscauering, even in the highly productive waters of the southern Benguela_ 

It is likely that a considerable part of this non-algal backscattering signal is associated 

with small particles « I !-1m) [ibid I A, the distinction between the particulate and 

dissolved components of seawater hecome, blurred at the,e ,ize" s.o a greater knowledge 

of what is operationally defined a, the dissolved component (gelbstofl) becomes 

necessary. 

Analytical models of ocean colour, in addition to the inherent optical properties of the 

marine constituent" require geometrical shape factors expressing the bidirectional 

character of the upwe!1ing light field in the sea. These shape factors -the remote sensing 

reflectance utilised in this study employs thej/Q factor -- are dependent upon illumination 

conditions, sea state, and the volume scattering function associated with ,eawater and its 

constituent~_ Thef'Q factor is thu, known to be sensitive to the angular scattering 
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characteristics ofthe marine hydrosol, and whilst thej'Q data empluyed in this study 

represent the roost detailed data currently available [Morel et ai. 2002J, there is little 

doubt that they are sub-uptimal fur application to very high biomass waters (for which 

they were nut designed). Detailed analyses of this shape factor require radiative tran~fer 

modelling, and there would be considerable bene!!t to conducting these analyses, using 

radiative transfer mudels coupled to the two-layered spherical population models, to 

asscssfQ variability for HAB scenarius. The ability to chardCterizefQ with regard to the 

effect~ of high biomass (> 10 rug m') ChI <I), and the spectrally vanant volume scattering 

function and backscattering probability data given by the two-layered roodel, will 

undoubtedly increase the effectiveness of the inverse reflectance algorithm. 

The reflectance algurithm also offers the ability to distiJ1b'Uish the solar stimulated algal 

fluorescence peak, centered at _. 683 nm, from backscattered light at these wavelengths 

[e.g. Roesler & Perry 1995J. Whilst ~uch an application has not been explored here, these 

fluurescenee data offer a potential physiological insight to the algal assemblage, available 

either frum autonumuus in ,'ilu in:,trumentarion or from space. Algorithm returned algal 

absorption in combination with a derived fluurescence peak uller a means tu derive the 

fluorescence quantum yield [ibid], thus providing the potential to remotely examine 

physiulogical ~tress and phuto:,)'nthetie parameters [Yuung & BeardaIl2003, Yushikawa 

& Furuya2004J 

The rel1ectance algorithm is already undergoing trial operational use with moored 

autonomous hyperspectral ~nsor~. An e~sential aspect ofthi~ use is establi~hing the 

effectivene~s of the algal identifiers returned by the algorithm with regard to the idelllity 

of pot en Ii ally harmful algal a"emblages: linking a metric based on optical causality to 

eonventionaltaxooomy. A probabilistic approach is perhaps likely to be most effective in 

this regard, whereby concurrent environmelllal data are u~d in conjullCtion with the bio­

optically derived data to assess probable bloom identity_ The usc oftbe retlcctance 

algorithm with space-based ocean colour data has the potential to provide a powerful 

remote sensing tool- adaption of the algorithm for currently active multispectral ocean 

colour sensor~ is underway 
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Appcndix I 

Potcntial errors associated with numerical derivations 

of algal and detrital size distribution 

In both Chapters 2 and 3, numerical methods are employed to estimate size distributions 

of the dctrital, i.c. non-algal particulatc compolICnt - the:se distributions arc subsequently 

used to calculate the algalsizc distributions central to these chapters. II is thus necessary 

to undcrstand the potcntial crrors arising from the: methods used to obtain thcsc size 

distributiOll data, and potential subsequent impacts. Such considerations are of particular 

importance to !he discussions presented in Chapter 3, as it is from the derived algal size 

distribution data that the core causal absorption variables of elfective diameter, '-', and 

unpackagcd absorption arc dcrived. 

Particle si7ing techniques employing Couiter methods have a thirty year history in the 

detCflllinatiOll of the si7e distnbution of marine particulate [c.g, Sheldon <if al. 1972, 

Ohvum 1985], However, such measurements have pertailJCd only to the total marine 

particulate, and few Coulter determinations have been made solely of the size 

distributions of phytoplankton themselves in their natural state - somewhat 

unsurprisingly given the methodological complexities involved. Measurcment ofthc algal 

size distribution for naturally occurring sam pies requircs somc means of mcasuring or 

der; ving the size distribution of otha: marine particulate, specifically detritus if 

COllsideringthe size range of 1 j.!m to l00].lm in a system wherc therc is unlikely to be 

signiiicant tcrrigenous input. rhest: detrital data are then used in a suhtractive manner to 

calculate the size distribution of viahle algal particles only, in a manlJCr analogous to thc 

algal/detrital absorrtion separation methods of Kishino r 1985 I. 

Numerical methods have been used here to determine the size distribution of detrital 

matter; specifically an optical model used to determine the detrital PSD using assumed 

size parameters and measured detrital ahsorption [Chapter 2] However, the assumptions 

necessary to these methods, those ofa fixed detrital imaginary refractive index and size 
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distribution shape, will impact calculations ofhoth algal effective diameter arxl Cj values, 

and the unpackaged speClral ~bsorption values employed as spectral basis vectors by the 

inverse models. The assumption ofa Jungian shape can be supported by exiSling 

measurements ofnon-alg~l particulate in natural waters: using flow cytometry [Green el 

al. 20031 or Coulter mea~uremenls from bottom-[McCave 1983, Boss el al. 200 I J or mid­

water samples [McCave 1984] dominated by non-algal partirulate. Published data also 

support the assumption ofan exponential shape for delrital absorption and thus the 

imaginary part of the refr!Klive index IRoesler el al. 19R9, lturriaga & Siegel 19891-

However, the value of the Junge slope assumed (;=4) and the refi-aclive index spectra 

(n'=0.001066 exp(-0.OO7168» can be considered only as representative values within a 

range_ and in the absence of detailed data allowing potential error calculations, an error 

assessment can only be made by examining the effecls of assuming more extreme value, 

for theoe two paramelers. 

A study was carried out on the sensitivity of calculations of d~Jf, c, arxl a: values 10 

variations in the parameters used 10 calculate the algal portion oflhe size disl1ibUlion 

fi-om the measured si7e di,tribution and p ~rticulate absolplion data. These paramelers are 

lhe Junge slope parameter ~ of the detrital si7.e distribution, and the values used to 

calculate the slope of the imaginary refractive index oflhe detrital component n'O) -

n'(4{}() exp(-5) (see Chapter 2.2) Junge slope v~lues were allowed to vary from 3 < 1'.< 5, 

and refraclive index value~ were allowed lO vary from 0.()05 < u'(4{}() < 0.()2 and 0,005 < 

S < 0,013, The Junge slope v~lues are repre:;entative of the range of values found in 

nalUral waters I Boss el af. 2()0 I], whilst the refi-active index slope v~lues represent the 

mnge of del rilal absorption slope values found here, similar to previously published 

values IRoesler ~I al. 1989] - a5wming the imagmary refractive index of the delrital 

componem is similar in ~pcclral behaviour to detrital absorption, The sensitivity study 

shows the following' 

• All algal paramelers displayed relalive ill~en~itivity 10 change~ in Ihe delrital Junge 

slope c., with average deviation~ in d,ff, c, and a~ ofunder 1 () % relative to the data 
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used in the study (~=4). Maximum deviations were found with ';=3 in a~ for large 

cells and '"' for small cells, These deviations correspooded tu - 25 % changes in the 

slupevalue ; . 

• All algal parameters displayed relative insensitivity to changes in the magnitude of 

the detrital imaginary refractive index n'(400), with average deviations in d,ff, c, and 

a~ of under 10 % relative to the data used in the study (<::'-4), Maximum deviations 

were found with n'(400)-Q,0005 in a~ for large cells, These deviations corresponded 

to - 60"/0 changes in n'(400). 

• The greatest sensitivity in all parameters was shown to slope S ofthc derrital 

imaginary refractive index, with average deviations of 10% in d,fJ, 28 % in c" and 27 

% in a~ , Maximum deviations were again found with S=O.OIJ in a~ for large cells 

and Cj for small cells. These deviations corresponded to ,,80 % changes in the slupe 

value S. 

The sensitivity study indicates that in the context of the large observed variability in the 

whole data set for absorption and related bio-physical descripturs, 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 must likely to be manifest in the c, values of assemblages dominated by 

very small cells, and the unpackaged absorption values of assemblages dominated by 

very large cells. These phenomena may be responsible fur several apparent incongruities 

in the data: the relatively small c, values oftheAureococcus-dominated assemblages, and 

the relatively luw values ufunpackaged absurption fur the assemblage employed for the 

dinojlaw:lIat<! basis vector 
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Appendix II 

Location of Sampling Sites 

15' 16° 17' 18" 

+-

19" 

• 199912002 [3E:r-.T~F1T & llENCAL cmiscs 

20' 

• 1 m/2003 Saldanha Bay A anophageff.m;Ons sampling 

• 2001 False Hay K (Tislala sampling 

• 1 m - 2004 Lambcrts I3ay sampling 

m 
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~mbOf Drfinition Unit 
spoctral variabili~ in the rm! part ofthc r""fractivc index dimensionl~ss 

... 

1-1 b' cenlral ,'a1ue of th~ rcal part of (he refracti,'e index Dimt:llsionless 

p' oplical thickness dimensionless , in vacuo wavelength "m 
8 scaUering angle degrces , Fresnel reflectance dimensionless v. Ulrective varianec of a particlc size distribution dimensionless , Jungc slope e.\poncnt dimensionless 
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