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Abstract

The effects of different communities of phytoplankton on optical properties of
surface waters in the coastal ocean were examined. Data from large data sets were used to
develop semi-analytical expressions describing quantitatively how idealized
phytoplankton assemblages could affect apparent optical properties (AOPs), such as
diffuse attenuation and surface reflectance. Spectral absorption by idealized
phytoplankton assemblages was simulated by varying the parameters governing pigment
packaging and accessory pigments as a function of trophic status represented by the
concentration of chlorophyll plus pheopigments (C mg m™). Backscattering and
absorption by other optically active components were also parameterized as functions of
C. The model reproduced central trends in apparent optical properties with C and agreed
to within 20% of empirical models that relate diffuse attenuation to radiance ratios within
a range of C between 0.5 and 30 mg m™. Sensitivity analyses and independent data
suggested that changes in phytoplankton community structure account in part for
observed deviations from the central trends. Variability in the spectral shape of the
absorption coefficient in distinct communities of phytoplankton in surface waters was
related to two major ecological factors: cell size and taxonomic composition. It was
found that when the cell size range of the dominant organism is known, approximately
80% of the variability in spectral shape of the phytoplankton absorption could be
explained. More than 95% of the variability in all observed spectra was accounted for
when phytoplankton absorption was parameterized using two constant spectral shapes
and a size parameter. This new parameterization was integrated in the former model, so
that AOPs could be estimated for specifying cell sizes of phytoplankton dominating the
community. Forward modeling was used to select relationships between diffuse
attenuation and ratios of surface reflectance with minimum influence of backscattering
and CDOM plus detrital absorption. This approach provided a tool to observe and
monitor changes in the nature of a phytoplankton community (i.e., dominant cell size)
using optical measurements only. Although refinement in the model is still required, the
results suggested that mechanistic approaches to interpreting bio-optical data are feasible
and can provide simple parameters relating optical signatures to ecological features of
phytoplankton.
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Chapter 1

General Introduction

1.1 Ocean color and ecological processes in surface waters

Primary productivity and the way it is transferred to the higher trophic levels is
strongly influenced by the structure of phytoplankton communities (see review by
Kigrboe, 1993), which in turn becomes a disarable quantity to know for the general
understanding and quantification of biogeochemical processes in the ocean. Early
ecological studies describing phytoplankton communities involved taxonomic surveys,
which are not only time consuming but also difficult to quantify, as phytoplankton
comprise thousands of different species classified according to their size, shape, external
structures, pigment composition and mobility (see Sournia et al., 1991; Tomas, 1997). It
is therefore important to develop simpler ways to observe and monitor changes in the
nature of phytoplankton communities. A number of different approaches have been
developed, mainly related to the description of pigment composition as a taxonomic
indicator. Pigmentation is characterized with fluorescence signatures (Yentsch and
Phinney, 1985) using flow cytometric analyses (e.g., Li, 1995) or in situ instruments
(Cowles et al., 1993), and also quantified by High Performance Liquid Chromatography
(HPLC) methods (e.g., Letelier et al., 1993; Johnsen et al., 1994b). Although automated,

these methods still require extensive field sampling, which limits their spatial and



temporal resolution.

The appearance of remote sensing optical instruments provided the opportunity to
observe biological variability synoptically over large spatial scales (Hovis et al., 1980).
In situ optical instruments provide continuous and autonomous measurements. Much
progress has been made since the original works relating ocean color to phytoplankton
abundance (Clarke et al., 1970): new types of in situ instruments are steadily appearing
and being improved, and satellite sensors, both deployed (e.g., SeaWiFS) and planned,
should be more reliable and have better spectral resolution than the original Costal Zone
Color Scanner. Nonetheless, the extent to which our understanding of phytoplankton
variability will improve with better instrumentation relies first on understanding the
measurements. In particular, it is important to understand how different communities of
phytoplankton influence ocean color. Then, mechanistic approaches and ecological
interpretation can be applied to the optical data. The central goal of this thesis is to
develop an approach for an ecological interpretation of optical variability in surface
coastal waters. Specifically, this thesis will explore how phytoplankton cell size can
influence relationships between optical properties, and if combinations of optical
measurements can provide a simple approach for detecting changes in dominant
phytoplankton cell size. This research is direct toward synoptic or real time observations
of changes in phytoplankton size structure, and as a consequence, the description of
physiological and ecological characteristics of phytoplankton assemblages directly

related to cell size.

1.2 Phytoplankton communities and trophic status

The local phytoplankton assemblage in any body of water is determined by
environmental conditions, physiological features of the different groups, (Margalef, 1978;
Kigrboe, 1993) and ecological interactions between the trophic levels (see review by
Banse, 1982; Harris, 1986). Phytoplankters, being drifters, have evolved a number of

physiological and morphological adaptations for the different scales of water motion to



which they are subjected (see Estrada and Berdalet, 1997), so that the diverse populations
present at a given moment reflect their ability to maximise nutrient uptake and light
utilization.

This coupling between physical environment and phytoplankton community
structure is reflected in general and well-established trends of species composition along
a trophic gradient. When nutrients are scarce (i.e., oligotrophic environments),
phytoplankton biomass is dominated by small prokaryotic cells (Chisholm ez al., 1988
Olson et al., 1990). Cells growing in low nutrient conditions tend to have a higher
concentration of accessory pigments (including photoprotective pigments) than when
nutrients are abundant (Prézelin and Matlick, 1983; Sosik and Mitchell, 1991; Geider et
al., 1993; Stuart et al., 1998). Physical processes that supply nutrients to the euphotic
zone (e.g., vertical mixing, upwelling) will allow larger cells to proliferate,
complementing the ubiquitous small-sized groups (Malone, 1980; Yentsch and Phinney,
1989; Chisholm, 1992). A considerable time lag in the numerical response of predators
allows larger cells to bloom (Banse, 1982; Thingstad and Sakshaug, 1990; Kigrboe,
1993; Riegman et al., 1993; Carr, 1998).

Light utilisation by phytoplankton depends on cell size and internal pigments
(chlorophylls carotenoids and phycobiliproteins Rowan, 1989; Jeffrey and Vesk, 1997).
The common pigment to all groups is chlorophyll a (divinyl chlorophyll a in
prochlorophytes) and because the measurement of this pigment is relatively simple,
chlorophyll a has been used as a measure of phytoplankton abundance since the early
1950’s (Richards and Thompson, 1952). It is thus not surprising that the study of
phytoplankton variability using ocean color has been done with relationships between
ocean color and “phytoplankton pigment,” that is, chlorophyll plus phaeophytin (Gordon
and Morel, 1983; Aiken et al., 1995; O'Reilly et al., 1998). The main disadvantage of
such relationships derives from the fact that chlorophyll a is an imprecise description of
phytoplankton biomass (Cullen, 1982), because the ratio of chlorophyll a to carbon varies

with both species composition and their physiological state (see Taylor et al., 1997 and
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references therein). Thus, processes directly related to phytoplankton biomass (i.e.,
growth rate, carbon flux, nitrogen flux) should not be parameterized as functions of
chlorophyll a alone when either species composition changes or the physiological state of
the species are altered.

Nonetheless, any gradient of phytoplankton abundance (i.e., chlorophyll gradient)
will intrinsically contain changes in species composition which will be manifested in
their optical characteristics. A common feature in any trophic gradient is the increase in
size of the phytoplankton as chlorophyll concentration increases, which at first
approximation increases the degree of packaging of pigments (Duysens, 1956; Bricaud et
al., 1983; Yentsch and Phinney, 1989) and decreases the relative importance of accessory
pigments with respect to chlorophyll a (Geider and Osborne, 1986; Agusti, 1991; Sosik
and Mitchell, 1991; Geider et al., 1993; Claustre, 1994; Richardson et al., 1996; Stuart et
al., 1998). On the other hand, the increase in biomass also corresponds to changes in
taxonomic groups, with distinct accessory pigments that could be used to distinguish
them (Bidigare et al., 1988; Hoepffner and Sathyendranath, 1991; Millie et al., 1993).
The detection of distinct pigments using optical measurements will be a function of how
important their signals are and of the spectral resolution of the instruments used (e.g.,

Johnsen et al., 1994b; Sathyendranath et al., 1994).

1.3 Optical properties of sea water constituents

Light that reaches surface waters is absorbed, scattered or transmitted to greater
depths. The theory that quantifies absorption (a(A)) and scattering (b(A)) assumes a
parallel “light beam™ passing through a very thin layer of sea water. The attenuation
coefficient (c(A)) is the sum of the absorption and scattering coefficients, and the volume
scattering function (3 (1)) characterizes the angular distribution of the scattered flux. For
ocean color applications it is pertinent to separate scattering into forward scattering

(b(A)) and backscattering (by(A))coefficients. The properties described above are inherent



optical properties (IOPs, Preisendorfer, 1961) because their effects depend exclusively on
the components in the water.

Inherent optical properties have two main characteristics: the effects of the
different components are additive, and there is a linear relationship between effect and
concentration of each component. In sea water, optical constituents can be divided into
four categories: water itself, colored dissolved organic matter (CDOM), phytoplankton,
and other organic and inorganic particles (Kirk, 1994b). Generally, in open ocean waters,
the main contributors to optical variability are living organisms. The scattering and
absorption coefficients for sea water are well known and vary little (Morel and Smith,
1974; Buiteveld et al., 1994; Mobley, 1994; Pope and Fry, 1997). Scattering by CDOM is
generally considered negligible (Mobley, 1994). Within the visible range (i.e. 400 to 700
nm), CDOM, detritus and heterotrophic organisms absorb light with a spectrum
following an exponential decay with increasing wavelength (Kirk, 1976; Bricaud et al.,
1981; Nelson and Robertson, 1993). Phytoplankters are the main absorbers of light due to
their photosynthetic pigments, but heterotrophic components such as flagellates and
ciliates (Morel and Ahn, 1991), bacteria (Morel and Ahn, 1990; Ulloa et al., 1992;
Nelson and Robertson, 1993) and other heterotrophic organisms (e.g., Balch and Haxo,
1984) can also contribute significantly to light attenuation (Stramski and Kiefer, 1991).
Generalizations are difficult for the absorption and scattering properties of living and
non-living particles, however, because they are mainly controlled by particle size and

respective refractive index (Bohren and Hoffman, 1983), as will be shown below.
1.3.1 Modeling optical properties of particles

Optical properties of particles with sizes that are similar to or somewhat larger
than the wavelengths of interest (which is the case of phytoplankton in the visible range),
generally follow Mie theory (Mie, 1908). Mie theory assumes that the particles are
spherical and homogeneous, and that their size (i.e., cross sectional area) and refractive

indices (real and imaginary parts) are known. Mie calculations have been used to estimate
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optical properties in monospecific cultures of phytoplankton (Morel and Bricaud, 1981;
Bricaud et al., 1983; Bricaud and Morel, 1986). The theoretical formulations were then
tested with measurements of absorption, scattering and attenuation coefficients (Bricaud
and Morel, 1988) for a number of phytoplankton species showing different degrees of
deviation from the assumptions of spherical shape and homogeneous internal
composition. A good agreement between measurements and modeled coefficients was
found in almost all the cases (Bricaud and Morel, 1988). Because phytoplankton are
considered “soft” particles (i.e., their refractive index in relation to that of sea water is
close to 1), the absorption and scattering (but not backscattering) efficiency coefficients,
can be derived from much simpler expressions, the van de Hulst’s anomalous diffraction
approximation (van de Hulst, 1957).

The estimation of IOPs from single cell type to a population of these cells
depends upon knowing their size distribution (see Morel, 1991; Stramski and Kiefer,
1991). The extrapolation for a whole community (i.e., an assemblage of many
populations) will depend not only on knowing the particle size distributions (living and
non-living) but also on the indices of refraction for each size category (Mobley and
Stramski, 1997; Stramski and Mobley, 1997). In most oceanic waters, the particle size
distributions are unimodal, skewed toward smaller size classes (Chisholm, 1992 and
references therein). For convinience, they are generally modeled as a Junge-type size
distributions, a power-function of size, in which a lower limit of cell size is assumed
(Morel, 1991; Mobley, 1994),. In eutrophic areas, however, one or more additional
modes in the size distributions may appear due to contribution of larger cells (Malone,
1980; Yentsch and Phinney, 1989; Chisholm, 1992). Indices of refraction, on the other
hand, are more complicated to generalize. The index of refraction is a complex number:
its real part is related to scattering properties, while its imaginary part is related to the
absorption characteristics of the particles. Thus, the index of refraction of phytoplankton
cells is determined by internal and external composition. Because most of the

phytoplankton are “soft” optical particles, intracellular composition controls their



refractive index (Bricaud and Morel, 1988; Stramski et al., 1995), which in turn is a
primary result of their physiology regulating pigment concentration and composition. In
addition, their backscattering efficiencies will be rather small (Bricaud et al., 1983:
Stramski and Kiefer, 1991; Ahn er al., 1992), so they are relatively unimportant for
backscattering in the ocean. As a consequence, the contribution of phytoplankton to the
optical properties in the ocean derives primarily from their absorption coefficient.
Coccolithophores which have strongly-scattering calcareous plates are an exception; their
index of refraction is controlled also by their extracellular composition (Balch er al.,
1996). Nonetheless, backscattering tends to covary with phytoplankton abundance, which
has been suggested to be a result of the influence of phytoplankton on the shape of the

size distribution of the entire particle assemblage (see Ulloa et al., 1994).

1.3.1.1 Modeling optical properties of phytoplankton communities

When different communities of phytoplankton are present, their influence on
optical properties will be differentiated by changes in spectral absorption, which is
mainly regulated by accessory pigments and the “packaging” of pigments within cells
(Morel and Bricaud, 1981; Bricaud et al., 1983; Sathyendranath ez al., 1987; Yentsch and
Phinney, 1989; Babin et al., 1993; Nelson and Robertson, 1993; Bricaud et al., 1995;
Sosik and Mitchell, 1995; Lutz et al., 1996; Stuart et al., 1998). However, both changes
in pigmentation and packaging must be large enough to overwhelm the contribution of
other optically active components.

Measurements such as ocean color or diffuse attenuation coefficient are defined
as apparent optical properties (AOPS, Preisendorfer, 1961) because their formulations
take into account the structure of the light field, which in turn depends not only on the
optical characteristics of the main optically active components, but also on the
geometrical distribution of the solar radiation. Nonetheless, AOPs can be approximated
to IOPs reasonably well (Morel and Prieur, 1977), so that the same principle is

applicable: different communities of phytoplankton will affect AOPs by changes in their



spectral absorption (i.e. packaging and pigment composition). Logically, phytoplankton
abundance plays an essential role determining the AOPs in surface waters, and as
mentioned before (see section 1.2), expected changes in packaging and pigment
composition will occur along a trophic gradient. Therefore, different communities of
phytoplankton are only anticipated to produce significant departures from the expected
changes in AOPS for a given range of phytoplankton abundance (i.e., trophic status)
when their bulk absorption coefficient also differs significantly from the expected or

central trend of changes in packaging and pigment composition.
1.4 Structure of the thesis research

This thesis examines the influence of different communities of phytoplankton on
inherent optical properties. The emphasis is on the effects of different communities of
phytoplankton on the bulk absorption coefficient, and the consequences of these
influences on the relationships between AOPs. The contributions by CDOM and
scattering are also considered. The central goals are:

1) to understand how different communities can affect AOPs;

2) to quantify this influence;

3) to propose approaches that allow ecological interpretation of optical data (e.g.,
relationships between AOPs) by the retrieval of parameters that are related to
changes in phytoplankton community structure.

This thesis is structured as three independent reports (chapters 2, 3 and 4) with a
general introduction (chapter 1) and conclusion (chapter S). This has resulted in some
degree of repetition in the introduction and background sections of the different chapters.

Chapter 2 presents the theoretical framework describing relationships between
IOPs and AOPs. Semi-analytical formulations of the optical properties of the different
components of sea water at the surface are parameterized as functions of trophic status,
which is represented by the concentration of chlorophyll plus pheopigments (C, mg m™).

The equations describing the optical properties of all optically active components as
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functions of C were developed using basic principles of bio-optics to reconcile well
recognized relationships between optical properties and C with ecologically interpretable
shifts in phytoplankton communities. The equations for phytoplankton absorption
represent the central trend on changes in packaging and pigment composition as a
function of C, consistent with trends in large data sets from the field and laboratory. The
general formulation of the model, although very simple, reproduced well empirical
relationships between AOPs and also relationships between AOPs and C. By changing
packaging and pigment composition within ranges observed in field and laboratory data,
a sensitivity analysis suggested that predictable departures from established relationships
between AOPs can be expected when assemblages differ from the central trend in the
degree of pigment packaging and accessory pigmentation.

Chapter 3 compares size-fractionated chlorophyll concentration and absorption
spectra of phytoplankton for a wide variety of natural communities. Communities were
characterized according to dominant cell size and taxon. It was found that by specifying
only the cell size range of the dominant organism, more than 80% of the variability in the
spectral shape of the phytoplankton absorption coefficient could be explained by the
strong covariation between size of dominant organism and several factors, such as
pigment packaging and composition. The results suggested that phytoplankton absorption
could be parameterized using two spectra representing the spectral shape of the
phytoplankton absorption coefficient for the smallest and biggest cells found in our data
set, and one size parameter. Consequently, we can quantify the effects of changes in
phytoplankton cell size, independent of trophic status, using bio-optical, semi-analytical
approaches. In addition, the potential retrieval of a size parameter for phytoplankton
communities may have important applications for using optical data in biogeochemical
models.

Chapter 4 incorporates the parameterization of phytoplankton absorption
described in Chapter 3 in the semi-analytical model described in Chapter 2. With the use

of forward modeling, the influence of phytoplankton assemblages on relationships
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between AOPs along a trophic gradient was quantified for hypothetical cases of
dominance of small and big cells. It was found that cell size indeed played an important
role in determining relationships between AOPs and also between AOPs and C,
especially at high C. However, changes in colored organic dissolved matter and detrital
absorption will produce variability in these relationships that is comparable to that
associated with cell size at C below 1-2 mg m™. A series of model simulations was used
to select a combination of AOPs measurements for the retrieval of the size parameter,
which can be used to follow changes in size structure of phytoplankton assemblages
using optical methods. The retrieval of the size parameter suggested by the sensitivity
analysis of the model was tested with independent data sets. It was found, however, that
the retrieval of the size parameter had a systematic bias that was probably related to the
parameterization and assumptions of the model.

Finally, the most relevant ﬁndings of the thesis are summarized in chapter S. It is
concluded that changes in phytoplankton community structure influence the bulk
absorption coefficient of phytoplankton, and that these changes can be mainly related to
the cell size range of the dominant organism. If no significant changes in backscattering
are assumed when different communities of phytoplankton are present, profound changes
in relationships between AOPs and trophic status can be expected when the cell size
range of phytoplankton is aberrant The relevance of this work, therefore, is the
establishment of a simple set of relationships of bio-optical properties as functions of
trophic status that are consistent with ecological features of changes in phytoplankton
community structure. These relationships can be used to quantify the effects of distinct

phytoplankton assemblages on the optical properties of coastal surface waters.



Chapter 2

A semi-analytical model of the influence of phytoplankton
community structure on the relationship between light

attenuation and ocean color

2.1. Introduction

Understanding the factors controlling the attenuation of solar energy in the ocean
is of central importance in oceanography, as attenuation influences photosynthetic rates
(e.g., Platt er al., 1988), photochemistry (e.g., Miller, 1994) and upper ocean thermal
dynamics (e.g., Lewis et al., 1990). Robust empirical relationships derived from
regressions of attenuation on ocean color measurements (Austin and Petzold, 1981;
Aarup et al., 1996; Mueller and Trees, 1997) make feasible the use of ocean color drifters
and remotely sensed observations to estimate attenuation in surface waters. The robust
relationship between ocean color and attenuation reflects fundamental physical and
biological bases that deserve further investigation. Explicit representation of the terms in
these relationships allows a transition from an empirical approach for prediction to a
more rigorous analytical foundation (Gordon ez al., 1988) which permits the quantitative

exploration of the role of various dissolved and particulate components on its variability.

11
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This is achieved by parameterizing the optical properties that govern both attenuation and

ocean color, that is, absorption and scattering.

In most oceanic situations, the attenuation of light is strongly affected by biogenic
particles, such as phytoplankton. In coastal waters the parameterization of both absorption
and scattering is complicated by the presence of inorganic particles and colored dissolved
organic matter (CDOM), and by variability in species composition of phytoplankton. The
approach of this chapter is to develop a model that explains the central tendency for both
absorption and backscattering coefficients to vary with chlorophyll, in terms of
ecologically interpretable shifts in phytoplankton communities from oligotrophic to
eutrophic environments (Yentsch and Phinney, 1989). The basis of the parameterization
was a large data set that comprised optical measurements from both field and laboratory
investigations; the influences of pigment packaging and changes in pigment composition
on phytoplankton absorption were considered independently. The influence of detrital and
CDOM optical properties were also included in the model.

The resulting model, therefore, reconciles a wide range of known relationships
between optical properties and trophic status, along with theoretical relationships and data
from field and laboratory, so that the optical consequences of changes in phytoplankton
community structure can be assessed. The model explains a large fraction of the variability
in relationships between ocean color and diffuse attenuation, as well as most of the
variability in a relationship between ocean color and bulk chlorophyll concentration using
remote sensing techniques (i.e., radiance ratios). The semi-analytical nature of the model
will permit us to examine several types of residual variation about the central tendency,
associated with changes in cell size (pigment packaging) and in pigment composition, as
well as with detritus and CDOM. Analysis of this residual variability allows assessment of
the influence of local phytoplankton communities on optical relationships in coastal

waters. In turn, the model has the potential for use in the interpretation of deviations in
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optical relationships in terms of phytoplankton community structure, and hence, in

ecological dynamics in coastal waters.

2.2 Background

Both attenuation coefficient and radiance ratios are so-called apparent optical
properties (AOPs) which depend on both the optical properties of the water and its
constituents, and the geometrical distribution of the radiance field (Preisendorfer, 1961). A
parameterization of the relationship between attenuation and upwelling radiance ratios
from first principles requires that this relationship be described using inherent optical
properties (IOPs) only, which are independent of the radiance field. It is noteworthy that
comparisons between two AOPs will be influenced by changes in the geometrical
distribution of the radiance. Nevertheless, because the attenuation coefficient, which can be
treated as a quasi-inherent optical property (Preisendorfer, 1961), is being compared to
ratios of upwelling radiance, for which the parameters describing the geometric
distribution of radiance largely cancel out (see below), the effects of changes in the light

field in the comparisons presented in this chapter are expected to be small.
2.2.1 Ratios of spectral radiance at the surface

Surface irradiance reflectance (R(A), dimensionless) is defined as the ratio of
upwelling to downwelling irradiance just below the surface. Relationships beiween R(A)

and IOPs are well known (see Gordon et al. (1988) and references therein).

E.(A) _Q(A)L.(A) by (4)
) Ey(2) Ey (1) S a(A)+by(4) @D

where E (A) and E,(A) are the upwelling and downwelling spectral irradiances (W m™
nm™), L(A) is the upwelling radiance (W m™ nm'sr""), Q(4) is the ratio of the upwelling
irradiance to the nadir upwelling radiance (sr), f{A) is a parameter that depends on the

geometrical distribution of the light field (dimensionless), a(4) is the total absorption
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coefficient (m™), and b,(A) is the total backscattering coefficient (m™). It is important to
note that while both f(A) and Q(A) vary primarily with changes in the local radiance
distribution, they are also functions of the water constituents (e.g. Morel and Gentili,
1996).

Given two wavelengths, A, and A,, their radiance ratio can be expressed as

L(A4) _ _fA)B(A)E(A) QA )Na(d,)+by(4,)) 2.2)
L) QA Xa(A)+by(A)  f(A)be(A,)Es(4,) '

For consistency with previous work, and with no loss of generality, two specific
wavelengths were chosen, 443 and 550 nm. Equation (2.2) can be further simplified if it is

assumed that b,<< a (Morel and Prieur, 1977; Gordon et al., 1988):

L,(443) _ f(443)/Q(443) E,(443) b,(443)a(550)
L,(550) f(550)/Q(550) E,(550) b,(550)a(443)

(2.3)

This assumption will not be valid in highly turbid environments, which are outside the
scope of this paper (but see Kirk, 1994a). The first two terms in (2.3) can be grouped, so

that

f(443)/ Q(443) E,(443) =M

2.4
f(550)/ Q(550) E,(550)

The value of M can, in principle, be computed by assuming a spectral shape for E;(A) and
estimating the spectral dependence of f{A4)/Q(A4). The spectral shape of E,(A) can be
measured easily, or computed using a clear sky model in which the inputs are atmospheric
conditions, solar angle and surface albedo (Gregg and Carder, 1990). For a variety of
parameters within the expected ranges for the experiments, several runs of the clear sky
model by Gregg and Carder (1990) generated values of E,(443)/E(550) between 0.92 and
0.98, with a median value of 0.95. Both {A) and Q(A) are functions of the geometrical
distribution of radiance and of the IOPs, as mentioned before. However, for Case 1 waters

with chlorophyll concentrations below 3 mg m>, Monte Carlo simulations (Morel and



15

Gentili, 1993) have shown that the relationship between f{443)/Q(443) and Sf(550)/Q(550)
obeys a one-to-one ratio with an error of +3.5%. It will be assumed that this one-to-one
ratio is valid in the parameterization described in this chapter, but increasing variability is
expected as chlorophyll increases (Morel and Gentili, 1996). For simplicity, M will be
initially considered to be equal to 0.95, representing an “expected” value of

E4(443)/E4(550), so that (2.3) becomes:

L,(443) _ 95 2:(443)a(550)

L,(550) T b,(550)a(443) (2-3)

Throughout this chapter, 550 nm will be referred as to the green waveband, even
when field data are for slightly different wavelengths (see Table 2.3). As will be shown
later, both optical and biological data are in reality weighted by the various wavelength
responses of the sensors, and in the green region gradients with respect to wavelength are
small. Thus, at a first approximation, the differences among the instruments used and

modeled relationships can be ignored.
2.2.2 Diffuse attenuation coefficient

The diffuse vertical attenuation coefficient, K4(A4), can be also described as a
function of IOPs (e.g., Gordon et al., 1975; Sathyendranath and Platt, 1988):

a(A)+ by(A)

Ky(A) =
a(A) i)

) (2.6)

where [, (A) is the average cosine for downwelling irradiance, defined as the ratio of E,(4)
to Ey(A), the downwelling scalar irradiance. The value of i, is influenced by the angular
distribution of the incident radiance, changing with solar angle and with the proportions of
diffuse to direct light (Bukata et al., 1995). The average cosine is also a function of the
ratio between the scattering and absorption coefficients { b/a) for a given solar angle (Kirk,
1994b and references therein); it will therefore change with different particle assemblages.

Assuming fixed solar angles between vertically incident and 45°, and b/a ranging from 2
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to 15 (coastal waters) in the visible, &I, varies from approximately 0.75 to 0.65 (Kirk,
1994b). Thus, a constant value of 0.7 will be assumed for i,. This assumption may not
hold for waters with very small b/a (low particles and high CDOM concentration), but
because this chapter refers mainly to coastal waters, this assumption will be considered
valid for the situations analyzed in this chapter. In fact, for a time series of measurements
collected in Bedford Basin (described below), the relationship between K,(A) in the blue
and green regions and total absorption coefficient (not shown) was linear (r’=0.79) with a

slope of 0.713 (x 0.035) consistent with the assumed value for [,.
2.3 Model structure and parameterization of IOPs

Equations (2.5) and (2.6) show that the IOPs necessary to reproduce the
relationship between Ky(490) and L, (443)/L,(550) are the total absorption coefficients
(a(A), m') and the total backscattering coefficients (b,(1), m™") at 443, 490 and 550 nm.
The constituents that govern the variability in IOPs are generally divided into four groups
(Kirk, 1994b): water (w), phytoplankton (ph), CDOM, and particies other than
phytoplankton, hereafter referred to as detritus (det). In the following sections, the
parameterization of these IOPs with trophic status will be described, representing each by
the local concentration of chlorophyll plus pheopigments (C, mg m™). Pheopigments are
assumed to be unimportant, as the analysis is focused on surface waters, where the
lifetime of pheopigments is short (SooHoo and Kiefer, 1982). A schematic representation

of the steps for the development of the model is presented in Figure 2.1.
2.3.1 Total absorption

IOPs are additive, so that, following the abbreviations described above:

a(A)=a, (A)+a,(A)+a, (1) +a, (R). 2.7)
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Figure 2.1 Parameterization of K,(490) and L, (443)/L,(550) as functions of C (see Table
2.1 for symbols, and text for details). Absorption and backscatter, then attenuation and
spectral reflectance, were predicted from C consistent with bio-optical relationships
derived from theory (inverted triangle), laboratory studies (circle) and empirical
relationships from the field (hexagons). Steps for deriving spectral absorption and

spectral backscatter are described in the text.
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The absorption coefficients for sea water are assumed to be constant and equal to those
for pure water (Pope and Fry, 1997). The other components will be parameterized as a

function of C, as described below.

2.3.1.1 Parameterization of phytoplankton absorption

Phytoplankton absorption is usually represented as

a, ()= Ca,,(4), 2.8)

where a3 (A1) (m* mg Chl") is the chlorophyll-specific absorption coefficient of
phytoplankton. Changes in cell size and in the composition and degree of packaging of
pigments influence a;,,(l) (Morel and Bricaud, 1981; Bricaud et al., 1983;
Sathyendranath et al., 1987; Yentsch and Phinney, 1989; Babin et al., 1993; Nelson and
Robertson, 1993; Bricaud et al., 1995; Sosik and Mitchell, 1995; Stuart et al., 1998).
Thus, a;, (4) is not constant and has been parameterized as a function of C by assuming
diverse forms for the relationship between aph(/l) and C (see discussion in Lutz et al.
(1996)).

When analyzed in the context of trophic status, changes in both spectral shape and
amplitude of a;, (4)are associated with changes in community structure. An extensive set
of data is now available for a;h(l)covering C from 0.02 to 25 mg m~? (Bricaud er al.,
1995). The near-surface portion of this data was used (A. Bricaud pers. com., 1997) along
with data collected off the Oregon coast (Ciotti et al., 1996) and in a coastal embayment
(Bedford Basin, N.S., Canada) to develop an approximation for packaging and pigment
composition, each as a function of C. Only data from the first optical depth were used to
minimize the effects of photoacclimation on a;,,(l) (Mitchell, 1992). These data
correspond to particulate absorption, corrected for the absorption by detritus and

normalized by the concentration of chlorophyll plus pheopigments. The optical depth (for
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490 nm) was estimated from C following Morel (1988) when direct measurements of

K4(490) were not available.

2.3.1.1.1 Packaging

The packaging effect (Kirk, 1994b) comes from the intracellular self-shading which
lowers a;h(l) and flattens the absorption spectra (Duysens, 1956). It is well known that
a;, (1) decreases as C increases as a result of increasing packaging (see Bricaud et al.
(1995) and references therein), which is mainly controlled by the cell size, or diameter (d ),
and the intracellular concentration of pigments, c¢; (Bricaud and Morel, 1986;
Sathyendranath et al., 1987). In what follows, approximation for the product of the
diameter and the intracellular pigment concentration (dc;) as a function of C will be
developed. Ideally, dc;should be parameterized versus C following first principles of
physiological ecology and cell optics, using a characterization of changes in phytoplankton
communities as C increases (cf. Yentsch and Phinney, 1989). In this chapter, the approach
by Yentsch and Phinney (1989) was simplified by representing whole communities with an
average dc; that varies as a function of C. These average cells have the mean optical
properties of the entire community (but see Campbell (1995) for a quantitative analysis of
this assumption for phytoplankton absorption).

Once whole phytoplankton communities are characterized as average cells, their
optical properties can be estimated within the framework of the anomalous diffraction
approximation (van de Hulst, 1957) if it is assumed that these average cells are randomly
distributed with respect to the light field, and that they behave as homogeneous spherical
particles (Morel and Bricaud, 1986). The efficiency factor for absorption (Q,(4);
dimensionless) for a single phytoplankton cell, that is, the ratio of absorbed to impinged
energy on the geometrical cross section of the cell, can be estimated as:

27 Q) PR _ g

+2
p(A) p (A)?

Q,A)=1+ , (2.9)
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where p'(4) is the dimensionless optical thickness of the particle. This is defined as the
product of three quantities: the specific absorption coefficient of the cellular material as in
solution (aZ,(A); m*> mgChl™), the intracellular concentration of this material (c;; mg m?)

and the cell diameter (d; m), i.e.,

p' (A)=a_,(A)dc;. (2.10)

Note that the only quantity that varies spectrally in (2.10) is a,(1).

This theoretical absorption efficiency can now be related to the variability in
a;, (1) observed in the field. To isolate the effect of the packaging (expressed as dc;) on
a;, (1) from the effect of accessory pigments (hereafter referred to as “pigment
composition™), one can look at a wavelength where the absorption by accessory pigments
is not important. At 675 nm, phytoplankton absorption is due almost exclusively to
chlorophyll a (Bidigare et al., 1990) so a constant value for aZ,(675), independent of
pigment composition, can be assumed.

A coefficient representing the degree of pigment packaging is determined as

follows:

o)== @.11)

where the ratio 3/2 is the geometrical factor for a sphere (see Morel, 1994). Equations (2.9)
and (2.10) are used to obtain Q,(4) for calculating Q;(675) from a:,(675) and dc; (i.e.,
p' (675)). The computation can be, however, greatly simplified. Solving the theoretical
equation (2.11) for a range of p'(675) normally found in phytoplankton (0.005 to around
6; (Agusti, 1991)) and fitting the results to an exponential function, Q;(675) can be
described almost exactly (n=1200; R?=0.999) with the function Q.(675) =m, + m,  (exp(-
my - p'(675)), where m, are coefficients.

Because a;,(675) is assumed constant in equation (2.11), the same functional form

should describe the relationship between a3, (675) and dc;. For a wide range of
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phytoplankton species grown in laboratory using diverse culturing methods (Figure 2.2A),

the relationship is

. _ (-0.0376dc.)
a,, (675)=0.00767 + 0.0227¢ ] (2.12)

Thus, equation (2.12) is an approximation to the theory. This same exponential form was
applied to derive a purely empirical expression for a;, (675) as a function of C (Figure
2.2B), using a compilation of phytoplankton absorption data collected in this study (i.e.

particulate corrected for detrital absorption) and the data from Bricaud et al. (1995)

. _ (-0.311C)
a,,(675)=0.0110+0.0158¢ ) (2.13)

The relationship between dc; and C was obtained by solving equations (2.12) and

(2.13) for dc; (Figure 2.2C):

dc. =-26.591n(0.147 + 0.696e¢0311C)) (2.14)

The result, at a given C, is dc; for an average cell that represents the entire phytoplankton
community. It is important to stress that equation (2.14) is at best an approximation of the
central tendency of both field and laboratory data sets used here. Thus, combining

equations (2.9), (2.10) and (2.11):

—dgy(A)dc, 2 e—a,',,,(/l)dc, -1
a;.,(/l)=23 1+ ( )

de, a,(A)dc, * (a,(A)dc, )’ ). (2.15)

The goal in generating this approximation was to allow the parameterization of
phytoplankton absorption with two terms: one dominated by packaging and one
dominated by changes in accessory pigments so that different types of communities could
be tested in the sensitivity analysis. Although the compiled data were extensive, the use
of this equation is limited to the assumptions that were made, the data set used, and to the

models chosen for the curve fits. Error bars in Figure 2.2C represent two standard
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Figure 2.2 Steps for estimating the product of the cell diameter and the intracellular
pigment concentration (dc;) as a function of trophic status. A) Empirical relationship
between a;, (675) and the product of cell diameter (4) and the intracellular concentration
of pigments (ci) for published data from cultures (references on legend). Ciotti and
Maclintyre (unpub.) refers to the toxic dinoflagellate Alexandrium tamarense grown in K
media in semi-continuous culture (see Maclntyre et al. (1997) for detail), and Ciotti and
Parkhill (unpub.) refers to the coastal diatom Thalassiosira pseudonana in continuous
culture. Table in the figure indicates equation form, parameter values and respective
standard deviations, and r*. B) Empirical relationship between a;,,(675) and C. Table
indicates equation form, parameter values and respective standard deviations, and r*. C)
Approximation for a relationship between the product dc; and C. Error bars indicate 2

standard deviations.
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deviations, computed using the Delta method, an approximation to a Taylor series
(Bishop et al., 1975). In this method, the variance is computed as the product of a matrix
containing the variance and covariance terms of each fit and a vector containing the first
derivatives of equation (2.14) evaluated at each C with respect to each of the six fitted

parameters.

2.3.1.1.2 Pigment composition

At wavelengths other than 675 nm, the absorption by accessory pigments cannot be
neglected. The spectral dependence of a;, for the main accessory pigments of
phytoplankton, as well as for chlorophyll a, has been described (Bidigare et al., 1990;
Hoepffner and Sathyendranath, 1991; Johnsen et al., 1994b). However, the ratio of
accessory pigments to chlorophyll a is expected to change with trophic status (Claustre,
1994), thus modifying a,(4). Briefly, as the trophic status changes from eutrophic to
oligotrophic (i.e., as C decreases), the mass ratio of accessory pigments to chlorophyll a
increases (Gieskes et al., 1988; Claustre, 1994), and in turn a,(A) will increase in the
blue-green portion of the spectrum.

Because the form by which a,(4)changes as a function of C is not known a

priori, five steps were followed to derive an approximation (see also Figure 2.1):

a) Empirical relationships between a3, (1) and C for seven wavebands were derived
using compiled data from the field, with C ranging from 0.03 to 32 mg m™ (Table 2.1).
The data for each waveband were averaged to be consistent with the spectral response
of the SeaWiFS ocean color satellite and with the optical instruments used in this data
set, which were designed to match SeaWiFS (Cullen et al., 1994).
b) For each of the seven wavebands, a;h(l) was computed at 17 values of C (from 0.5
to 50 mg m™) using the empirical relationships derived in (a).
¢) For the same 17 values of C, dc; was calculated with equation (2.14).
d) For each waveband and value of C, dc; was substituted into equation (2.15) and

(2.15) and a;, (A) from (b).
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e) The final relationships between a;,(1) and C were generated by least-squares
techniques (Figure 2.3, see equation form, parameters and r* in Table 2.2). These
curves represent the “residual” variation of a;,(A) versus C, after taking empirically
determined changes in packaging into account.

It is important to stress once more that these equations are approximations valid only for

the range of C used (i.e., 0.5 to 30 mg m™).

2.3.1.2 Parameterization of CDOM and detrital absorption

Within the visible range (400 to 700 nm), CDOM absorption can be parameterized

(D) = a . (Ag)el 3%, (2.16)

where S (nm™') is the slope of the exponential decrease with wavelength and an(Ao) is
the absorption coefficient for CDOM at one reference wavelength, usually between 400
and 440 nm (Bricaud et al., 1981). The slope S generally varies from -0.017 to -0.0115
nm’' (Carder et al., 1989; but see Green and Blough, 1994) with a mean of -0.015 nm
for a variety of waters. Absorption by “detritus,” follows the same spectral shape as
CDOM absorption from 400 to 600 nm (Bukata et al., 1995) with comparatively smaller
slopes (Roesler et al., 1989). Because the blue and green regions of the spectrum are the
main focuses, in the general model, both absorption coefficients will be combined in a
single term, d.gom+der(A) (see Roesler and Perry, 1995).

Different environments will have different sources of the detritus and CDOM
(e.g., rivers versus autochthonous production), so a simple parameterization of
Acgomsde(A) With C is difficult. Nevertheless, an assumed linear relationship between
detritus and phytoplankton absorption can explain particular situations (see Eppley er al.,
1977). Although the linear relationships presented by Eppley et al, (1977) were derived
for phytoplankton and detrital carbon only, it will be assumed that the same type of

relationship can be expected between phytoplankton absorption and a term combining
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Table 2.1 Parameters and correlation coefficient (r? ) values for the empirical
relationships generated from the field data set of a;, (1) and C. Phytoplankton
absorption spectra were averaged, consistent with the spectral response of the
SeaWiFS ocean color sensor (about 20 nm wavebands centered on the wavelength
designated). The data are a compilation of spectra with 2-nm resolution (Bricaud er
al., 1995) and the phytoplankton absorption data (1-nm resolution) collected off the
Oregon coast (Ciotti et al., 1996) and in a coastal embayment (Bedford Basin, N.S.,
Canada). C is chlorophyll a plus pheopigment concentration. The parameter values
designated ns means not significant; na means not available; sd are the standard

deviations for each parameter.

a;,, (A) = ml +m2e"™3C) 4+ mael~m™0

Parameter Wavelength (nm)
412 443 490 510 555 670
ml 0.012 0.013 0.010 0.008 0.004 0.008
sd ml 0.002 0.003 0.002 0.002 0.001 0.001
m2 0.039 0.076 0.050 0.015 0.005 0.011
sd m2 0.004 0.004 0.003 0.002 0.001 0.001
m3 3.123 2.987 2.984 0.202 0.132 0.256
sd m3 0.555 0.033 0.377 0.067 0.041 0.045
m4 0.018 0.026 0.020 0.027 ns ns
sd m4 0.003 0.004 0.003 0.002 na na
mS5 0.308 0.214 0.232 2979 ns ns
sd m5 0.122 0.080 0.081 0.478 na na
r 0.745 0.824 0810 0749 0.260 0.446
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Table 2.2 Parameters and r* values for the relationships generated for a,(1) and C.
This value was used in combination with equations (2.14) and (2.15) to solve for
a;,(A) for each C. The parameter values in the table describe the best fit for a;,(A)

and C. Standard deviations (sd) for each parameter are indicated.

a_,(A)=mIC"™

Wavelength (nm)

Parameter

412 443 490 510 ' 555 670
ml - 0.0300 | 0.0460 0.0329 0.0245 = 0.0070 0.0178
sdml  0.0007 00004 0.0005 0.0003 - 0.0001 0.0003
m2 - 02007 - 0.2525 02996 0.2781 0.0070 0.0178

sd m2 0.0149  0.0068 0.0115  0.0083 0.0069  0.0087
r 0.937 0.990 0.982 0.989 0.953 0.965
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detrital and CDOM absorption. The slope of this line represents the fraction that is
directly associated or covaries with phytoplankton; the intercept represents a background

value. Using 443 nm as a reference wavelength, @ som.ge(A) is expressed as follows:

A gomeaa(443) = D, +d,a,, (443), (2.17)

where D, (m™) represents a background absorption that is not correlated with a,,(443), and
d, (dimensionless) is the slope of a linear relationship between a,,(443) and @ gomsger(4)-
This type of relationship was observed in the data collected off the Oregon coast, however
it may not hold in environments in which CDOM and/or detrital inputs and pools are
highly variable. Once @ 4om+4e(443) is computed, the other wavelengths are estimated with

equation (2.16) by assuming a value for S.

2.3.2 Total backscattering
Because backscattering by CDOM can be neglected (Mobley, 1994), the total

backscattering coefficient can be partitioned into three components :

by(A) = by, (2) + by (A) + by, (R). (2.18)

Backscattering by sea water is assumed to be constant and the particulate components
(by;(1), m’') can be parameterized as follows (Gordon er al., 1988; Sathyendranath and

Platt, 1988):

b, () = b, (A)b,(R), (2.19)

where b,(4) is the scattering coefficient by each component (i) and Ebi (A) (dimensionless)
is the correspondent backscattering ratio, which is a function of the particle size and the
real and imaginary parts of the refractive index (Morel and Bricaud, 1986).

The contribution of phytoplankton to the total backscattering coefficient is very
small (Stramski and Kiefer, 1991 and references therein) because phytoplankton are

generally large compared to the visible wavelengths and their relative index is similar to
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that of sea water. Their backscattering ratios (Ebph«k( (4)) vary from around 0.0001 to 0.004
(Morel and Bricaud, 1981). The source of most of the backscattering in the ocean is
unknown, and has been attributed to submicron inorganic particles and heterotrophic
bacteria (Morel and Ahn, 1991; Stramski and Kiefer, 1991; Ulloa et al., 1994) and more
recently to bubbles (Stramski, 1994; Zhang er al., 1998). Because of that, empirical
relationships between backscattering and C account for backscattering of the whole
particle assemblage (which in the terminology of this chapter would be by .4 ) (Gordon et
al., 1983; Gordon er al., 1988; Morel, 1988; Ulloa et al., 1994). Thus,

b)) =b, (M) +h,, (Wb, (A). (2:20)

The parameterization of scattering and backscattering ratio by particles will be presented,
accounting for the influence of particle assemblages on the backscattering coefficient,
and the spectral shape of backscatter. It is stressed that all these relationships with C are
purely empirical and, because of the low contribution of phytoplankton to the bulk
backscattering, they likely reflect the relationship of backscattering to factors that covary

with phytoplankton changes, rather than the direct influence of phytoplankton.

2.3.2.1 Scattering by particles

Empirical relationships between by, 4(A) and C are derived from measurements
made predominantly in blue waters at a single wavelength, using data from
transmissometers (i.e., at 660 nm) after correction for absorption by water. The most
widely used relationship is the one proposed by Morel (1988), recently revisited by Loisel
and Morel (1998). The new analyses were partitioned into upper (mixed) and deep layers,
and new data were included, expanding the range of C previously published. The mixed-
layer equation presented by Loisel and Morel (1998) showed a good agreement with the

transmissometer data (after correcting for water and particulate absorption at 660 nm) and
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with chlorophyll data collected during the Oregon cruise and during a Spring Bloom

experiment in Bedford Basin in 1993; thus, it will be used to parameterize bph+er(660).

Boh v (660) = 0.347C7%. (2.21)

2.3.2.2 Backscattering ratio

Existing relationships for Ebpumx (A) as a function of C (Gordon et al., 1988; Morel,
1988) were established from estimated values which accounted for the expected decrease
in Ebph.w (4) as C increases, due to the increasing contribution of larger particles with low
backscattering efficiency (Morel and Bricaud, 1981). Implicit in the selection of a
particular I;bphm (A), however, is an assumed size distribution for the whole particle
assemblage. Ulloa et al. (1994) using Mie computations, showed that if the size
distribution of particles with the same refractive index is modeled as a power-law (or a
Junge-type distribution), Ebph-tdct (A) is independent of wavelength, and its magnitude
depends strongly on the exponent which describes the slope of the size distribution: waters
with a more negative exponent (i.e., smaller sizes are more important) will have a higher
5bpw (4). Using inverse modeling of observed reflectance spectra, they derived an
expression of b~bwm (A4) versus C consistent with empirical relationships presented by
Gordon (1988) and Morel (1988). Thus, it is assumed that b, _ (A) is independent of
wavelength and dependent on C following (Gordon et al., 1988):

by ,...(A) =0.013481-0.0065110g10(C). (2.22)

2.3.2.3 Wavelength dependence of backscattering

Given that Ebwm (A4) is assumed to be wavelength-independent, the spectral shape
of particle backscattering will follow that of the particle scattering coefficient. Aiken et al.
(1995) assumed that the wavelength dependence of bphege(A) Was approximately A™'. It has

been shown, however, that from oligotrophic to eutrophic waters, the spectral dependence
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of particle scattering changes. In oligotrophic waters, the total scattering coefficient has
been shown to follow both A2 (Sathyendranath et al., 1989) and A" (Gordon et al., 1988;
Mobley, 1994), consistent with the dominance of small particles. In eutrophic
environments, the total scattering has been shown not to vary much with wavelength
(Gordon et al., 1988; Morel, 1988), related to the addition of bigger particles with flatter
scattering spectra. To account for this change with trophic status, it will be assumed that
the scattering coefficient follows 2> when C is low (0.05 mg.m-3) and A° when C is high
(20 mg.m™) and that the exponent decreases logarithmically with C (Gordon er al., 1988).
Accordingly,

B(A) = By () + Doy b S0V 2.23)

where Y decreases from 2 to O following a logarithmic function of C:
¥ =1-0.7681og10(C). (2.24)

2.4 Implementation of the semi-analytical model

Given the parameterizations above, both K4(490)and L (443)/L(550) can now be
calculated as functions of trophic status. The approach is summarized in Figure 2.1, and

the equations are given in section 3. K, (490) is given by:

(D +d.a_, (443 490
K,(490), = aph(490)k +e (D, ; s on ( ) +a.( ) ’ 2.25)
d

and L (443)/L(550) is given by:

LAY _ ¢ o5 (Bou(443) 4 By (660), L49™)
L (550) (bv, (550) + by, o, (660),1.27)
(a,,(550), +¢€"'"(D, +d.a,,(443),) +a,(550)
D, +a,, (443), (1+d,) +a,(443)

(
(2.26)
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where ydesignates the spectral dependence of the particle scattering and k represents the
evaluation of each term for a given C value. In these equations:
H,=0.7 (see section 2.2);
§=-0.015 (nm’', see section 3.1.2);
D, =0.02 (m"', simulating an oligotrophic a_,__,, ., background (Kirk, 1994b);
d; =0.3 (following Bricaud and Stramski (1990));
Assuming that this general model has the same form as empirically derived

relationships (Austin and Petzold, 1981; Aarup et al., 1996; Mueller and Trees, 1997):

In(K,(490) — K, (490))= A, + A In(L,(443)/ L,(550)), 2.27)

where K (490) is the attenuation coefficient of pure water at 490 nm. The parameters A,
and A, can be estimated statistically for predictive purposes given solutions of equations
(2.25) and (2.26) over a range of C. For different environments and/or different
assumptions, the parameters and relationships with C are expected to differ, as will be
shown later. Nevertheless, the basic principles will hold and new relationships can be
derived accordingly. Hereafter, this general model will be referred to as the Semi-
analytical Model of Ocean Color and Attenuation as a Function of Trophic Status
(SAMOCAFOTS). The model predicts absorption and backscatter in the ocean, and hence
attenuation and spectral reflectance, as a function of surface chlorophyll, consistent with
well described bio-optical relationships derived from theory, laboratory research and
measurements in the field. Therefore, it reconciles a broad range of known relationships
between phytoplankton community structure, optical properties of surface waters, and
trophic status of surface waters.

It is acknowledged that modeling optical properties as functions of chlorophyll
concentration can introduce many limitations, mainly regarding the imprecise relationship
between chlorophyll and phytoplankton biomass (Cullen, 1982). Nonetheless, chlorophyll
is the single most evident descriptor of phytoplankton abundance, and understanding how

different communities influence optical properties is an important starting point to a better
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interpretation of bio-optical models. The results of the sensitivity analysis (see below)
reveal how different communities influence optical properties at a given chlorophyll
concentration.

The validation of the semi-analytical model is done through comparisons with
empirical relationships between diffuse attenuation at 490 nm, K ,(490), and ratios of
upwelling radiance of 443 to 550 nm, L (443)/L,(550). These particular wavelengths were
selected due to the availability of several empirical relationships (e.g., Austin and Petzold,
1981; Aarup et al., 1996; Mueller and Trees, 1997) and a large independent data set. By

adjusting a few parameters (see below), the model can easily include other wavelengths.

2.5 Bio-optical field data

Bio-optical data at the surface were collected during a number of cruises (Table
2.3). For sampling details during the Bedford Basin Summer experiments (BBS92 and 93)
and the cruise off Oregon (ORE94) refer to Cullen et al. (1994) and Ciotti et al. (1996),
respectively. Chlorophyll (fluorometric) as well as particulate (filter pad method) and
dissolved absorption were measured as described by Ciotti ef al. (1996). Data from the
1996 time series in Bedford Basin (BBTS96) were collected every 10 minutes with a
Tethered Attenuation Coefficient Chain Sensor (TACCS), which was moored in Bedford
Basin from July to November. This instrument is a radiometer buoy measuring spectral
upwelling radiance (L,(4), yW cm? nm™' sr'') in 7 wavebands at a depth of 0.45 m, and a
chain containing four E,(490)sensors, positioned at 2, 4, 8 and 16 m, with another 30 cm
above the surface. Surface (upper 2 m) K4(490) was computed using estimated E,(490) just
below the surface (i.e. E,(490) in the air corrected for Fresnel reflectance (see Mobley,
1994) assuming wind speed equal to zero) and the E,(490) sensor from 2 meters. Because
L,(A) sensors are located at a depth of 0.45 m, L,(443) and L,(550) were propagated to just
below the surface using the empirically determined spectral model of Austin and Petzold
(1986) for K4(A) as a function of K4(490). Independent K,(A) data were obtained

throughout the experiment confirming the appropriateness of this model for Bedford Basin
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Table 2.3 List of cruises with respective location, dates and optical measurements at

the surface.

Cruise Location Dates 7 Optical properties measured
near-surface

ORE94  off the Oregon coast  September 1994 L,(443), L,(555), K4(490)

 WE97 Bering Sea April 1997 L,(443), L,(555), K4(490)
BBS92 Bedford Basin August 1992 L(443), L (555), K4(490)
~ BBS93 Bedford Basin August 1993 L,(443), L,(555), K(490)

during a red tide

 BBTS96  Bedford Basin  June to November [ (443), L,(559), Ky(490)
1996
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during the study period.

During the WE97 cruise (Table 2.3), a radiometer buoy measuring radiance
reflectance (L,(4) and E4(4) in 13 wavebands) and a profiling radiometer measuring E,(A)
in the same wavebands were used. Sampling design and data processing were similar to
those used during the ORE94 cruise, but because the radiance sensors were very close to

the surface, L (A) was not corrected for attenuation.

2.6 Results and Discussion

2.6.1 Model versus established empirical relationships

In this section, the parameterization of K4(490) and L, (490)/L,(550) are compared

with established empirical relationships.

2.6.1.1 Diffuse attenuation versus C

For K,(490) as a function of C, the relationship described by Morel (1988) was
used (Figure 2.4A). The parameterization of K,(490), which is based on data from
laboratory and field, agreed to within 20% of the empirical relationship based on direct
measurements, varying from overestimating by 20% at 0.5 mg m™ to underestimating by
15% at 10 mg m™; above 10 mg m?, the model values remained 15% less than the
empirical relationship. These results suggest some small inconsistencies in the
parameterization of absorption by phytoplankton and/or by detritus plus CDOM. Although
the visual comparison of model and empirical data in Figure 2.4A makes it tempting to
infer that the parameterization underestimates total absorption (see equation (2.6)), the
disagreement could also be a result of the form of the equation chosen to represent the field
data, and also from keeping a constant value for the average cosine (see section 2.2).
Nonetheless, considering all the assumptions made and the variability in the field data, the
agreement is good: the semi-analytical expressions for IOPs, derived from basic bio-

optical principles and relationships, reproduced well a statistically-derived relationship
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Figure 2.4 Comparison between empirical models and the parameterization of
SAMOCAFOTS . A) Attenuation coefficient at 490 nm versus the empirical model by
Morel (Morel, 1988). B) Radiance ratio of 490 to 550 nm (L,(490)/L,(550)) which was
calculated as in equation (2.26) with the relevant parameters modified from 443 to 490
nm (see text). Comparison with the CZCS algorithm for C >1 mg m (see Lewis and
Cullen, 1991), and the more recent SeaWiFS algorithm (O'Reilly et al., 1998). C)
SAMOCAFOTS and empirical models relating K,(490) to L,(443)/L,(550) derived by
Austin and Petzold (1981), Aarup et al. (1996) and Mueller and Trees (1997). Note that

empirical models were not extrapolated beyond the upper limit of K,(490) measured in

each case.
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between AOPs.

2.6.1.2 Retrieval of C from ocean color

The comparison between the parameterization of reflectance ratios and empirical
data was done for relationships between C and L,(490)/L,(550), computed as in equation
(2.26) and modifying relevant parameters from 443 to 490 nm. In coastal waters, 490 nm
has been shown to work better than 443 nm (e.g., Aiken et al. (1995) and references
therein) and the new global algorithms for retrieving C from ocean color are now based on
L,(490)/L.(550). For a range of C, the general model was used to compute L, (490)/L (550),
which could be related to remotely sensed C (RSC) using published algorithms (Figure
2.4B). Two empirical RSC models were used: the CZCS algorithm for RSC >1 mg m” (see
Lewis and Cullen (1991), but note that the original algorithm was established for 500 and
560 nm) and the more recent SeaWiFS$ algorithm (O'Reilly et al., 1998). Both empirical
algorithms were derived with a very limited number of data points at high C, so
comparisons at high C are meaningless. This analysis (Figure 2.4B) resulted in a good
agreement (within 20% ) between C used to compute L (490)/L,(550) and the retrieved
RSC (inversion of L (490)/L,(550)) using the SeaWiFS$ algorithm for C from 0.5 to 30 mg
m™. Using the CZCS algorithm to retrieve RSC, the agreement was lower overall, and the
retrieved C agreed within 20% only with input C from S to 18 mg m™. These comparisons
also demonstrate how the semi-analytical expressions for IOPs derived from basic bio-

optical principles can reconcile relationships between AOPs and C.

2.6.1.3 Diffuse attenuation versus radiance ratio

Empirical models relating K,(490) to L (490)/L,(550) (Austin and Petzold, 1981;
Aarup et al., 1996; Mueller and Trees, 1997) and the results derived by SAMOCAFOTS
are shown in Figure 2.4C. The agreement between the model and the empirical
relationships, and the agreement among the empirical relationships, is good for C up to 10

mg m”. Divergence among the different empirical models is noticeable in green waters
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(L, (443)/L (550)< 0.5), reflecting the bio-optical differences among data sets, differences
in sample size, and the ranges of K,(490) and L (443)/L,(550) included in each.
SAMOCAFOTS also diverges from the empirical relationships when L, (443)/L (550)< 0.5,
that is, C > 12 mg m™ with more influence of CDOM (see below). However, the fact that a
good agreement was possible without adjusting any of the parameters suggests that the
simplifications and assumptions made in deriving the semi-analytical model are valid at

least for C between 0.5 and about 15 mg m™.
2.6.2 Model versus independent bio-optical data

The semi-analytical model can now be compared with independent optical
measurements of L,(443)/L,(550) and K,(490) (Figure 2.5). For L,(443)/L (550) from 0.5
to about 1.5, the general model explained most (above 90%) of the variability in K,(490)
found in the field data. Note that the data from the Bering Sea cruise in 1997 tended to
remain below the line defined by the general model. For radiance ratios below 0.5,
however, it is clear that no single relationship can explain the dispersion of the data,
especially those derived from Bedford Basin. These data suggest that a family of curves
can be derived and show also a group of outliers associated with a red tide event during
BBS93 (Cullen et al., 1994).

The most obvious differences among the data collected in Bedford Basin and the
other data sets are related to the higher influence of CDOM and detritus in Bedford Basin.
From absorption data collected weekly in Bedford Basin in 1996 (Figure 2.6; data from the
Oregon cruise is plotted for comparison) it can be observed that the parameters describing
CDOM plus detrital absorption (D, and d;) differed from the original parameterization,
although the slope, S, was in average close to -0.015. Thus, to encompass more properly
the range of conditions in Bedford Basin, a second curve was constructed by using the
same parameter values as in SAMOCAFOTS, except that D, and d; were set to 0.4 m™ and
0.4, respectively. The C range was also extended to 50 mg m™. Hereafter this relationship
will be referred to as SAMOCAFOTS high CDOM.
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Figure 2.5 Comparison of SAMOCAFOTS with independent data collected in a
variety of coastal waters: off the Oregon coast in September 1994 (ORE94, see Ciotti
et al. (1996)), in the Bering Sea in June of 1997 (WE97), and in Bedford Basin on
several occasions: Summer of 1992 (BBS92), Summer of 1993 (BBS93) during a red
tide event (in box), and also a time series from June to November of 1996 (BBTS96).
Plot shows data from BBTS96 collected daily between 11:00 and 13:00 local time.
Note that the radiance ratios measured during ORE94, BBS92 and BBS93 were
between 443 and 555 nm and during BBTS96 were between 443 and 559 nm.
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Although SAMOCAFOTS high CDOM can explain some of the variability of the
high K,(490) data as a function of C, the sources of the residuals about this mean
relationship remain to be examined. In what follows, an analysis was developed to
examine the independent influences of: (a) packaging (dc;) and pigment composition
(az(A)), (b) the dependence of the scattering coefficient on wavelength, and (c) the

effects of CDOM and detrital absorption (@ gyomsge(A))-
2.6.3 Sensitivity analysis

Relationships between K(490) and L (443)/L,(550) were constructed using a range
of fixed values for individual input parameters that were functions of C in SAMOCAFOTS
(see Table 2.4). As mentioned above, the goal of this analysis was to identify the sources
of the residual variability, including the effects of changes in phytoplankton community

structure on this relationship.

2.6.3.1 Packaging and Pigment Composition

The idealized parameterization of phytoplankton absorption in the model accounted
for changes in community structure as C increased, which was consistent with empirical
relationships between a;, (4) and C. Packaging and pigment composition were treated
separately so that the effects of different cell sizes with distinct pigment composition could
be analyzed.

In order to simulate the effects of pigment packaging, curves of K,(490) versus
L,(443)/L(550) were reconstructed using the SAMOCAFOTS parameterizations but
substituting constant dc; for all C values (Table 2.4). The influence of different pigment
composition was analyzed in a similar manner: the terms of aZ,(A) which varied with C
(Table 2.2) were replaced with fixed values. Because three wavelengths are involved,
a;, (443), ag,(490) and a;,(550) were computed for three concentrations of C (1, 5 and

20 mgm™), representing high, middle and low accessory pigmentation, respectively
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Figure 2.6 Absorption by detritus (particulate material after extraction with an organic
solvent) plus CDOM and phytoplankton absorption at 443 nm during the weekly
sampling in Bedford Basin in 1996 (BBST96) and during the Oregon cruise in
September 1994 (ORE94). Lines represent an assumed linear relationship: the slope
represents the fraction that is directly associated with phytoplankton and covaries with

them (d;) and the intercept represents a background value (D,).
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Table 2.4 Values for the parameters and variables used in the sensitivity analysis.
These values replaced the relationships with C in the general model. The parameter Yy

refers to the exponent of the relationship between particle scattering and wavelength.

Input variables Values
C; mg m> 05,075,1,1.25,15,2,3,4,5,7, 10, 12, 18, 25 and
30 plus 40 and 50 for SAMOCAFOTS high CDOM
az,(A); m* mgChl* corresponding to equations in Table 2.2
dc;; mgm?® 10, 20, 40, 60, 80, 100 and 120
Y 2,1,0and -0.5
Dy; m' 0.0, 0.03, 0.06,0.1,0.2, 0.3 and 0.5
d; 0.0,0.1,0.3,0.5and 0.8

S; nm’! -0.010, -0.012, -0.016, -0.018, -0.020 and -0.025
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(Claustre, 1994). The goal was to keep the proportions among the three wavelengths
consistent with field observations.

Both packaging and pigment composition strongly affected the shapes of the curves
(Figure 2.7). Some of the combinations of parameter values resulted in reconstructed
curves that were close to the general models (and consequently, close to the empirical
models). However, no single combination was able to reproduce these models completely
for the given ranges of C. The general trend in the model was in accordance with expected
changes in phytoplankton composition as C increases can be seen in Figure 2.7: as cell
size, hence dc;, increases (Malone, 1980; Yentsch and Phinney, 1989; Chisholm, 1992), the
ratio (mass to mass) of accessory pigments to chlorophyll a decreases (Claustre, 1994),
thus decreasing a,(4). The combinations of fixed parameters created an “envelope”
around the general relationship. Not surprisingly, the most significant deviations were
observed when pnytoplankton communities were composed of cells that were “opposed” to
the normal trend, that is, small and less pigmented cells dominating at high C, or bigger
cells that were heavily pigmented. These are possible occurrences in coastal and estuarine
waters, for example, blooms of Skeletonema costatum (cells with low dc; , (see Morel and
Bricaud, 1986), or blooms of dinoflagellates (e.g. Alexandrium tamarense in laboratory
experiments show dc; values from 55 to 116 mg m™).

Deviations occur in both K,(490) and L, (443)/L,(550) as functions of C (see
examples for “medium” accessory pigments in Figure 2.8). For a given C, bigger cells
show higher reflectance ratios and smaller attenuation than the general tendency
(SAMOCAFOTS). The two effects combined make the relationship between K,(490) and
L,(443)/L(550) deviate to the upper part of the “envelope” observed around the expected
central tendency. Conversely, dominance of small and “pale” cells push the relationship to
the lower part of the envelope. The same trends were observed in the sensitivity analysis
using SAMOCAFOTS high CDOM (Figures 2.7D, E and F).

Some of the deviations observed in the data set (Figure 2.5) can indeed be related

to the “size” of the dominant organism. During the red tide event (BBS93), when large
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dinoflagellates (Gonyaulax digitale and Dinophysis spp.) were at depth and the surface
community was composed of small flagellates, the observations approached the general
relationships. When the dinoflagellate cells were at the surface, the observations clearly
deviated to the upper portion of the “envelope.” During the cruise in the Bering Sea in
1997, observations clustered to the lower portion at high C. These samples were dominated
by colonies of Phaeocystis sp. (Cullen et al., unpub. data), containing small cells.

Thus, as a first approximation, deviations from the general relationship between
K4(490) and L,(443)/L,(550) could be used as a way to detect and characterize blooms
optically. This might only work at a regional level, because the establishment of precise
general relationships relies on knowledge of how the several parameters covary with C

(equations (2.25) and (2.26)).

2.6.3.2 Spectral dependence of total scattering

As discussed in section 3.2, the particle backscattering coefficient can generally
be represented by an inverse-wavelength dependent spectrum (see Mobley, 1994). In
SAMOCAFOTS, its exponent (7) followed an assumed logarithmic relationship with C,
going from A at low C grading to A°at high C, representing the importance of small and
large particles, respectively. The sensitivity of SAMOCAFOTS to y was, thus,
established by substituting its relationship with C with fixed values from -2 to 0.5 (Figure
2.9). The effect of changes in ¥ appears small for the more commonly reported exponents
of -1 to 0, becoming increasingly important as C increases (Figure 2.9A). The effect is
larger when the absorption by CDOM plus detritus is important (Figure 2.9B).

The apparent change of the exponent from -2 or -1 to 0 is a “mean” observation
(Gordon et al., 1988; Morel, 1988; Sathyendranath et al., 1989). Comparison of
SAMOCAFOTS with the Austin and Petzold (1981) empirical relationship at high
K(490) (Figure 2.9A) suggests that the exponent could exceed O in eutrophic waters.
Further investigation of the relationships between particle backscattering and C in these

waters is required, especially given that laboratory experiments with large phytoplankton
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L,(443)/ 1, (550)

K,(490) m’

Figure 2.8 Analysis of the effects of changes in packaging for a fixed pigment
composition (“Medium” accessory pigments, as in Figure 2.7B) and the relationships
between : A) L,(443)/L,(550) and C, and B) K(490) and C. Individual points refer to
fixed values of the product of cell diameter and intracellular concentration of
pigments, dc; (legend), and a,(4) computed as in the equations in Table 2.3 for C
equal to 5 mg m™ (“Medium” accessory pigments). Symbols indicate dc; values in both

graphs. Solid line is the general model.
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species have shown spectral features of b, that do not necessarily conform to a simple
relationship with wavelength (Stramski and Kiefer, 1991). This will probably be the case
when blooms occur, because one particular group dominates the optical properties (e.g.,
Subramaniam and Carpenter, 1994). If a bloom of bigger cells (high packaging) had a
large influence on the total scattering coefficient or on the backscattering ratio (Ahn er
al., 1992), it would result in positive exponents. In this case, the effect could counteract
the effect of packaging on the deviations in the relationship between K,(490) and
L,(443)/L,(550). Thus, it will probably be necessary to measure directly both absorption
and scattering signatures for pertinent groups of phytoplankton in the field during
blooms.

This analysis also suggests that input of different sizes of inorganic and organic
material can strongly affect the relationship between K,(490) and L,(443)/L (550). The
inclusion of such particles, in addition to particle assemblage parameterized in
SAMOCAFOTS can be easily done by the addition of an extra term in equation (2.23),

such that:

- ~ 600
by(A) = by, (A) +bsp,,mb,,..,¢.(/1>(%)' + Brr b HE = (2.28)

where anon-ph is the backscattering ratio for the additional particles and b, ,(4) is its
respective scattering coefficient. As was done for phytoplankton plus detritus, once
Ebnon- on 1S estimated, a spectral dependency, i.€., ¥,on.pne has to be assumed. Particles such
as clay can have a backscattering ratio of up to 0.08 (Bukata et al., 1988), and if a
dependency of A is assumed, significant deviations from the general trend can result
from increasingly larger inputs of these particles (2.10A and B). The input of these
additional particles is simulated by increasing the value of their scattering coefficient,
Dpon-ph(660).

On the other hand, the input of particles with low backscattering ratios, small

slopes, and no spectral dependency for the scattering coefficient (for example, organic
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Figure 2.9 Sensitivity of A) SAMOCAFOTS and B) SAMOCAFOTS high CDOM to

the wavelength dependence of the particle scattering coefficient (y), varying as

described in the legend. More negative exponents are associated with the importance

of smaller particles. All the other parameters (packaging, pigment composition and

CDOM plus detrital absorption) are a function of C, as in SAMOCAFOTS. The

empirical relationship by Austin and Petzold (1981) is plotted in A for comparison.
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2.10C and D), especially in situations where the proportion of @ 4om+ger 10 a@,u(4) is high.
Nevertheless, a large input of organic particles (for example in Bedford Basin) with
absorption spectra that differ from those of the oceanic phytoplankton and detritus will
affect the relationship between total absorption and C, as described below.

2.6.3.3 CDOM and detrital absorption

The effects of a 4om4ge(A) can be analyzed by varying D,, the absorption attributed
to a “background” concentration; dj, the fraction covarying with phytoplankton absorption;
and §, the slope of the decay of a.gomgei(A) With wavelength. Values of D, were selected
to represent environments ranging from oligotrophic oceanic waters to estuarine waters
(based on Kirk (1994b)). The range of d; was based on the absorption data from a variety
of coastal waters (not shown), in which measured values of the absorption coefficient by
phytoplankton were compared to measured values of the combined contribution of
absorption by CDOM and detritus at 443 nm. Values for S vary over published ranges for
CDOM absorption (e.g., Carder et al., 1989; Green and Blough, 1994).

Changes in D, (Figure 2.11A) affected the relationship between K,(490) and
L (443)/L,(550) slightly at low C, and changes in d; (Figure 2.11B) hardly influenced the
shape of the relationship. This may be one of the reasons why the empirical relationship of
Austin and Petzold has been shown to hold in more turbid environments (Cullen et al.,
1994). In fact, if SAMOCAFOTS were to be extrapolated to very high (and unreasonable)
C, and the empirical relationships to lower values of L (443)/L,(550), the curves would
explain from 40 to 60% of the variability of the data with high K,(490). In other words,
despite the variability in @.4om+der(4) in Bedford Basin (see Figure 2.6), empirical

relationships can still predict K;(490) with some degree of accuracy.
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Figure 2.10 Influence of an additional input of particles simulated by their attenuation
coefficient at 660 nm, b,,,.,,(660). A and B) Increments of bnon-pn(660), simulating the
input of particles with backscattering ratio equal to 0.08, low absorption coefficient and
dependency of A™' for the scattering coefficient, for SAMOCAFOTS and
SAMOCAFOTS high CDOM, respectively. C and D) Same as A and B, only for input
of particles with backscattering ratio of 0.01 and no spectral dependency for the

scattering coefficient.
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The effect of increasing a.gomsgea(4) is to reduce the overall sensitivity of the
radiance ratios to distinguish between the different levels of C, as anticipated (Gordon et
al., 1983 and references therein) and verified in the field (e.g., Hochman et al., 1995).
Figures 2.11C and 2.11D show the effects of varying D, and d,, respectively, on the ratio
of upwelling radiance at 490 to that at 550 nm and the resulting changes in C retrieved
using the SeaWiFS algorithm (O'Reilly er al., 1998). Changes in d, affected the results
modestly (less than 40%); however, changes in D, resulted in an overestimation of the
retrieved C by a factor of more than 10 when in situ C is low, and by a factor of 2 when in
situ C is high.

The attenuation coefficient remained sensitive to changes in C at all final
concentrations of @ gom.qe(4) (Figures 2.11A and B), but will respond to both D, and 4, in a
similar manner as L,(443)/L,(550) does. Because in the parameterization the relationship
between @ 4,4, and a,, is linear, it is not surprising that the effects of both D, and d; on
L (443)/L(550) and K,(490) are proportional to one another and, therefore, the form of
original relationship is maintained.

So far, the comparisons of the influence of varying total amounts of CDOM plus
detrital absorption were done for a constant spectral shape. This shape, however, is
expected to change depending on the composition and origin of CDOM, which is
manifested by changes in the slope, S (Carder et al., 1989). Because of that, S could be
expected to vary seasonally. In addition, in waters such as Bedford Basin, the variability in
S could follow a range of different time scales, associated with tidal and wind mixing as
well as river outflow and precipitation rates. The sensitivity of SAMOCAFOTS to S
(Figure 2.12) shows that it can influence significantly the relationship when a g, ge(4) is
high. The range of variability around the central tendency explained by SAMOCAFOTS
high CDOM (Figure 2.12B) is consistent with the range of variability found during the
time series experiment in Bedford Basin, suggesting that models should incorporate terms

to account for the variability in S for water bodies in which CDOM is an important
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Figure 2.11 A) Sensitivity analysis of SAMOCAFOTS to changes in D,, the
absorption by the background concentration of CDOM and detritus, representing
ranges found from oligotrophic to estuarine waters. B) Sensitivity to d,, the slope of
the assumed linear relationship between phytoplankton and CDOM and detritus
absorption, representing ranges found in in a variety of coastal waters. C and D) Same
as in A and B, only for the relationship between C and L,(490)/L,(550) which was
parameterized as in equation (2.26) with the relevant parameters modified from 443 to
490 nm.
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contributor to total absorption.

2.7 Summary and Conclusions

A semi-analytical model was constructed to explore the effects of diverse optical
components on the relationship between upwelling radiance ratios and diffuse attenuation.
The model was based on well described, fundamental sources of optical variability in the
ocean. The terms were parameterized as functions of C, consistent with observations from
the field, reconciled with theoretical and laboratory-derived optical relationships. Although
C is a poor descriptor of phytoplankton biomass (Cullen, 1982), the construction of a
general (or “expected”) relationships as a function of C allowed developing more
mechanistic approaches to interpret changes in phytoplankton optical properties as a
function of trophic status (Yentsch and Phinney, 1989). In addition, analysis and
interpretation of deviations from the expected trend can be useful tools (e.g., Morel, 1997).

The resulting general relationship between K,(490) and L (443)/L(550)
reproduced well both empirical models and independent bio-optical data from a variety of
environments. The individual parameterizations of diffuse attenuation and radiance ratios
also agreed well with patterns in data from the field. The model reconciles relationships
between inherent and apparent optical properties, as well as theoretical, laboratory and
field observations. The agreement between statistical models and the semi-analytical
expressions was above 80% for L (443)/L(550) above 0.5. The parameterization of
phytoplankton absorption can be modified to include a range of phytoplankton
communities for a given value of C.

Variability around the central tendency explained by the general model was
modeled by varying the original relationship between the input parameters and C. The
estimated deviations from the general model could be related to the variability observed in
the field measurements. Substantial deviations were produced by:

(a) changes in packaging at high accessory pigment concentration;

(b) changes in the spectral shape of the scattering coefficient (implying changes in the
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to changes in S, the slope of the decrease of CDOM plus detrital absorption with
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collected in this study.
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size distribution of the particles and also different types of particles) in environments

where CDOM and detrital absorption are important and;

(c) variability in non-phytoplanktonic absorption, particularly changes in S, the slope

of the decrease in absorption with wavelength, in environments expected to have a

large contribution of CDOM and/or detrital absorption.
Although with the set of wavebands used in this analysis it is difficult to distinguish
among these effects, one can speculate that packaging and high accessory pigment
concentration explain in large part the deviations found during a red tide event (BBS93),
because during this experiment, absorption by CDOM remained relatively consistent.
These deviations could be applied in monitoring such events using simple passive optical
instruments (Cullen et al.,, 1997). The analyses suggest that SAMOCAFOTS-like
relationships could be constructed to discriminate rough features among different
phytoplankton communities (i.e., packaging), given a set of optimized wavelengths which
minimizes the influence of CDOM and detrital absorption. Algorithms using two or more
radiance ratios (with SeaWiFS wavelengths) to estimate chlorophyll concentrations in
waters with CDOM and detrital influence are being developed and tested (Aiken et al.,
1995 and references therein).

Another important point can be made regarding the predictive skills of the semi-
analytical relationship compared to the empirical ones: in the independent data set
presented in this paper, the forecast skill of K,(490) from L (443)/L,(550) was about the
same using the model as with the empirical relationships. This is not unexpected, as both
the general semi-analytical and empirical equations represent general trends or averages
of the variability in optical properties by phytoplankton and other components. The main
goal of expressing optical properties through semi-analytical expressions, rather than
improving their statistical forecast skill, is to produce tools to understand quantitatively
the factors that influence these properties. Once these factors are defined, some forecast
skill improvement can be made if independent and concurrent optical measurements are

made to account for first order deviations from the general trend.



Chapter 3

Dominant cell size and its effects on the spectral shape of

natural phytoplankton absorption spectra

3.1 Introduction

Changes in phytoplankton species composition are a central feature of marine
ecosystem dynamics. Description and prediction of these changes are important goals to
many fields in oceanography, such as evaluation of eutrophication (Hallegraeff, 1993),
prediction and monitoring of harmful algal blooms (Riegman, 1998), or the distinction of
different biogeographical provinces in the ocean (e.g. Longhurst et al., 1995).

Much effort has been dedicated to investigating the extent to which changes in
phytoplankton species composition will affect optical properties of surface waters (e.g.
Bricaud and Morel, 1988; Ackleson ez al., 1990; Stramski and Kiefer, 1991; Hoepffner
and Sathyendranath, 1992; Johnsen et al., 1994b; Subramaniam and Carpenter, 1994;
Brown er al., 1995; Morel, 1997; Stuart et al., 1998), so that variability of phytoplankton
could be observed continuously or synoptically, using techniques such as in siru optical
instruments or remote sensing. This is a complicated topic, because phytoplankton
communities include species with variable size, shape, external and internal structures,
pigment composition and different patterns of mobility. All these characteristics will

influence the optical properties of the ocean to some degree, and thus it is likely that a
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large number of parameters will have to be considered for a complete description of
different communities of phytoplankton. A central goal of the research in this field is to
determine how much information is required in order to use ocean color for
discriminating different types or communities of phytoplankton.

There is good evidence that variability in ocean color spectra alone may not give
enough independent information to reveal changes in species composition of
phytoplankton (Mueller, 1976; Garver and Siegel, 1994) because most of the variability
can be attributed to a few components (but see Hoge and Swift, 1990; Sathyendranath ez
al., 1994). Therefore, an important step in the study of the influence of different
communities of phytoplankton on ocean color is to analyze quantitatively relevant
parameters that influence their optical properties.

In the previous chapter, it was shown explicitly that average changes in
phytoplankton communities with trophic status (i.e., chlorophyll concentration) were
consistent with the proposition that groups of larger cell sizes are added to a relatively
constant “background” of smaller cells (cf. Yentsch and Phinney, 1989). Consequently,
both pigment packaging and the concentration of accessory pigments also have an
expected relationship with chlorophyll concentration. However, nature seldom conforms
to such idealized terms: smaller cell sizes can often form large standing crops, and
phytoplankton communities can be dominated by a diverse variety of phytoplankton
groups, which in principle, will have distinct optical properties.

In this chapter near-surface bio-optical data from a wide variety of natural
situations were analyzed to determine the degree to which different communities of
phytoplankton, that were explicitly discriminated in terms of cell size, affect the shape of
phytoplankton absorption spectra. Comparisons included absorption measurements on
samples that were physically separated into size ranges. Phytoplankton communities were
also categorized according to taxonomic composition of the dominant organisms to
quantify the role of both size and taxon on the spectral shape of phytoplankton absorption

coefficient. The results were analyzed in the context of retrieving features of
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phytoplankton communities from optical measurements. A large fraction of the
variability in the spectral shape of phytoplankton absorption can be related to the cell size
range of the organism which dominates phytoplankton biomass. As a direct consequence,
the influence of different communities can be substantially accounted for with a
parameterization of phytoplankton absorption using two basis vectors, representing
absorption of small and large cells, and a “size” parameter specifying the contribution of

each.

3.2 Background

Trends in the composition of phytoplankton communities can be related to local
trophic status (Margalef, 1978; Kigrboe, 1993). In oligotrophic environments,
phytoplankton biomass is dominated by prokaryotic cells (Chisholm et al., 1988; Olson et
al., 1990) which are small and have characteristic pigmentation (Goericke and Repeta,
1992; Moore et al., 1995). Because specific rates of nutrient uptake tend to decrease with
increasing cell size (see Joint, 1991), only under higher nutrient conditions (i.e., eutrophic
environments) can larger cells compete for nutrients, grow, and complement the small-
size groups (Malone, 1980; Yentsch and Phinney, 1989; Chisholm, 1992). These groups
of larger cells will belong to distinct groups of species depending mainly on both
environmental conditions and on the ability of these species to exploit light and nutrients
effectively (cf. Margalef, 1978).

Ecologically, changes in community structure with trophic status can be attributed
to a balance between growth rates, turbulence and efficiency of predation (Thingstad and
Sakshaug, 1990; Kigrboe, 1993; Riegman et al., 1993). Small cells have an advantage in
using both light and nutrients as a result of their high surface to volume ratios (Chisholm,
1992), and because of their small size (implying low sinking rates), they tend to remain
easily in the euphotic zone. Larger cells have an advantage regarding predation, because
the relative density of predators tends to decrease with increasing prey size, while their

generation times increase. The abundance of small cells is thus controlled more
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effectively by their similar-sized predators (Banse, 1982). Because of that, most of the
variability in phytoplankton biomass can be related to pulses of larger cells, formed by a
combination of nutrient supply to the euphotic zone, stratification of the water column
combined with turbulence levels capable of maintaining larger cells in suspension, and a
considerable time lag in the numerical response of their predators (Kigrboe, 1993; Carr,
1998). It is not surprising that both cell size and analyses of pigment composition (as a
proxy for taxonomy) are the main focus of studies describing the role of natural
phytoplankton in modifying the optical properties of the ocean. An important point to
make is that, in conjunction with these changes in favored cell size with trophic status,
nutrient availability itself will influence physiological attributes of pigment composition,
so that when nutrients are scarce, cells will tend to have a higher concentration of
accessory pigments (including photoprotective pigments) than when nutrients are
abundant (Sosik and Mitchell, 1991; Geider et al., 1993; Stuart et al., 1998).

The optical properties of phytoplankton are determined by absorption, scattering
and backscattering coefficients of assemblages of cells (Gordon et al., 1975; Morel and
Prieur, 1977). Data from different optical platforms, such as satellites (Subramaniam and
Carpenter, 1994), aircraft (Sathyendranath et al., 1994) and in situ instruments (Morel,
1997), as well as laboratory (Johnsen er al., 1994b) and field (Millie er al., 1997)
comparisons of absorption spectra, suggest that differences in pigment composition,
detectable in measurements of ocean color, can in some cases, be used as “pigment
signatures” for different groups (but see Garver and Siegel, 1994).

The spectral absorption of pigments inside phytoplankton cells and organelles is
reduced compared to that of the same pigments in solution. This “package effect”
(Duysens, 1956; Kirk, 1994b) depends upon cell size and intracellular pigment
concentration (Bricaud er al., 1983). Different degrees of packaging in natural
populations of phytoplankton have been shown to influence the relationship between
phytoplankton absorption and chlorophyll concentration (Bricaud et al., 1995; Cleveland,

1995; Stuart et al., 1998), and optical measurements such as ratios of upwelling radiance
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(Carder er al., 1991) and diffuse attenuation coefficients (Mitchell and Holm-Hansen,
1991). Measurements in laboratory using monospecific cultures combined with modeling
exercises (Mobley and Stramski, 1997) have also predicted that different dominant
species can produce changes in the relationship between ocean color and the amount of
chlorophyll.

In contrast, Garver and Siegel (1994) showed that the variability found in a large
data set of particulate absorption spectra from different environments could be practically
explained by only two spectral components: material containing pigments
(phytoplankton) and the material that does not (detritus), inferring that the differences in
the shape of phytoplankton absorption for different communities of phytoplankton are too
small to be useful.

Ocean color is also dependent on the spectral shape of the backscattering
coefficient (Gordon et al., 1988), which changes with particle size-distribution (Morel,
1987) and is expected to be related to the optical characteristics of the dominant species
(Stramski and Kiefer, 1991; Ahn er al., 1992). However, the bulk backscattering
coefficient in the ocean has been attributed principally to components other than
phytoplankton, such as submicron particles and bacteria (Stramski and Kiefer, 1991; Ahn
et al., 1992; Ulloa et al., 1994) and more recently, bubbles (Stramski, 1994; Zhang et al.,
1998). To date, only a few measurements of spectral backscattering in the field have been
presented (e.g. Maffione and Dana, 1997) to validate theoretical predictions. Because of
that, generalizations of how the spectral backscattering changes with trophic status are
problematic and have to be accessed through simplifying assumptions (Roesler and Perry,

1995).

3.3 Approach

In order to provide a context for describing the variability of phytoplankton
composition in coastal waters, a simple classification of different communities of

phytoplankton was developed, based on size and dominant taxa. Using a division of
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phytoplankton by size (cf. Sieburth er al., 1978), this classification was achieved in two
steps (Figure 3.1). First, the dominant “size fraction” was determined by physical
separation and quantification of fluorometrically determined chlorophy!l (see methods)
among 4 size ranges: picoplankton (< 2 pm), ultraplankton (between 2 and 5 pm),
nanoplankton (between 5 and 20 pym) and microplankton (> 20 pm). The dominant size
fraction was assumed to be the one containing more than 50% of the total chlorophyll
when only two ranges were present, or the one containing more than 40% of the total
chlorophyll when three or four ranges were present. Samples that did not meet either
criterion were not included in the data set (3 samples of a total of 55). When chlorophyll
size fractionation was not available, the dominant size fraction was established through
microscopic analysis and/or sizing and enumeration of particles using a Coulter Counter.

Once the dominant size fraction was defined, the dominant organism within that
fraction was identified through either microscopic or flow cytometric analyses. That is,
only the cells retained in the dominant size fraction were counted and sized. For colonies
and chain-forming organisms, which were always included in the microplankton size
fraction by the physical separation, cell size could be smaller than the designated size
fraction and was thus reassessed. The dominant organism or group within the designated
dominant size fraction was determined by using the product of cell number and surface
area of the cells (see details in methods). Each community was thus characterized by both
taxon and respective cell size of the dominant group of organisms.

This approach provides a simple technique to obtain the dominant organism in the
phytoplankton biomass, rather than only the numerical dominance. Throughout this
chapter, “whole” refers to non-fractionated samples; “size fractions” refers to samples
that were physically separated into the 4 size ranges, and “cell sizes” refer to the actual
cell size measured using microscopic analyses. It is important to note that, in most cases,
the ranges for *size fractions” and “cell size” will be the same, except when chain or

colonial forms are present in large numbers.
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Physical separation of particulate fraction

~0.5 2.0 5.0 20 ~200 filter size (um)

pico ultra nano micro

O

Classification: Dominant size fraction

Measurement: chlorophyll concentration:
Criteria: >50% when 2 fractions were present
>40 % when 3 or 4 fractions were present

U

Classification: Dominant cell size

Measurement: microscope and flow cytometer
Criteria: cell size of dominant organism in dominant
size fraction

Figure 3.1 Procedure followed to discriminate among different communities.
Dominant cell size was attributed to the organism or group with the higher product of

cell number and cell area.
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3.4 Sampling design

Bio-optical characteristics were measured in three different environments: coastal
waters off Oregon, the southeastern Bering Sea and Bedford Basin (Nova Scotia,
Canada), the last being sampled on several occasions (Figure 3.2; Table 3.1). Our goal
was to represent as many different field conditions as possible. A general sampling
design was followed during all cruises: a cast was made with a CTD equipped with a
fluorometer and a 25 cm path length transmissometer; a second CTD cast was made for
water samples. Sampling depths were chosen with reference to the vertical profiles of
fluorescence and/or beam transmission from the first CTD cast. Water samples were
obtained from 2 to 3 depths within the mixed layer using Niskin bottles, and at the
surface with a clean plastic bucket. An additional sample was collected at the chlorophyll
maximum layer, when present. In Bedford Basin, samples were also collected with a
peristaltic pump (Masterflex 7518-12) whose intake (opaque) hose was attached to the
CTD frame, close to the fluorometer’s viewing window. During the time series in
Bedford Basin from July to December of 1996, water samples were collected at two fixed

depths (1 and 3 meters) using a 5 L Niskin bottle.

3.5 Methods

Chlorophyll a (chl, mg m™) was determined fluorometrically using a Turner
Designs 10-005R fluorometer, equipped with the following filters: Corning 5-60
(excitation), Corning 3-66 (reference) and Corning 70 and 16 (emission). Pigments were
extracted at -10°C or below, for at least 24 hours, in pre-cooled 90% acetone: DMSO
solution (6:4 by volume, Shoaf and Lium, 1976) immediately after filtration. Samples
were corrected for pheopigments by acidification with 10% HCI. The fluorometer was
calibrated during each cruise, with a series of known chlorophyll a concentrations,
derived from volumetric dilutions of a standard solution using pure chlorophyll a from

Sigma. The concentration of the standard was determined spectrophotometrically by



Table 3.1 Location, dates, and measurements in each cruise.

Location Dates Cruise Measurements

Bedford Basin Aug. 1992 BBS92 chl, particulate absorption and
floristics

Bedford Basin Aug. 1993 BBS93  chl, cell size, floristics, particulate
and dissolved absorption

Bedford Basin Aug. 1996 | BBS96 chl (total and size classes),

- particulate and dissolved absorption
Jul. to Dec. BBTS96 and floristics (weekly plus
1996 intensive sampling Aug 20-22)
Oregon coast Sep. 1994 ORE9% chl (total and size classes),

floristics, particulate (total and size
classes) and dissolved absorption

Bering Sea Apr. 1996 BS96 chl (total and size classes),
particulate (total and size classes)

Bering Sea Jun. 1997 BS97 chl, particulate and dissolved
absorption
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Figure 3.2 Sampling areas and stations visited. A) Off the coast of Oregon state in
September 1994. B) Bering Sea in 1996 and 1997. C) Bedford Basin on several

occasions. See Table 3.1 for dates and measurements.
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using the extinction coefficient of pure chlorophyll from Jeffrey and Humphrey (1975).
For the time series in Bedford Basin a single calibration was used, made immediately
before the experiment. This calibration was verified every other week by using standard
solutions and did not vary more than 3%. It is important to note that the relatively wide
spectral responses of the filters in the fluorometer will allow the influence of accessory
pigments on the final chl. For example, high concentrations of chlorophyll ¢ will tend to
overestimate chl, while high concentrations of chlorophyll b will tend to underestimate
chl (Mantoura et al., 1997)

Particulate absorption was measured on samples concentrated onto GF/F filters.
Samples were either preserved in liquid nitrogen (maximum of 2 months) until analysis
or analyzed immediately after filtration. Absorption of particulate material was
determined following the method described by Yentsch (1962) modified by Mitchell and
Kiefer (1983). Two different Cary 3 Dual-Beam spectrophotometers were used, and a
pathlength amplification correction (beta) was determined for each instrument, using
monospecific cultures (Ciotti, unpublished; Roesler, 1992). Filters were scanned against a
blank filter, dampened with 250 ul of artificial sea water pre-filtered through a 0.2 um
polycarbonate filter (Poretics® and or Nuclepore®). Blank and sample filters were taken
from the same lot. Immediately after the scans, blank and sample filters were extracted
with pure methanol and rinsed with 100 ml of artificial sea water, pre-filtered through a
clean 0.2 pm polycarbonate filter, which was intended to extract both hydrophobic and
hydrophilic pigments (see Roesler and Perry, 1995). Once the beta correction was
applied, each scan was smoothed using a 5 nm running average, and corrected for both
differential scattering (setting the mean absorption between 740 to 750 nm to zero) and
volume filtered and area of the filter. This assumes that the differential scattering is
wavelength independent. Phytoplankton absorption was computed by subtraction of scans
before (total particulate) and after (“detritus”) the methanol and water extraction.

Size-fractionated chl and particulate absorption were determined for 4 size

fractions: picoplankton (cells < 2 pm), ultraplankton (cells between 2 and S Hm),



67

nanoplankton (cells between 5 and 20 pm) and microplankton (cells > 20 pum). Filtrates
from 20, 5 and 2 pm Poretics® and or Nuclepore® polycarbonate filters were
concentrated onto GF/F filters (nominal pore size of 0.7 um). GF/F filters have been
shown to be as effective as 0.2 pm pore size filters retaining phytoplankton cells even in
oligotrophic waters (Chavez et al., (1995) addressing Dickson and Wheeler, (1993)) thus
significant losses of small cells in this procedure are not anticipated. Filtration using
polycarbonate filters was driven by gravity or very low pressure (around 25 mm Hg). The
concentration in each size fraction was then determined as shown in Table 2.
Fractionation was done only on samples from the surface and the chlorophyll maximum.

Flow cytometric analyses were done with a FACScan flow cytometer (Becton
Dickinson) equipped with a 15 mW air-cooled argon laser (488 nm). Samples were
processed during the cruise and these data are courtesy of T. Cucci. For all detected
particles, forward light scatter, 90 degree light scatter, phycoerythrin fluorescence
emission (560-590 nm) and chlorophyll fluorescence emission (>650 nm) were
measured. The volume of the sample analyzed was estimated by the addition of a known
number of fluorescent microspheres (10 um in diameter) to each sample immediately
before analysis. Samples were run at approximately 10-12 ul min™. The identification of
the different groups in each sample was done by using a combination of forward light
scattering and red and orange florescence (Yentsch et al., 1983).

Microscopic analyses were performed with an inverted microscope on samples
fixed with a mixture of glutaraldehyde and formaldehyde (0.5 to 1% final concentration;
D. V. Subba Rao, pers. com.; see also Lazinsky (1979)). The lower limit of detection was
about 3 um. This analysis was only relevant for samples in which picoplankton did not
dominate. The cells in the sample were concentrated using sedimentation chambers (cf.
Utermohl, 1958) and scanned under the microscope using magnifications of 100 and 400
times. Only cells within the dominant chl size fraction (see section 3.3) were counted and
sized, and the dominant organism was chosen by computing the product of cell number

and an average surface area for each group identified in that fraction. It is important to
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note that the reported cell sizes from the microscopic analyses tend to underestimate the
actual sizes, due to fixative effects (Klein-Breteler, 1985). The reduction in size depends
on the organism and storage time.

Particle size was also determined with a Coulter Multisizer II Particle Analyzer
using a tube with a 75 pm aperture. Upper and lower limits of detection for this tube are 3
and 50 pm, respectively. These measurements were done during one experiment only, in

the Summer of 1993 in Bedford Basin.
3.6 Results

The three environments and times sampled represented contrasting oceanographic
regimes, with a variety of sizes and groups of phytoplankton. The results will be
presented in three parts. First, a brief summary will be given of the physical
characteristics and chl (total and size classes) in the upper layers. Second, based on the
chl sizes and identification of main genera, different “communities” are classified in each
environment. These communities are summarized on Table 3.3, presented at the end of
this section. Finally, the relative influence of cell size and taxonomy on the shape of the
phytoplankton absorption coefficient spectra of these communities is assessed.

For the comparison amongst the different communities, phytoplankton absorption
spectra (ap(4), m’') were normalized using the average absorption computed between

400 and 700 nm, following the equation below:

(aph)=% Zap,,().)A,l (3.1)

where AA=I nm, and <ap,,> (m™) is designated optical-biomass index (see Garver and
Siegel, 1994). For comparison with other works, the phytoplankton absorption spectra
will be also normalized to the sum of chlorophyll plus pheopigments concentration (C,

mg m™), hereafter denominated C-specific phytoplankton spectra (a3, (A), m* mg™).
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3.6.1 Hydrography and chlorophyll concentration in the different size ranges and

main groups of organisms

3.6.1.1 Off the Oregon coast

The surface waters off the Oregon coast are influenced by coastal upwelling and
freshwater outflow from the Columbia River, which in turn affects the mixed-layer depth,
the concentration of nutrients (Thomas and Strub, 1989), and colored dissolved organic
mater (CDOM) in these waters. During the cruise in September of 1994, a gradient of chl
decreasing from the coast (>20 mg m™ ) to open ocean (>0.2 mg m™) was observed,
accompanying an increase of the mixed layer depth (Figure 3.3). In some stations in the
mid-shelf, however, a pycnocline was not clearly distinguished in the upper SO meters,
and in these stations chl was low (Figure 3.3B).

The relative contributions of the 4 different size classes to the total chl are
illustrated by lines relating chl in each size class to the total (Figure 3.4). Note that in this
data set, picoplankton chl remains approximately constant and the variability in total chl
is explained by changes in the larger size classes, thus illustrating well the hypothesis that
different phytoplankton communities are formed due to the addition of bigger cells (cf.
Yentsch and Phinney, 1989). Although in Figure 3.4 (an in similar ones made for the data
collected in other cruises) a linear regression was applied on the log-transformed chl data,
the equations and coefficients of determination are not shown, because the total and the
size fractionated chl are not independent variables (see Table 3.2) and the statistical
relationships are compromised.

Flow cytometric and microscopic analysis indicated that each of the size fractions
was dominated by distinct groups. Picoplankton was dominated by Synechococcus spp.
and Prochlorococcus spp., although the latter was not detected in some coastal stations.
Ultraplankton was dominated by small unidentified flagellates and cryptomonads. Both

nanoplankton and microplankton cell sizes were dominated by chain-forming diatoms,
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Table 3.2 Physical separation of samples into 4 size fractions for chlorophyll a and
particulate absorption, as determined by differential filtration. Filtrates from 20, 5 and
2 pum Poretics® polycarbonate filters, filtered either by gravity or very low pressure,

were concentrated onto GF/F filters. The concentration of each size class was

determined following the second column.

Name : Operational Definition Size Ranges
total | whole sample all sizes
microplankton total minus filtrate of 20 um bigger than 20 um

nanoplankton ~ filtrate 20 pm minus filtrate of 5 um 5to 20 um
ultraplankton filtrate of 5 pm minus filtrate of 2 um 2to S um
picoplankton - filtrate of 2 pm less than 2 pm
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Figure 3.3 Selected vertical profiles of sigma-t (dotted line) and fluorescence in
relative units (solid line) for the upper 60 meters during the cruise off the Oregon
coast. A) Open ocean (surface chl < 0.3 mg m>). B) Mid shelf (surface chl <1 mg m?).

C) Coastal waters (surface chl >10 mg m™). Note that the fluorometer was off scale in

the upper 15 m.
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Figure 3.4 Chlorophyll size-fractions (see Table 3.2) versus total chlorophyll during
the cruise off Oregon in 1994. Samples are from surface (20 stations). Note that
concentrations are in log scale. Lines are linear regressions on log-transformed data,
and are included to illustrate trends only. Coefficients of determination and fit

parameters are not shown, as size fractions are not independent of total chlorophyll.
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from genera Chaetoceros and Leptocylindrus, and Pseudo-nitzschia and Lauderia,
respectively.

The diverse groups of phytoplankton present off Oregon during this cruise were
reflected in the variety of spectral shapes of the phytoplankton absorption (Figure 3.5A).
When whole samples were grouped according to the dominant chl size fractions in that
sample, a strong indication was given that size was a major factor controlling the shape of
the phytoplankton absorption spectra in this data set. Note, however, the high variability
where the picoplankton size fraction was most important. The degree of variance among
and within groups was tested with a one-way analysis of variance (Kruskal-Wallis). This
non-parametric test does not assume that the samples are normally distributed or that the
variance within each group is the same. The differences among the groups were
significant at the 0.05 level in almost all wavelengths from 400 to 700 nm, except for the
range between 502 and 507 nm (see discussion). A parametric one-way anova test
yielded the same results.

The same procedure used to separate chl fractions was used to separate particulate
absorption. The goal was to compare the shapes of phytoplankton absorption in each
fraction without the influence of the other size fractions (Figure 3.5B), as whole samples
dominated by large size fractions will include the smaller sizes. Results from sample of
phytoplankton absorption separated in size fractions were similar to those from simply
grouping whole samples according to the most important chl fraction. Note also that the
variability within each size range comparatively increased, particularly in the smaller size
fractions. This is probably a result of errors associated with the filter pad method. This
method is very sensitive to the amount of material concentrated on the filters, and the
fractionation produced very diluted samples, which in turn generated high instrument
noise and statistical uncertainties in the beta correction (Mitchell, 1990). In fact, some of
the fractionated samples had to be eliminated from the data set due to the high noise. The
criterion for elimination was applied through visual inspection: fractionated spectra

lacking the two main characteristic peaks of chlorophyll a absorption (i.e., around 436
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Figure 3.5 A) Phytoplankton absorption spectra measured in whole surface samples
during the Oregon cruise. Spectra were normalized to the average phytoplankton
absorption between 400 and 700 nm. Legend indicates the dominant chl size fractions
(i.e., more than 50% when two size ranges were present or more than 40% when 3 or
more size ranges were present). B) Phytoplankton absorption spectra measured
directly for different size fractions collected on GF/F filters (see Figure 3.1 and Table
3.2). C) Comparison of absorption for size fractions using 1 pm and 2 um filters.
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and 675 nm) when these peakes were observed on the respective whole samples, were not
included in Figure 3.5B.

As a way to examine the variability in the picoplankton fraction in more detail,
when a population of Prochlorococcus was detected in the flow cytometer samples
(which were being analyzed in real time), filters with I pum pore in diameter were also
used in the fractionation. The intention was to separate the influence of Prochlorococcus
spp. (average diameter less than 1 um) from the influence of Synechococcus (average
diameter bigger than | ym), the two main components of the picoplankton fraction. By
comparing these two fractions, part of the variability found in the stations dominated by
picoplankton (Figure 3.5C) could be attributed to different proportions of these two
groups and, thus, their respective sizes and pigment composition. The expected peak in
the green region, due to phycoerythrin, was clearly found only in samples from the chl

maximum (not shown) and one station in the proximity of the Columbia river plume.
3.6.1.2 Southern Bering Sea

The main oceanographic features influencing the southeastern Bering Sea are the
mid-shelf and shelf-break fronts, formed and maintained by topographical features, tides
and wind mixing (Coachman, 1986). The fronts create 3 distinct environments on the
shelf: coastal, middle shelf and outer shelf (see Springer et al., 1996 and references
therein). These environments have distinct seasonal features influencing the succession of
phytoplankton communities among them (Kocur, 1982). Eddies, related to the flow of the
Bering Slope Current, can also be present on the shelf at times (Verkhunov and
Tkachenko, 1992; Schumacher and Stabeno, 1994), also affecting nutrient input, mixing
depth, and in turn, phytoplankton composition.

During the cruise in April 1996, sampling was concentrated in the middle shelf
especially at two points: one at each side of the 100 m isobath. Shallow waters were
characterized by cold temperatures, weak vertical stratification and low chl (<1 mg m?)

(Figure 3.6A). In deeper waters, a surface mixed layer of 40 m was observed and chl was
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Figure 3.6 Selected vertical profiles of sigma-t and fluorescence (relative units) for
the upper 60 meters during the cruise in the Bering Sea in April 1996 (see Figure 3.2).
A) Mid-shelf inside the 100 meters isobath (surface chl <I mg m™). B) Mid-shelf
outside the 100 meters isobath (surface chl >1 mg m™). C) Station by Unimak Pass

(surface chl >3 mg m™).
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between 1 and 2 mg m” (Figure 3.6B). High chl (>3 mg m™) were found in the coast near
the Unimak Pass (see Figure 3.2B), with mixed layers of 30 meters (Figure 3.6C).

Size fractions of chl (Figure 3.7) showed a different trend from the one observed
during the Oregon cruise. According to our criteria (Figure 3.1), the picoplankton fraction
never dominated the total chl (i.e., maximum concentration was smaller than 50% of the
total). At stations where chl was low, picoplankton and nanoplankton contributed
approximately with equal concentrations. Picoplankton chl also tended to increase
slightly with total chl. The increments in the total chl, however, were mainly explained
by increases in ultra and microplankton, with the nanoplankton fraction having less
importance. Although no samples for floristic analyses were available during this cruise,
fresh samples from 20 um zooplankton net casts could be observed. This fraction was
composed of chain-forming diatoms with small cell size (mainly Chaetoceros spp.). The
ultraplankton is probably dominated either by isolated diatoms or fragments of chains,
based on the work by Kocur (1982) who compared the phytoplankton community in the 3
main provinces of the shelf before and after the onset of the Spring bloom. However,
there are no means to confirm the taxon in this fraction. Thus, this group will be treated
as “unknown” with respect to taxonomic composition, but it will be considered for the
comparisons among different sizes.

Variability in absorption spectra during BS96 was smaller than for the Oregon
cruise, and grouping the spectra measured on whole samples according to the dominant |
chl size fraction did not allow for a clear distinction among different size fractions
(Figure 3.8A). Both non-parametric and parametric one-way ANOVA tests indicated that
the spectra were not significantly different. Although taxonomic changes cannot be
accounted for, the little information available suggests that changes in cell size in this
data set were not as remarkable as those encountered during the Oregon cruise: when
microplankton fraction dominated chl, phytoplankton was composed of chain-forming
diatoms containing small (nano-sized) cells. Normalized size-fractionated absorption

coefficients were even noisier than the ones measured during the Oregon cruise (not
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Figure 3.7 Chlorophyll size-fractions (see Table 3.2) versus total chlorophyll during
the cruise in the Bering Sea in April 1996. Samples are from surface (12 stations).
Note that the concentrations are in log scale. Lines are linear regressions on log-
transformed data, and are included to illustrate trends only. Correlation coefficient and

parameters are not shown, as size fractions are not independent of total chlorophyll.
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Figure 3.8 Shape of phytoplankton absorption spectra for surface samples collected in
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absorption between 400 and 700 nm. A) April 1996. Legend indicates the dominant
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shown), but similar trends and shapes as in Figure 3.8A were observed for micro and
ultraplankton fractions.

The data set from the cruise in June 1997 was obtained in the area highlighted in
Figure 3.2B, during transects through an anticyclonic eddy. The position of the eddy was
monitored by a combination of drifters and satellite imagery (TOPEX) computing sea
surface height (Dr. P. J. Stabeno, pers. comm.). Chlorophyll in the eddy varied from
about 2 to 7 mg m™. No samples for size fractionation were taken during this cruise and
microscopic analyses indicated the presence of small flagellates and some chain-forming
diatoms containing cells of nano to micro size. Nevertheless, a large number of colonies
of what was believed to be the prymnesiophyte Phaeocystis spp., were observed in
surface waters (J J. Cullen, pers. comm.), and it is possible that the colonies were poorly
preserved for the microscopic analysis. Data from a limited number of samples for
pigments using high performance liquid chromatography analysis collected in this area (J.
P. Parkhill, unpublished results) showed high ratios of 19-Hexanoyloxyfucoxanthin to
chlorophyll a and also chlorophyll c,, suggesting the presence of prymnesiophytes
(Jeffrey and Wright, 1994). Thus, a single “community” will be characterized for these
data: ultraplankton dominated by a prymnesiophyte (e.g., P. pouchetti have cells between
4 and 8 pym in length (Tomas, 1997)).

Normalized phytoplankton absorption spectra for stations in the proximity of the
eddy (Figure 3.8B) were remarkably similar. A t-test for all wavelengths indicated that all
spectra have the same mean value at the 0.05 level of significance. The spectra suggested
abundance of cells with a relatively low degree of pigment packaging, and a relatively
high absorption around 460-470 nm, consistent with high concentrations of carotenoids
(see Bidigare er al., 1990). An absorption peak in this waveband is consistent with the
presence of fucoxanthin, 19-Hexanoyloxyfucoxanthin and chlorophyll c; (see Jeffrey er
al., 1997), but because their absorption peaks overlap, it is difficult to assign the observed

peak to a unique pigment. In addition, the maximum absorption of individual accessory
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pigments in vivo will be slightly shifted in wavelengths, when compared to measurements

using organic solvents (as reported by Jeffrey et al., (1997)).

3.6.1.3 Bedford Basin

Bedford Basin is an enclosed embayment with an area of approximately 17 km®
(Figure 3.21C). It is connected to the Atlantic Ocean by a channel with a shallow sill of
20 meters. Freshwater runoff, tides and winds regulate the exchange of waters between
the Basin and the ocean (Platt and Irwin, 1971). Due to its location in an urban area, the
Basin receives large inputs of nutrients, particulate and dissolved organic matter from
both land drainage and the untreated sewage discharge. Because of that, for most of the
year (except for blooms in Spring, Fall and Summer), the Basin is an optically complex

environment, corresponding to case 2 (Morel, 1988) coastal waters.

3.6.1.3.1 Summer experiments

In August 1992, August 1993 and August 1996, intensive experiments were
conducted for at least 3 days, with samples collected during early morning, mid-day and
late afternoon. All the samples were collected in a single point approximately in the
middle of the Basin. During the Summer, Bedford Basin is a 2 layer system and the
mixed layer depth will change by the influence of tides and wind.

In August 1992, microscopic analysis indicated that the dominant size fractions
were ultra and nanoplankton, both dominated by naked flagellates from the classes
Chlorophyceae, Cryptophyceae, Dinophyceae and Prymnesiophyceae, with diameters up
to 8 um. Diel changes in species composition were not substantial, and changes in chl
were associated with increases in the numbers of flagellates. Few microplanktonic
dinoflagellates were observed, always at depth.

In August 1993, the microscopic analyses were complemented with
measurements of particle size, but no measurements of chl size fractions were available.

Similar groups of species to the ones found in 1992 (ultra and nanoflagellates,
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represented by a size mode centered at 6 um) were present, together with two additional
and distinct “populations” of dinoflagellates: a nanoplanktonic group dominated by the
genus Prorocentrum (mode of 12 pum in diameter) and a microplanktonic group
dominated by Gonyaulax digitale and Dinophysis spp. (mode of 35 pym in diameter). To
make the particle size data consistent with the classification for different communities
used before, the cell numbers measured in each size mode were converted into
approximate chl values. For that, an intracellular chl for each group was assumed, by
using data from monospecific cultures of species having similar sizes and taxonomical
composition as the main species identified with the microscopic analyses (e.g.,
Dunalliela tertiolecta, Prorocentrum minimum and Alexandrium tamarense, representing
ultra-flagellates, nano-dinoflagellates and micro-dinoflagellates), respectively. It is
acknowledged that this calculation will likely overestimate the chl in each class, to the
extent that natural cells are usually growing in higher light and lower nutrient
concentration than cultures. Nonetheless, only relative concentrations are needed, and the
sum of estimated chl in the three modes agreed relatively well with the measured total chl
concentration in each station. Thus, estimated chl per size was used to classify the
communities similarly to what was done in other cruises. During this experiment, diel
changes in species composition at the surface, as well as chlorophyll concentrations, were
a direct result of the vertical displacement of micro-size population of dinoflagellates.
Three typical profiles were observed (Figure 3.9): a) a dense and thin layer found at
depth, reaching at times chl above 100 mg m, where microplanktonic dinoflagellates
were found in large numbers; b) in the first two days of the experiment, this layer was
entrained in surface waters by winds at mid-day, visibly changing the color of the water

(Cullen et al., 1994); and c) cells well dispersed in the mixed layer. In the last day, the
nanoplanktonic dinoflagellates reached high numbers at the surface by late afternoon,
whereas the microplanktonic population remained at depth. In August 1996, microscopic
analyses were complemented by chl size fractionation. The results of the chl size

fractionation (Figure 3.10) showed that the main size fraction at the surface was the ultra-
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Figure 3.9 Three typical vertical profiles of sigma-t (dotted line) and beam attenuation
minus attenuation by sea water, 0. 367 m"' (solid line), which was used as a proxy for
total particle concentration during the intensive sampling in 1993 in Bedford Basin.
Examples refer to August 18. Figures are identified with sampling time shown on the
bottom of figures. At 9:33, a dense layer was detected at depth, related to large
numbers of large dinoflagellates (mode of 32 pm in diameter) and surface chl ranged
between 6 and 36 mg m™. At 14:38, the cells entrained in the surface due to wind
mixing, and surface chl ranged between 27 and 135 mg m™. At 17:52 a well mixed

upper layer was observed and surface chl ranged between 10 and 40 mg m™.
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1996 in Bedford Basin. Data refer to samples from mixed layer (n=21). Note that
concentrations are in log scale. Lines are linear regressions on log-transformed data,

and are only illustrating the tendency.
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and nanoplankton. Abundant phytoplankton groups present were ultra and nano-sized
flageliates and a nano-sized silicoflagellate (Dictyocha spp.) was also present in high
numbers in the last day of the experiment. The weather was very calm throughout the
experiment and a chl maximum was observed at depth in the first two days, containing
few micro dinoflagellates (Prorocentrum spp. and Dinophysis spp.). The picoplankton
fraction was present in concentrations of about one order of magnitude higher than the
ones found in Oregon and in the Bering Sea, and it also increased as total chl increased,
thus, not remaining as a constant background. Although samples to identify picoplankton
organisms were not taken during these experiments, the results of Li er al. (1998) done in
the Basin during the same period, indicate that the picoplankton fraction was dominated
by cyanobacteria, reaching concentrations of 10° to 10° cells ml™.

For simplicity, the normalized absorption coefficients observed during the three
Summer intensive samplings in Bedford Basin are presented together (Figure 3.11). The
spectra were grouped and averaged according to the communities defined above. The
shape of the absorption coefficient for the distinct groups were very similar in the blue
and green portions of the spectra, except during the red tide event (i.e., micro
dinoflagellates) in the Summer of 1993, which showed relatively lower values. In the red
tide spectra a slight shift in the red peak towards shorter wavelengths was observed. This
is peculiar to some dinoflagellates as the peridinin-chlorophyll-protein complex peaks at

671 nm (see Johnsen et al., 1994a).

3.6.1.3.2 Time Series from July to December 1996

During July to December 1996, a spectral radiometer buoy (TACCS) was moored
in Bedford Basin (see details in chapter 2). During this period, the site was visited
weekly, and water samples for absorption (particulate and dissolved fractions), chl (total
and size fractions) and microscopic analysis were collected. In July, chain-forming
diatoms (ultra-sized Skeletonema spp.) were observed. These were replaced by ultra-

flagellates in August (see Summer experiments). Dinoflagellates were dominant in the
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Figure 3.11 Spectral shape of phytoplankton absorption coefficient for whole water
samples collected at the surface during the three intensive samplings in the summer in
Bedford Basin. Legends indicate the communities characterized according to cell size

and dominant group (see text). Lines are averages for the number of samples (n)

indicated in the legend.
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beginning of October, and were present in small numbers throughout the fall bloom,
which was initially composed of chain-forming diatoms with small (ultra to nano) cell
sizes (Skeletonema spp.), followed by the development of larger-sized diatoms
(Thalassiosira spp.). Chlorophyll size-fractionation (Figure 3.12) shows the development
and replacement of these communities by size. Intense rain periods (Figure 3.13)
occurred in the Summer, which on one hand “disturbed” the blooms by flushing waters
out of the Basin, and on the other, promoted growth of diatoms by the input of nutrients,
especially silicates (see tables in Li et al., 1998).

The changes in phytoplankton composition through time are reflected in
normalized absorption coefficients, which are presented as averages according to our
classification (Figure 3.14). Clear changes in packaging can be observed in the blue part
of the spectra, and throughout July, the chain forming diatoms present showed an
additional peak (not related to chlorophyll a) in the blue end (centered around 412
nanometers), possibly related to high concentrations of U.V. protectant pigments
(Yentsch and Yentsch, 1982). The presence of these pigments could affect bio-optical

models, as 412 nm is commonly used to interpret CDOM absorption.

3.6.2 Influence of the different communities on the spectral shape of phytoplankton

absorption

Combining all the cruises and intensive sampling, 16 communities were
characterized (Table 3.3), some of them being represented in more than one environment.
These communities were named after the cell size range and genera or group of the
dominant organisms present. “Repeated” communities were numbered sequentially,
according to sampling date. By grouping the communities according to the size range of
the dominant organism fraction (Figure 3.15), one can compare the relative influence of
both size and taxon, which is one of our goals. It is important to keep in mind, however,

that as our classification refers to ranges of size, there is still a degree of variability in
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Figure 3.12 Weekly chl size-fractions (see Table 3.2) as proportions of total chl
during the time series in 1996 in Bedford Basin, including the fall bloom. Samples

from 1 and 3 meters, respectively, for each day.
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size within each group. For example, the nano chain-forming diatoms found in Bedford
Basin in the Summer (N-cdf2) and in the Bering Sea (N-cfd1) were close to the lower
limit attributed to this size range (i.e., 5 pm), while the nano-dinoflagellates found in
1993 during the red tide in Bedford Basin (N-din) were close to the upper limit of this
range (i.e., 20 pm). The more noticeable differences within sizes were found in the
picoplankton fraction (Figure 3.15A). Nevertheless, the differences in spectral shape
between the communities dominated by Prochlorococcus and by Synechococcus could
also be related to their size (see results in Figure 3.5C). The distinction between the
spectra classified as ultra (Figure 3.15B) and those classified as nanoplankton (Figure
3.15C) was less evident, except in the samples collected in the Bering Sea in 1997 (where
Phaeocystis spp. was present), which had a distinct peak centered around 465 nm. In
addition, samples dominated by ultra-flagellates during the Oregon cruise showed a peak
centered around 545 nm which was associated with high numbers of Synechococcus spp.
(flow cytometer measured 1.59 10° cells ml™'), and which probably results from a high
concentration of phycoerythrin (see Moore et al., 1995). In the nanoplankton fraction
(Figure 3.15C), peaks centered around 412 were present when Skeletonema spp. was the
dominant organism. This was more noticeable during the Summer in Bedford Basin. In
the microplankton fraction (Figure 3.15D), differences between diatom-dominated and
dinoflagellate-dominated spectra were very small in the visible wavelengths. Figure
3.15E shows the average spectrum for each cell size range, and illustrates the main
trends; as the size of the dominant organism increases, the spectra flatten consistently
with the increase in pigment packaging.

For comparison with previous works, the phytoplankton absorption spectra of the
16 communities were also normalized to the concentration of chl plus pheopigments
(Figure 3.16). It is noteworthy that, although the same trends observed in Figure 3.15
were repeated, the variability within each cell size range was somewhat higher when
reported as a;, (A). This may attributed to a number of causes. Biases in the measurement

of chl plus pheopigments due to accessory pigments can either under or overestimate
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Figure 3.14 Spectral shape of phytoplankton absorption coefficient for surface
samples collected in from July to November 1996 in Bedford Basin. Legends indicate
the communities characterized according to size range and dominant group (see text).

Lines are averages.
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Figure 3.15 Spectral shape of phytoplankton absorption coefficient for whole-water
surface samples collected in all experiments, according to cell size range of the
dominant organism (see Figure 3.1). A) Picoplankton. B) Ultraplankton. C)
Nanoplankton . D) Microplankton. E) Average for each cell size. Legends indicate the
communities characterized in Table 3.3 and the cruises: ORE (off Oregon coast);
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(intensive samplings in Bedford Basin in 1992, 1993 and 1996, respectively) and
BBTS96 (time series in Bedford Basin from July to !ovember 1996). See Table 3 for
number of samples. CFD stands from chain-forming diatoms. Note changes in the
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Table 3.3 Summary of the distinct communities of phytoplankton characterized in the
combined data sets. Name describes cell size range (P is pico; U is ultra; N is nano and

M is micro) and species or groups of the dominant organism. N.S. is number of

samples, na means not available. For details on cruises, refer to Table 3.1.

Name | Cruise | N.S. | Dominant| Chlconc. |Main genera or | Dominant{ Comments
chl size Range group cell size
fraction (mg m-3) fraction

P-Pro ORE9%4 10 pico less than 0.3 | Prochlorococcus pico flow cytometer
P-Syn | OREY94 6 pico 0.5t00.6 | Synechococcus pico flow cytometer
U-flagl | BBS92 12 na 251075 flagellates ultra microscope
U-flag2 | ORE94 2 ultra 1.5t0l.7 | cryptomonads uitra flow cytometer
U-flag3 | BBS9% | 14 ultra 4108 flagellates ultra microscope
U-unkw | BS96 5 ultra 0.5t00.7 unknown assumed na

ultra
U-Phae BS97 20 na 2t07 Phaeocystis assumed HPLC and
ultra literature
N-din BBS93 14 nano 61036 Prorocentrum nano Coulter
N-cfdl BS96 5 micro 091023 Chaetoceros nano microscope
N-cfd2 {|BBTS96| § na 9t 10 Skeletonema nano microscope
N-flag |BBTS96| S nano 6508 flagellates nano microscope
N-cfd3 |BBTS96| 3 micro 17 to 30 Skeletonema nano microscope
M-dinl | BBS93 5 micro 270 135 Gonyaulax micro Coulter
M-cfdl | ORE94 | 12 micro 81020 |Pseudo-nitzschia| micro microscope
and Lauderia

M-din2 |BBTS96| 4 micro 8to 16 Prorocentrum micro microscope
M-cfd2 | BBTS96 micro 31015 Thalassiosira micro microscope
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a;,(A) (see methods). Different degrees of activity of chlorophylases (especially where
diatoms dominate the community (Jeffrey and Hallegraeff, 1987)) can also produce
biases, because, in general, the time required for concentrating samples for particulate
absorption is always much longer than that for chl samples. The influence of the filter pad
method itself, however, cannot be overruled. The distinct amounts of material
concentrated on the filters in each situation (i.e., combination of the volume filtered and
the amount of local phytoplankton) will be corrected by a different beta factor, and

uncertainties will be higher for dilute samples.

3.6.2.1 Quantification of the effects of cell size

A simple visual inspection of Figures 3.15 and 3.16 suggests that, despite the
potential influence of the different accessory pigments on the phytoplankton absorption
coefficient, a metric descriptor of the size of the dominant organism can be an effective
parameter for explaining the changes in shape of the phytoplankton absorption coefficient
in whole phytoplankton assemblages. If the dominant cell size range described much of
this variability, it could be as a proxy for many changes acting together; particularly
pigment packaging and the concentration and composition of accessory pigments (see
chapter 2). Therefore, when we refer to the effects of cell size, we are actually referring
to the combined effects of a group of covariant variables.

In order to evaluate the effect of cell size quantitatively, 301 multivariate
regression analyses were performed, one for each wavelength, using normalized
absorption for each wavelength from the 16 communities (Figure 3.15) as variables. The

following linear model was assumed:

Y(A) = Bo(A) + B,(A)x, + Bo(A)x, + By(A)x,, 3.2)

where y(A) is the predicted value for the normalized absorption at each wavelength, x,

to x; are “dummy” variables identifying the size range to which the observed spectrum
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belongs, and f,(4) to B,(4) are the parameters to be estimated by the regression. The

identification of the size range by the “dummy” variables is achieved as follows: the
spectra classified as pico have x,, x, and x, set to zero, the spectra classified as ultra
have x; set to one while x, and x, are zero; the spectra classified as nano have x, set to
one while x; and x, are zero, and the spectra classified as micro have x, set to one while
X, and x, are zero. Thus, the use of the dummy variables will either include or exclude
the pertinent parameters from the model, making the multiple regressions analyses
similar to analyses of variance. The regressions yield the expected spectrum for each of
pre-defined size classes, because the intercept, fB,(1), corresponds to the expected
spectrum for pico, and B,(4) to B,(4d)correspond to the difference between B,(1) and
the expected spectra for ultra, nano and micro, respectively. The expected shape for each
size (Figure 3.17A) is in fact equivalent to the average spectrum for each size shown in
Figure 3.15E. The initial variance among the 16 normalized spectra is shown in Figure
3.17B, along with the coefficient of determination (r*) at each wavelength (Figure 3.17C),
that represents the variance in the absorption coefficient explained by the model at each
wavelength. These results strongly suggest that the dominant cell size in the community
can be used as a parameter explaining most of the variability in the shape of the
absorption coefficient for distinct phytoplankton communities. Note that the values for r?
are relatively low for wavelengths around 500 nm, but this is rather a result of the low

variability in the original spectra than a problem with the model.
3.6.2.2 Estimation of a “size” parameter from the phytoplankton absorption coefficient

The results of the previous section leads one to question whether the normalized
absorption spectra for all 16 phytoplankton communities could be “reconstructed” with a
linear combination of two “constant” spectra representing the smallest (average of all
samples dominated by Prochlorococcus spp.) and largest (average of all the samples

dominated by microplakton-sized organisms) cell sizes found in our data set, so that:
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Figure 3.17 Results of the multiple regression analyses for 301 wavelengths. A)
Expected spectral shapes for phytoplankton absorption for each cell size fraction. B)
Initial variance of the data set (16 different communities). C) Variability of the data

explained by predefining cell size range of the dominant organism.
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Aogns (A) = F 02 iy (A) + F 8 i (R), (3.3)

<m>"‘<micro>

where a;.,(4) and & ... (A) are the “basis vectors” or shapes describing the smallest

and biggest cells (see Appendix 3.9A), andF.__ and F.

<p> <m>

are respective magnitudes.
Note that these vectors differ from the spectral shapes described in the previous analysis,
which used the average spectrum for all samples dominated by picoplankton, that is,
Prochlorococcus spp. and Synechococcus spp.

Using a least-squares routine to fit the observed normalized spectra to equation
3.3, it is observed that all 16 spectra were indeed well reconstructed (r* >0.9), and

because of the nature of this normalization, the sum of F,, and F,__tended to be very

<p> <m>

close to one. Thus, a linear equation subjected to constraints was applied (see Appendix

3.9B), in which the sumof F__ and F

<p> <m>

was forced to be equal to 1. Conversely, given a

value of F_,_, a full spectrum can be estimated as

a;ph>(l) = F;p>a:pico>(2') + (1 - F;p> )&;mia'o> (A') ° (34)

In other words, considering the entire visible range, the spectral shape of the
absorption coefficient for a variety of natural communities could be decomposed into two
basis vectors and a parameter representing the degree to which the observed spectra is
like each of the basis vectors (assumed to be the two possible extremes). Some examples
of observed versus “recomposed” spectra (i.e., using equation 3.4) are shown in Figure

3.18.

3.7. Discussion and conclusions

Communities of phytoplankton are complex mosaics of different species (Sournia
et al., 1991), the composition of which can be related to environmental conditions such as
turbulence and nutrients (Margalef, 1978; Kigrboe, 1993). Our goal was to illustrate and

justify, with a diverse variety of field examples, that despite the physiological and
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Figure 3.18 Three examples for recomposed normalized spectra of phytoplankton
absorption using equation 3.4 and two basis vectors, representing the average for the

smallest and largest cell sizes found in our data set. See Table 3.3 and 3.4 for details.
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taxonomic variability associated with changes in community structure of phytoplankton,
variation in the spectral shape of their bulk absorption coefficient can be described by
simple relationships, representing covarying changes in a suite of factors that influence
their optical properties.

It is well established that changes in phytoplankton community structure are
linked to changes in phytoplankton abundance (Chisholm, 1992). The concept of
increasing phytoplankton biomass by the addition of groups of larger species to a
background of smaller species proposed by Yentsch and Phinney (1989) seems to hold in
a variety of natural communities (Figures 3.4, 3.7, 3.12). Still, our results show, not
surprisingly, that the size ranges and taxonomic composition of these additional groups,
for a given chlorophyll concentration (proxy for phytoplankton abundance), vary among
different environments and seasons. Our results also suggest that the background of smail
cells will not remain constant during some situations, as for example, the substantial
increase in the standing stock (chl) of the picoplankton fraction observed during the
Summer experiment in Bedford Basin in 1996 (Figure 3.10), associated with high
numbers of cyanobacteria. This could be related to seasonal trends in their abundance
(e.g., Delgado er al., 1992) and also to particular conditions of the Basin, such as the
combined effects of sewage inputs (eutrophication) and seasonal changes in the mixing
regime (see Eppley and Weiler, 1979). Nevertheless, the Yentsch and Phinney (1989)
approach seems to be appropriate for comparing effects of different communities of
phytoplankton on the variability of optical properties in the ocean.

Despite the differences in taxonomic composition and in the relative proportions
of chl size fractions observed during the different cruises, the shape of the absorption
spectra for the whole phytoplankton assemblage seem to vary systematically with the cell
size range of the dominant organism (Figures 3.15 and 3.16). The comparison of the 16
communities characterized in this study indicated that, when this size range was specified
(that is, pico-, ultra-, nano- and microplankton), more than 80% of the variability in the

shape of absorption spectra between 400 and 700 nm could be explained (Figure 3.17C).
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Table 3.4 Results from a linear decomposition of the phytoplankton absorption
spectra for the different communities (see Table 3.3) using a linear regression

subjected to constraints (see Appendix 3.9B). F_,, is the factor estimated and varies

from 1 to O for small and big cell sizes, respectively, and r* is the coefficient of
determination between observed and estimated spectrum. The linear regression uses

two basis vectors representing the minimum and maximum cell size found in our data

set (see text and Appendix 3.9A). For reference, maximum a;,,().) at the red peak (and

respective wavelength) are presented, so a;h (A)curves can be reconstructed for each

community.
Community F,, r a, i
(m® mg™) (nm)

P-Pro 1.000 na 0.0231 676
P-Syn 0.663 0.993 0.0200 676
U-flagl 0.598 0.979 0.0165 673
U-flag2 0.369 0.992 0.0192 674
U-flag3 0.558 0.995 0.0182 676
U-unkw 0.491 0.992 0.0179 676
U-Phae 0.664 0.982 0.0171 675
N-din 0.287 0.987 0.1459 674
N-cfd1l 0.370 0.981 0.0163 676
N-cfd2 0.266 0.963 0.0195 674
N-cfd3 0.151 0.954 0.0186 674
N-flag 0.442 0.995 0.0153 675
M-cfdl 0.002 0.989 0.0092 675
M-cfd2 0.014 0.993 0.0098 674
M-dinl 0.025 0.987 0.0070 672
M-din2 0.000 0.990 0.0084 675
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The systematic variability observed can be related to both pigment packaging and the
composition of accessory pigments.

Pigment packaging (or self-shading) is a well documented source of variability
for phytoplankton absorption and is a function of cell size and intracellular concentration
of pigments (Bricaud and Morel, 1986; Sathyendranath et al., 1987); see also chapter 2.
In monospecific laboratory cultures, grown in nutrient replete media, cell diameter (d)
correlates negatively with the concentration of intracellular pigments (c;). This has been
described as a strategy to minimize self-shading (see Agusti, 1991), and a similar
correlation is expected in the field. In natural environments, however, cell size can be
positively correlated to the availability of nutrients (Yentsch and Phinney, 1989), which
in turn can be positively correlated with ¢, (e.g. Geider et al., 1993; Richardson et al.,
1996). Furthermore, nutrient availability can be also related to pigment composition
(Claustre, 1994; Wozniak et al., 1994; Aiken et al., 1995) due to the competition among
different taxa (i.e., prokaryotes are more important in oligotrophic environments
(Chisholm, 1992)) and also to physiological responses (i.e., the concentration of
accessory pigments, including photoprotective, tend to be higher when the community is
dominated by small cells (Stuart er al., 1998)). In other words, a suite of factors that
controls the spectral shape of the absorption of phytoplankton shows a strong co-variation
with the size range of dominant organism in the community. Because of that, size can be
used as a parameter to explain a large portion of the variability observed in the spectral
shape of the phytoplankton absorption (Table 3.4). Residual variability is expected to be
derived mainly from changes in pigment composition and intracellular concentration
which do not covary with cell size, and also from variability in cell size within the pre-
defined size ranges (see Figure 3.5C) and, therefore, the residuals contain some
taxonomic and physiological information. Most of the residual variability was observed
in narrow spectral bands (see Figure 3.18) that could be related to different accessory
pigments (Bidigare et al., 1990; Hoepffner and Sathyendranath, 1991; Millie et al.,

1997). Very distinct peaks were observed in the ultraviolet region (not shown in the
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results) when both nano and micro dinoflagellates dominated the community, probably
related to the presence of mycosporine-like amino acids (MAAs, Karentz ef al., 1991).
Nevertheless, MAAs are not exclusive to dinoflagellates (e.g. Richardson er al., 1996),
and peaks associated with MAAs in dinoflagellates can also be present or absent,
depending on nutrient availability (A.M. Ciotti and J.G. MacIntyre, unpublished data).

The strong co-variation between size of dominant organism and several factors
controlling the shape of the spectral absorption leads to a tentative parameterization of
phytoplankton absorption which could be implemented in inverse models for retrieving
spectral absorption for ocean color. A linear decomposition of the observed
phytoplankton absorption spectra of the 16 different communities into a factor, F_,., and
two basis vectors representing the two “extreme” possible spectral shapes (from the
smallest and biggest dominant cell size observed), reproduced well (r*>0.95) all of
observed spectral shapes (see examples in Figure 3.18).

In inverse modeling techniques (e.g., Sathyendranath et al., 1989; Doerffer and
Fischer, 1994; Roesler and Perry, 1995; Garver and Siegel, 1997) ocean color spectra are
fit to theoretical expressions that relate ocean color to inherent optical properties (IOPs),
that is, absorption and backscattering (Morel and Prieur, 1977). The values for the bulk
IOPs, by definition, can be computed as the sum of the absorption or backscattering by
all the optical components (i.e., water, particles and dissolved material). These are
represented by known values (e.g., absorption and backscattering by water) and by
spectral shapes and magnitudes of the unknown components. The spectral shape for
phytoplankton absorption is usually represented by a;h(l) and, thus, the retrieved
magnitude is chlorophyll. In the case of the parameterization of phytoplankton absorption
suggested in this work, the retrieved magnitude would be (aph>, that is, the average value
of phytoplankton absorption from 400 to 700 nm, which can have application in primary
production models (e.g., Kyewalyanga et al., 1997, but see Sosik and Mitchell, 1995).

More work has to be done to establish how well the other retrieved parameter, F.__, the

<p>?

size factor can be related to the features of phytoplankton communities or ecology.
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Nonetheless, our results suggest a robust relationship between F_,. and the cell size of
the dominant organism. If indeed a relationship can be established, the potential retrieval

of F_,, from ocean color will have several applications in oceanography, as many

<p>
biogeochemical processes are directly related to the distribution of phytoplankton size
classes in a given environment or time (Platt and Denman, 1977; Margalef, 1978;

Malone, 1980; Michaels and Silver, 1988; Legendre and Févre, 1989; Chisholm, 1992).
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Appendix 3.9A: Basis vectors
Basis vectors representing the normalized absorption for the smallest (a<pm>(2.), pico)
and biggest (a<m>(1), lmcro) cell sizes in our data set. Basis vectors for aph (A) can

be constructed by setting a__.__(676) t0 0.023 and 4" (674) to 0.0086.

<pico> <micro>
__wavelength ~ pico | micro wavelength pico micro wavelength pico micro
400 1.682 . 1.574 .
L4022 1734 . 1584 @ 502 1373~ 1.242 602 ..0068 0400
404 1.800 . 1.600 504 1.270 1.222 604 0.078 0403
406 1.890 _ 1617 506 _ _ 1.162_ 1.196 606 0069 _ 0.408
408 1.978 _ 1.633 508 1.040 1.169 608 0.090 0416
410 2.057 . 1.654 510 0.961 - 1.141 610 0.096 0.429
412 2162 @ 1.669 512 _ 0.886 1.118 612 0094 ' 0443
_ 414 2.269 ;. 1.674 514 0.794 . 1.096 614 0.084 0.458
416 02327 : 1.684 516 - 0.734 ' 1.075 616 0.105 0.473
418 0 2398  1.697 518 0.665 : 1.057 618 0.128 0.487
420 . 2457 - 1.708 520 0.617 : 1.035 620 0.119 0.495
422 12533 . 1.710 522 0.544 | 1.013_ 622 _ 0.126__ 0499 _
424 2614 ° 1.716 524 0.522 | 0.992 624 0.138 0.504
426 2663 1737 526 0486 . 0977 626 0.146 0.514
428 2.749 - 1.763 528 0.448 ;| 0.959 628 0.135 0.521
430 . 2.804 ' 1.793 530 0.391 : 0.944 630 0.175 . 0.525
432 2.840 ' 1812 532 0.375 - 0927 632 0.189 0.532
434 ~ 2915 1.827 534 0.336 _ 0.909 634 0.176 0.535
436 2.947 _ 1.830 536 0.305 ' 0.888 636 0203 '~ 0.534
438 - 2978 © 1.834 538 0.292 - 0.868 638  0.190 0.535
440 _3.014 © 1.824 540 0.288 : 0.847 640 0.190 0.532
4 . 3.032 ;. 1.800 542 0.261 @ 0.826 642 0.191 0.528
444 . 3.011 1.771 544 - 0.245 ' 0.806 644 0.174 0.526
446 £ 2965  1.741 546 0.214 . 0.785 646 _0.197 0.528
448 2937 . 1.712 548 0.194 © 0.764 648 0.176 0.538
450 2.888 1.685 550 0.187 : 0.737 650 0.168 0.549
452 2.816 _ 1.667 552 0.138 . 0.711 652 0.160 0.574
454 2.783 . 1.650 554 0.137 . 0.682 654 0217 _ 0.605 _
456 2.706 . 1.641 556 0.111 _ 0.653 656 0.244 0.655
458 2.655 _ 1.631 558 0.094 . 0.626 658 0286 _ 0.720
460 ~ 2590 @ 1.631 560 0.095 . 0.604 660 0.381 0.798
462 2.526 . 1.623 562 0.070 _ 0.580 662 0437 _ 0.889
464 . 2455 1.616 564 0.053 . 0.555 664 0.520 0.979
466 2402 ' 1.606 566 0.076 - 0.535 666 0.660 1.068
468 . 2331 ¢ 1.592 568 0064 . 0514 668 0.716 1.147
470 ~2.281 . 1.568 570 0.043 | 0.501 670 0.824 1.207
472 . 2.205 | 1.542 572 0.050 : 0.487 672 0.846 1.243
474 » 2.136 | 1.509 574 . 0.051 : 0478 674 0816 . 1.249
476 §2.063 i 1481 . 576 - 0.065 | 0475 676 0.891 - 1.227
478 2.049 . 1459 578 - 0.067 @ 0.468 678~ 0.869  1.174
480 . 1.998 @ 1437 580 - 0.084 : 0464 680 0.812 1.096
482 £ 1.930 | 1415 582 £ 0111 : 0459 682 0.741 . 1.004
484 1.918 . 1.399 584 0.072 . 0452 684 0.605 @ 0.893
486 1.897 | 1.387 . 586 0.073 0452 686 049 _ 0.767 _
488 1.867 | 1.377 588 - 0.073 - 0.449 688 0.372 0.635
490 1.812 . 1.367 590 0099 . 0443 690 0278 0.516
492 l776 i 1.349 592 _ 0.070 . 0433 692 0.215 0.409
494 £ 1.701 ; 1.338 594 - 0.095 | 0424 694 ._0.113 0.323 ¢
496 ; 1648 i 1.319 596 . 0.085 : 0416 696 0.075 0.253
498 . 1.522 ; 1.301 : 598 . 0.090 _ 0.406 698 0047 _ 0.200

500 T 1.439 | 1.271 600 0.086 0401 700 0.009 _ 0.158
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Appendix 3.9B: Linear regression subject to constraints

The retrieval of the size parameter, F_ ., was established by minimizing the sum of

squared errors in the following expression:

A (R) = F_ 0% (A)+ F_ a: (A) +error I

<m>"“<micro>

where aZ, (A4) is the observed spectrum of the phytoplankton absorption coefficient,
normalized to the average between 400 and 700 nm, a;,.(4) and @, (1) are the
“basis vectors” or shapes describing the smallest and biggest cells (see Appendix 3.9A

for values), and F___ and F

<p> <m>

are their respective magnitudes. Equation I holds for 301

wavelengths, and can be written:

Y=XB+e, I

where Y is a 301 by 1 vector of aZ,.(4), X is a 301 by 2 matrix containing a:___(A)

<pico>

and a:

<micro>

(A), and € is a vector of the observation errors.

B is the regression coefficient, which is a 2 by 1 matrix , so that :

B=IF, F.l a1

The regression coefficient § is estimated by minimizing the sum of squared errors (SSE),

which in a linear regression model is given by:

SSE = (Y - XB)' (Y - XB). II

The constraint to be applied in this case is

If w’ is an unitary 2by 1 matrix,

w B=1.
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A standard solution was applied using a Lagrange multiplier in the constraint

minimization (Graham, 1981) of equation II, yielding:

dSSE

_aﬁ =2X'(Y-XB)+Lw=0. m
Solving I1I for B:
a4, L v el
B=XYX X) +—2-w(X X)) v

as w' f =1, we can multiply IV by w' and solve it for the unknown L:

L_ | _wX X)'X'Y)
2 (W' (X' X)'w)

Solving V and applying it in IV, f is found.



Chapter 4

Analyses of the influence of different cell sizes of
phytoplankton on relationships between apparent optical

properties

4.1 Introduction

The effective use of ocean color to estimate the abundance of phytoplankton
depends on understanding how changes in species composition and the physiological
status of phytoplankton assemblages, along with changes in other colored and refractive
components of the sea water, quantitatively affect the fate of the incident irradiance
(Gordon et al., 1988; Morel, 1988). Corrections for these effects are required for the
development of improved global algorithms for chlorophyll and primary production (see
Aiken et al., 1995). In the process, concentrations of optically active components other
than chlorophyll can potentially be retrieved from optical measurements using both in
situ and satellite platforms (Carder et al., 1991; Doerffer and Fischer, 1994).

Changes in species composition accompany spatial and temporal gradients of
phytoplankton abundance in the upper ocean (Malone, 1980; Chisholm, 1992). Generally,
at low chlorophyll concentration (as a proxy for phytoplankton abundance), communities

of phytoplankton are dominated by smaller cells (Thingstad and Sakshaug, 1990;

108
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Riegman et al., 1993) with relatively high concentrations of accessory pigments
(Claustre, 1994; see also Stuart et al., 1998). Depending on environmental conditions, as
the trophic status changes to more eutrophic, distinct groups of larger organisms are
added to a *“background” of small cells (Yentsch and Phinney, 1989). The increase in
phytoplankton cell size with trophic status is thus expected to affect bulk optical
properties of phytoplankton as a result of pigment packaging (Bricaud et al., 1995 and
references therein) and a tendency of species from eutrophic waters to have relatively less
accessory pigmentation (Claustre, 1994). Indeed, the analysis of a large set of data from
the field (chapter 2) suggested that the optical properties of phytoplankton assemblages
along a trophic gradient follow a strong central tendency which is consistent with
experimental and theoretical work, and could reproduce some well-recognized empirical
relationships between apparent optical properties, such as ratios of upwelling radiance or
diffuse attenuation versus chlorophyll concentration (e.g., Morel, 1988; O'Reilly et al.,
1998). In chapter 2 it was also demonstrated that deviations from this general tendency
occur, and that predictable departures can be expected when assemblages, treated as
populations of a single cell type, differ from the central trend in the degree of pigment
packaging and accessory pigmentation.

Spectral reflectance of the sea surface, and thus ocean color, is related to the
absorption and backscattering coefficients (Morel and Prieur, 1977) of all the combined
optically active components, including the water itself, organic and inorganic particles,
and dissolved substances (Kirk, 1994b). The major contribution of phytoplankters to
ocean color derives from their absorption coefficient, because of their relatively
unimportant backscattering efficiency (Bricaud e al., 1983; Stramski and Kiefer, 1991;
Ahn et al., 1992). When a wide variety of phytoplankton communities were compared
(chapter 3), changes in the spectral shape of the absorption coefficient of the entire
phytoplankton assemblage was largely explained by the cell size range of the dominant
organisms, due to the covariance of many physiological factors (mainly cellular

concentration of chlorophyll and accessory pigments) with cell size. The results of both
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chapter 2 and chapter 3 suggest that, along a trophic gradient, phytoplankton assemblages
will differ optically and that the optical changes with trophic status can be generalized
and related to dominant cell size.

In coastal areas with significant influence of continental outflows, dissolved
substances and particles other than phytoplankton will affect significantly ocean color
through contributions to absorption and backscatter (Kirk, 1994b). For example, colored
dissolved organic matter can absorb strongly in shorter wavelengths, overwhelming
contributions of phytoplankton to total absorption. Also, a considerable portion of
sunlight reflected from surface waters can be generated by components having high
backscattering efficiency, such as very small inorganic particles (Stramski and Kiefer,
1991; Ulloa et al., 1994), bacteria (Morel and Ahn, 1990) and even bubbles (Stramski,
1994; Zhang et al., 1998). Because of that, the effective extraction of information about
phytoplankton with different cell size ranges from ocean color relies on either accounting
quantitatively for these other components or on effectively minimizing their influence.

Biological and non-biological information from ocean color spectra have been
retrieved using three main procedures: 1) statistical and semi-analytical algorithms
relating the value to be retrieved to either two-band ratios of upwelling radiance, or to a
linear combination of more than two ratios (Gordon and Morel, 1983; Aiken et al., 1995);
2) inverse modeling techniques which relate the contribution of the different colored and
refractive substances to theoretical expressions (Sathyendranath et al., 1989; Doerffer and
Fischer, 1994; Roesler and Perry, 1995; Garver and Siegel, 1997) using known spectral
shapes for the relevant coefficients, and 3) empirical algorithms relating sun-induced
chlorophy!ll fluorescence (i.e., the height of the peak of chlorophyll fluorescence centered
around 683 nm, Neville and Gower, 1977; Gower and Borstad, 1981) to the concentration
of chlorophyll a. Differences in the absorption spectra of communities of phytoplankton
will influence these procedures in different ways.

In this chapter our initial goal is to investigate quantitatively how the dominant

cell size of phytoplankton influences relationships between ocean color and chlorophyll
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concentration, as well as relationships between vertical diffuse attenuation and ocean
color. To do so a wide variety of situations were compared, where measurements of
surface reflectances and near-surface diffuse attenuation coefficient at selected wave
bands were complemented by measurements of chlorophyll and the spectral absorption
coefficients of phytoplankton, detritus and colored dissolved organic matter. Independent
measurements of phytoplankton absorption allow us to quantify the effects of different
communities on the retrieval of information from optical measurements. By analyzing the
diverse bio-optical data set and results from a semi-analytical model as function of
chlorophyll, combinations of measurements that best discriminate changes of

phytoplankton community structure in surface waters will be selected.

4.2 Background

In chapter 2, it was discussed in detail how different assemblages of
phytoplankton are expected to influence radiance ratios and spectral diffuse attenuation in
surface waters. Briefly, consistent changes in inherent optical properties, IOPs (e.g.,
absorption, a(4), and backscattering, b,(4)), as functions of chlorophyll plus
pheopigments (C, mg m™) were parameterized. In particular, the semi-analytical model
(SAMOCAFOTS) described changes in pigment packaging and accessory pigmentation
as functions of C. Main trends in a(4) and by(A) were computed, and deviations were
simulated by changing specific parameter values. The parameterization of apparent
optical properties, AOPs (e.g., reflectance spectra and attenuation coefficient), were made
by combining theoretical expressions relating AOPs to IOPs (Gordon et al., 1975; Morel
and Prieur, 1977; Gordon et al., 1988; Sathyendranath and Platt, 1988) and

simplifications regarding the geometrical distribution of the light field.
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4.2.1 Reflectance and attenuation
Following the approximations and assumptions described in chapter 2, remote

sensing reflectance (R (1), sr'") just below the sea surface, that is, the ratio of upwelling

radiance, L,(4), to the downwelling irradiance, E4(A), is given by:

LA FABA)
L@A) _ g ay= BB 42
ER M= 0@ay 4.2)

where Q(A), sr, is the ratio of the upwelling irradiance to the nadir upwelling radiance
and f{A), dimensionless, is a parameter that depends on the geometrical distribution of the
light field. As a first approximation, the spectral variability of £4)/Q(A) in the blue and
green wavebands can be assumed to be very small (Morel and Gentili, 1993; Morel and
Gentili, 1996), so when ratios of R(A) at two wavelengths, 4, and 4,, are estimated:

RA) _bh) ady) 4.3)
R (&) bo(Ay) alhy) '

The diffuse attenuation coefficient, K4(4), is given by

a(A)+b,(A)

K,(A) =221
‘ Hy(A)

, 4.4)

where [I,(A) is the average cosine for downwelling irradiance, that can be assumed
relatively constant in coastal waters (Kirk, 1994b). The variability imposed by
communities of phytoplankton with distinct cell sizes on the relationships between AOPs

will be, therefore, manifested in their differential influence on a(A) and b,(A).
4.2.2 Total backscattering

Direct measurements of backscattering were unfortunately not available during
our sampling programs. Theoretical studies, however, suggest that the spectral shape of
the backscattering coefficient can be approximated as a power function of wavelength,

which is a result of the combined effects of the backscattering by water with an exponent
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of —4.65 (Morel and Smith, 1974), and backscattering by the local particles with
exponents varying from around -2 to zero (Morel, 1988; Sathyendranath et al., 1989:
Mobley, 1994). Consequently, in equation 4.3 the term b,(4,)/by(4,) will depend both on
the proportion of backscattering by water versus particles, and on the optical
characteristics and size distribution of the local particle assemblage, which defines the
spectral slope of their backscattering coefficient (Stramski and Kiefer, 1991; Ulloa et al.,
1994). For reflectance ratios commonly used for retrieval of C, e.g., 443 to 555 nm or
490 to 555 nm (Gordon and Morel, 1983; Aiken et al., 1995), by(4,)/by(A,) can vary by
more than a factor of 2 (Table 4.1). It is thus expected that in some situations the spectral
changes in backscattering may override the effects of absorption on spectral reflectance,
as for example, during coccolithophore blooms (Balch et al., 1996). In most oceanic
waters, however, a(4) is anticipated to be the dominant factor changing spectral
reflectance.

On the other hand, in coastal waters the input of inorganic particles will increase
the importance of backscattering (Bukata et al., 1995). Blooms of phytoplankton can also
affect the shape of the size distribution by the addition of modes of particular sizes
(Yentsch and Phinney, 1989; Chisholm, 1992; Mobley, 1994) or by affecting the
concentration of small particles by aggregation (Hill, 1992). These processes can
influence the shape of the size distribution and in turn, influence b,(4) (Ulloa et al.,
1994). Bubbles were also shown to potentially influence b,(A) (Stramski, 1994; Zhang et
al., 1998). All these different factors combined with the uncertainties of b,(A) due to the
lack of measurements in the field, make it difficult to predict the influence of different

cell sizes of phytoplankton on b,(A).

4.2.2.1 Minimizing the effects of total backscattering on reflectance ratios

If the general power shape of b,(A4) is applicable in nature, so-called curvature or

inflection ratio algorithms (see Campbell and Esaias, 1983) can be used to minimize the
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Table 4.1 Expected values of b,(4,)/h,(A,) when the proportion of backscattering by
particles at 555 nm, bbphoda (555), is varied (first column). This range represents the
approximate values predicted by the semi-analytical model SAMOCAFOTS (i.e.,
from around 3 when C is 0.5 mg m™ to 25 when C is 30 mg m>, see chapter 2).
Backscatter by water, b, (4), follows a power function with wavelength; the slope is
—4.65, corresponding to a bb'(490)/bb'(555) of 1.631 and b, (443) /b,  (555) of
2.579. Backscattering by particles also follows a power function with wavelength: the

value of Y indicates the slope.

by(2,)/ by (1;)
b, (555) =2 T=1 =0 ¥=05
b (555)
0500 152 139 1.262 .195
A =490 000 | 1440 1297 | L157 1.090
o 2000 1376 1227 . 1087 1022
L =5ss 5000 1335 1174 1.037 0.975
10000 1305 L1154 1019 0.958
20000 1294 LI143  1.010 0949
0500 2180 - 1897 1618 1484
1000 1970 1656 . 1371 124l
h=443 T 2000 | 1807 . 1483 1206 1.084
and T 5000 1676 | 1354 1088 0974
4, =355 10000 | 1.625 | 1305 1045 0935

20.000 1.598 | 1.279 1.023 : 0.914
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influence of the backscatter term on reflectance ratios (Zaneveld et al., 1998). For

example, in the curvature algorithm

R (443)R (555) _ b,(443)(555)  a(490)*

R (490)* b,(490)°  a(443)a(555)°

(4.5)

the value of the b,(4) term in the equation will vary from 0.94 to 1.04, for the same
ranges for the proportion of backscattering by particles and by water at 555 nm
exemplified in Table 4.1. If surface reflectance, absorption and backscattering are
computed with the semi-analytical model presented in Chapter 2 for the minimum and
maximum values of C (0.5 and 30 mg m, respectively), changes in R (490)/ R_(555)
and in (R.(443)R.(555))/R.(490)* can be associated with either the absorption or the
backscattering terms in each expression. The relative contribution of backscattering term
in equations 4.3 and 4.5 was estimated as follows:
I3
A2 B2
(lﬂ(ﬂ) + ln(_ﬁ_f))
where Al and Bl refer to the absorption and the backscattering terms when C is 0.5
mg m~, and A2 and B2 refer to the absorption and the backscattering terms when C is 30
mg m” This calculation suggests that b, (490)/b,(555) explains about 15% of the
changes in R (490)/R (555) when C varies from 0.5 to 30 mg m-3, and that
(bb(443)bb(555))/bb(490)2 explains only about 2% for (R (443)R.(555))/R.(490)*.
Therefore, even when extreme spectral shapes for backscattering are used, absorption
will be the more important factor in equation 4.5.

Note that equations 4.3 to 4.5 are only valid in the spectral regions not influenced
by inelastic scattering, such as Raman scattering by water molecules (Stavn and
Weidemann, 1992) and fluorescence by chlorophyll (above 600 nm) and other pigments
(Neville and Gower, 1977; Gordon, 1979; Gower and Borstad, 1981; Yentsch and

Phinney, 1985). Raman scattering affects the entire visible spectrum, especially from 500
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to 700 nm (Stavn, 1993; Bartlett, 1996). For example, at 550 nm the contribution of
Raman scattering to the reflectance signal has been estimated to be around 20% for pure
water, decreasing to 3% when C is 1 mg m” (Waters, 1995). For the C range considered
in this chapter, therefore, the contribution of Raman scattering can be neglected. In the
blue part of the spectrum, fluorescence by organic dissolved substances may be important
in waters in which their concentration is very high (Vodacek et al., 1994) and the validity
of these equations can be compromised. It will be assumed in this chapter that CDOM
fluorescence is negligible. Accordingly, with the instruments used in the present study,
analysis between AOPs and IOPs can be conducted for 4 wavebands: 412, 443, 490 and
555 nm.

4.2.3 Spectral shape of total absorption coefficient

The spectral shape of total absorption depends both on the relative contributions
of water, phytoplankton, detritus and CDOM (Kirk, 1994b) and on the respective spectral
shapes of their absorption coefficients. Absorption by water has been measured (Pope
and Fry, 1997) and can be assumed invariant. Absorption by CDOM and detritus can be
analyzed together (i.e., acgomeger(4), M™') due to the similarity of their spectral shapes

(Roesler ez al., 1989) which can be represented by:

acdomﬂkt(l) = acdotn+det ('10 )8[5(1_10)]’ (4-6)

where S (nm™) is the slope of the exponential decrease with wavelength and A gomsse (A0)
is the absorption coefficient for CDOM plus detritus at a reference wavelength (i.e. 443
nm). In chapter 3 changes in the spectral shape of phytoplankton absorption (a,u(A), m’)
were compared, and for a wide variety of phytoplankton communities, the spectral shape
of a,,(A) for entire phytoplankton assemblages from surface waters was strongly related
to the cell size range of the dominant organisms. A given spectral shape of a,(4) from
surface waters could be duplicated almost exactly with a linear combination of two

spectra (or basis vectors) representing the assumed extremes for assemblages dominated



117

by small and big cell sizes, respectively (see Table 3.4), and a single parameter, F,.,
which varies from 1 to 0, designating the proportion of the small cells. Thus, the size

parameter, F,

<

p>? in combination with the two basis vectors, can be used to represent

quantitatively the spectral shape of phytoplankton absorption, as will be shown below.
4.3 Approach

The effects of communities of phytoplankton with different cell sizes and also the
influence of a y,,4.(4) on the retrieval of information from AOPs is analyzed by
comparing forward modeling (using the semi-analytical model SAMOCAFOTS
presented in chapter 2) to observations of F_,, and a,,,..(A4). The good agreement
between SAMOCAFOTS and empirical relationships (see chapter 2), allows us to assume
that the model results represent expected values of AOPs as functions of C, so that one
can relate the deviations in the observations from the model results to either changes in

cell size or CDOM plus detrital absorption.

4.4 Methods

4.4.1 Sampling design

The bio-optical data examined in this chapter were collected during the same
cruises described in chapter 3 (see section 3.5 for the general sampling design). Water
samples were taken and CTD casts were conducted while a spectral radiometer buoy was
deployed to measure ocean color (see Table 4.1 for instruments used and wavelengths
measured in each occasion). Radiometer data were collected at 6 Hz throughout the
occupation of stations, which varied from about 15 minutes to several hours. Immediately
after water was sampled from the CTD-rosette system, vertical profiles of spectral
downwelling irradiance were taken. During the time series in Bedford Basin from July to

December of 1996 (BBTS96), the spectral radiometer buoy was moored, collecting data
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Table 4.2 Location, dates, measurements and instruments used in each cruise. TSRB:
Tethered spectral radiometer buoy, TACCS: Tethered attenuation coefficient chain
sensor, SPMS: SeaWifs profiling multichannel radiometer, OCI-200: Ocean color
radiometer with irradiance sensors, OCTS: Ocean color and temperature sensor. All

instruments from Satlantic, Inc.

Location Dates Cruise Measurements Instruments
name

Bedford Basin  Aug. BBS92 ' L, (412, 443, 490, 510, 555, 670 and 683), TSRB and pair

1992 ; E4490, K490, chl and particulate of E, sensors
' absorption
Bedford Basin - Aug. BBS93 L, (412,443, 490, 510, 555, 670 and 683), TSRB and
1993 . E4490, K«(412, 490 and 555), chl, particle pairs of E
size, particulate and dissolved absorption sensors

Bedford Basin Aug  BBS96 . L, (412,443, 490, 559, 670, 683 and 705), TACCS, SPMS
1996 . E4490 daily, E (412, 443, 490, 555 and and OCI-200
© 700) weekly, K490 daily, K, (406, 413,
© 435, 444, 456, 490, 510, 532, 556, 590,
Jul.to : BBTS96 @ 670, 683, 700) weekly, chl, particulate and

Dec. . dissolved absorption (weekly plus intensive
1996 . ; sampling Aug 20-22)
Bering Sea Apr.  BS96 L, (412, 443, 490, 555, 670, 683 and 700), TSRB, single
1996 ' Ea (412, 443, 490, 555 and 7«)), Kd490v Ed sensor and
: chl, particulate and dissolved absorption OCI-200
Bering Sea Jun. = BS97 L, E,and K, (412, 443, 490, 511, 531, 555, OCTS-100

1997 590, 673, 683, and 700), chl, particulate
i and dissolved absorption
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at 6 Hz for one minute in 10 minute intervals. The site was visited every week for water
samples and profiles of spectral downwelling irradiance. An intensive sampling was
conducted on August 21 and August 22 1996, with CTD and spectral downwelling

irradiance taken every hour, along with surface samples for chlorophyll.
4.4.2 Optical measurements

Spectral diffuse attenuation coefficients for downwelling irradiance (Ey(A), W m>
nm’'), were measured using free-falling radiometers (SPMR and OCTS-100, see Table
4.2). Vertical profiles of E4(A) were used to compute the diffuse attenuation coefficient
(K4(A), m™"), defined as the slope of the natural logarithm of Ey() versus depth for each
waveband. Only E4(A) within the first optical depth was included (i.e., depth in which
measured E4(1) was 37% of the value measured at the surface). In-water E,(4) was not
corrected for variations of E4(4) measured in air during the vertical cast. Although
variable downwelling irradiance can affect E4(A) measured at depth during the casts, this
variability is not expected to affect K4(A) much because only data from the uppermost
layers were used and the casts were completed in a relatively short time. The SPMR was
equipped with a tilt sensor and data taken when the instrument was more than 3 degrees
of the vertical were excluded. In general, multiple casts (3 or more) were available at
each station, and K4(4) was calculated as above for each cast and then averaged. When
free-falling radiometers were not available, K,(1) was measured with vertical profiles of
pairs of E4(A) sensors, or by profiling with a single E4(490) sensor attached to the frame
of the CTD (see Table 4.2),.

Spectral upwelling radiance was measured with three different spectral radiometer
buoys (Table 4.1). In both the TSRB and TACCS buoys, the radiance sensors are located
at a depth of 0.45 m (L, (4)). Thus, to compute upwelling radiance just below the

surface (L,(A)), K4(A) must be taken into account, such that:
L(A)=L, (1) exp(0.45K,(A)). “.1)
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When spectral K; was not available (see Table 4.2) the different wavebands of vertical
attenuation were estimated as a function of surface chlorophyll plus pheopigments
(BS96) using the relationships described by Morel (1988), or as a function of K 4(490)
(Bedford Basin) using the statistical relationships by Austin and Petzold (1986). Equation
4.1 assumed that K4(A4) is constant in the upper 45 cm. Measurements with OCTS-100
(i.e., Bering Sea 1997) were not corrected for attenuation, because the sensors were
located approximately 0.1 m below the surface.

Spectral downwelling irradiance was also measured in air by different instruments
(Table 4.1), equipped with cosine-collector sensors. These data were used for
computation of surface remote sensing reflectance, that is the ratio of upwelling to the
downwelling irradiance. The spectral irradiance measured in the air (E4(A,0%)) was
corrected for reflection at the air-ocean interface, computed using the Fresnel equation
(see Mobley, 1994), thereby yielding E4(A), the irradiance just below the surface. Note
that if reflectances were computed just above the surface instead, their values would be
about two times smaller due to the trasmission of radiance at the ocean-air- interface.
Nonetheless, the changes in Fresnel reflectance for upward and downward fluxes with
zenith angle are not spectrally dependent, and the data discussed here refer solely to
ratios of reflectance. Data for solar zenith angles greater than 70 degrees were excluded
from the data set, due to limitations of the cosine response of the sensors (see Bartlett et
al., 1998). Measurements of E4(490) were taken in all experiments and when data in
other wave bands were not available (i.e., BS92 and BS93), E4(A, 0*) was estimated by
multiplying E4(490,0%) by a factor. The factors were computed as median values for
E4(A,0%) /E4(490,0%) using a clear sky solar irradiance model (Gregg and Carder, 1990)
that was run several times with the input parameters ranging within pertinent ranges for
Bedford Basin in the summer. The use of a clear sky model ignores the effects of clouds
on E,(A,0%), which can introduce variability on reflectance ratios independently of the
composition of the water or of the geometrical distribution of the light field. The main

spectral changes in irradiance due to clouds are in the blue region, and in Bedford Basin
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area studies show that the maximum error for using the clear sky model to determine

irradiance at 555 nm from E4(490, 0%) is around 7% (Bartlett et al., 1998).
4.4.3 Water samples

Samples for fluorometrically-measured chlorophyll plus pheopigments (C,
mg m>) and for particulate absorption using the filter-pad method were analyzed as
described in chapter 3. Phytoplankton absorption was computed by measuring the
absorption by total particulate material and subtracting the absorption of the same
material after an extraction with methanol and water (see section 3.5).

Absorption by dissolved material (hereafter referred to as colored dissolved
organic matter, CDOM) was measured using filtrates of GF/F (Bedford Basin), 0.2 um
polycarbonate filters (Bering Sea 1996) or 0.2 ym nylon filters (Bering Sea 1997).
Samples were scanned against Nanopure water, filtered through a 0.2 um polycarbonate
filter, with a Cary 3 Dual-Beam spectrophotometer using 10 cm cuvettes. Filtered
samples and Nanopure water were brought to room temperature before analysis. All
filters were rinsed with approximately 50 ml of sample water and this initial filtrate was
discarded. Each scan was smoothed using a 5-nm running average, and corrected for both
residual scattering (setting the mean optical density between 740 to 750 nm to zero) and
pathlength. The use of different filters for removing particulate matter is not expected to
interfere with the results much, as none of the samples showed notable signals between
740 and 750 nm, suggesting that the amount of scattering material that passed through the
filter was not important. For comparison with optical data, total absorption was computed
as the sum of measured total particulate absorption, CDOM absorption and water
absorption, taken from Pope and Fry (1997). Total absorption was estimated with a
spectral resolution of 1 nm, then absorption corresponding to relevant wavebands was
computed using averages, weighted with the spectral response of the instruments used in

each sampling program.
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4.4.4 Parameterization of the effects of cell size

In order to examine the effects of cell size explicitly, it was necessary to modify
the model to incorporate the size parameter F_,.. SAMOCAFOTS predicts the central
trend in a,,(4) by computing expected values of phytoplankton absorption normalized to
C, a;h(l). One can convert a;,,(l) into F_,, values by decomposing spectra of ay, at

each C as described in chapter 3:

1) For a given range of C, ag, (A) is computed for 6 wavebands (412, 443,
490, 510, 555 and 670 nm) using the semi-analytical model. Although a
high-resolution spectrum for each C can be inferred, the analysis will refer

only to the six wavebands.

2) The estimation of F_,, from a; at the six wavebands is done as
described in chapter 3, except that the spectra were not normalized to (aph>,
that is, to the average phytoplankton absorption computed between 400 and
700 nm. The a;, values computed by the model at each C were assumed to
vary between two possible extremes of a, (A), representing small ( Tico A4)
and larger (a;;. (A)) cells (see Appendix 3.9A for values). A linear

regression of a;, (4)was performed following

a;h (l) = F‘<p>a;ico(l) + Em)a;ﬁao(l)’ (4-7)

and F,

<m>

where F

<p>

are the magnitudes of a;;,(4) and a;,..(4), and the
regression is constrained so that F,  =(l1- F_,,) (see details in Appendix
3.9B). Thus, the entire spectrum can be described with a single parameter,
F;'»(see slope and coefficient of determination in Table 4.3). Note that
dependent and independent variables have only 6 cases. Therefore, a
spectrum characteristic of small cells tends towards F_,.=1, and a spectrum

characteristic of large cells tends towards F_, =0 (Figure 4.1A).
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When a;,,(/l) predicted by the semi-analytical model at each C, is decomposed
using equation 4.7, the regression yields F_,. as a function of C (Figure 4.1b) illustrating
the trend toward absorption spectra characteristic of bigger cells with higher C. For
comparison, Table 4.3 also shows the slopes and coefficients of determination (r?) for the
regressions of a;, (A1) predicted by the semi-analytical model and each of the two basis
vectors. Two points can be made: first, r* of the regression including both vectors are
only slightly higher than those from the regression using a....(A) only, however the
slopes (which indicate the bias on the magnitude) differ substantially; secondly,  for the
regression using both basis vectors tended to increase with C, which is probably a result
of the higher uncertainties associated to the parameterization of a;,(A) as a function of C
when C is low (see chapter 2).

The incorporation of F_, in the model allows one to modify its central trend with
C and in turn, simulate effects of phytoplankton absorption on AOPs for different
situations, such as dominance by small and larger cells. For example, if F_  is fixed to
be zero and then to be one, independently of C, the model can generate AOPs for a
maximum range of variability imposed by absorption spectra of different cell sizes only.
These predictions can be verified with independent measurements of F_,. (ie., the

decomposition of the measured phytoplankton spectra in our data set) and C that were

taken concurrent with measurements of AOPs.
4.4.5 Parameterization of the effects of CDOM and detritus

The semi-analytical model also assumes a relationship between CDOM plus
detrital absorption (@cgomsder(4)) and C. Absorption by CDOM and detritus has a
background value (D, , m™) (Kirk, 1994b) and increases linearly (slope d;, dimensionless)
with a,,(4) based on published relationships (Bricaud and Stramski, 1990). By changing
both D, and d; in the relationship (see equation 2.17 in chapter 2) within a factor of 4 of
the original values, one can simulate AOPs for situations in which Qcgomeder(A) is 1/4 or 4

times the values predicted by SAMOCAFOTS. This range was chosen based on our data
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Figure 4.1 Inferred contributions of different size classes to phytoplankton absorption
as a function of trophic status. SAMOCAFOTS estimates C-normalized phytoplankton
absorption at 6 wavebands (see chapter 2). The set of wavebands at each C were
decomposed using a linear combination of two spectra with 1 nm-resolution
representing small and large cells, respectively, as described in chapter 3. The

decomposition yields the size parameter F, .. A) Inferred spectra at each C using a

<p>*
linear combination of the two basis vectors and the estimated F,, (see equation 4.6).

Some spectra are not shown to facilitate visualization. B) Estimated F_,, ateach C.
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Table 4.3 Results for the decomposition of a;, (1) computed for 6 wavebands (412,
443, 490, 510, 555 and 670 nm) using the semi-analytical model for the given range of
C (see text). Decomposition is a result of a linear combination of two extreme a;h(l),
representing small and big cells, using a linear regression subjected to constraints (see
text). The regression yields the factor F,,,. For comparison, coefficients of
determination (r) and slopes are presented for the regressions using both basis vectors

and using each vector separately. Analysis was performed for 6 wavebands only.

C F,, 'r’both slope  r’pico slope r’micro slope

j both pico micro

10500 0568 0815 1.015 0743 0658  0.766  3.240
0.750 048 = 0825 1016 0722 0591 _ 0.787 2921
1000 0432 | 0833 1017 . 0704 0547 | 0802  2.706
1250 0389 | 0840 1018 . 0686 0512 0815 2541
1500 0356 . 0845 1018 . 0666 0485 0826 2412
72000 0305 0854 1019 0628 0444 | 0845 2213
3000 0239 = 0866 1.020 0557 0389 0868 1950
4000  0.194 0879  1.020 0494 0353 = 0886 1775
5000 0.162 & 0892  1.020 0438 0327 0901  1.649
7000  0.121 | 0910 1019 . 0343 0293 . 0919 1484
10.000  0.086 0930 1016 = 0251 0264 0933  1.345
12000  0.073 0945 1013 0246 ~ 0253 -~ 0938  1.288

' 18.000 0049 0960 1.006 | 0231 0233 0943 |

1.189
125000 0033 | 0968 1.001 0209 0220 0950 1124

130000 0026 0970 0997 . 0233 0214 _ 0951 1090
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set, so it would include all observed a goms+gei(A) and C from the diverse cruises (see

Figure 4.3 in next section).

4.5 Results and Discussion

4.5.1 Main characteristics of the data sets

To facilitate the interpretation of the trends in the observations presented in the
following sections, it is important to describe the measured patterns of both F_,, and
Acqom+der(A) relative to C. All measurements refer to surface samples and are assumed to

be representative of the mixed layer.

4.5.1.1 Observed F_,, and C

Changes in spectral absorption as a furnction of C during the different cruises can
be illustrated by the relationship between F_,, and C (Figure 4.2). Comparing
observations and model (i.e., “expected”) results, one can observe that the expected trend

between F_ . and C was approximately followed during the cruise in the Bering Sea in

<p>
1996 (BS96) and during only a portion of the time series in Bedford Basin in 1996
(BBTS96) represented by the fall bloom observed in mid-October. During the summer
experiments in Bedford Basin in both 1992 and 1996 (BBS92 and BBS96), measured
F_,, values were representative of dominance by small cells. In the summer of 1993, due
to a bloom of large dinoflagellates that remained intermittently at sub-surface, F,
varied mainly reflecting the proportion of dinoflagellates to the small-celled flagellates
that were always present at the surface. During the Bering Sea cruise in 1997 (BS97), a
large portion of the data collected were derived from radial transects in an anticyclonic
eddy showing a relatively constant F_,  representative of a bloom of small cells

(probably Phaeocystis, J.J. Cullen pers. comm.). The eddy was revisited after the

presumed crash of this “bloom™ observed with ocean color drifters (Cullen et al., 1998),
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Figure 4.2 Inferred contributions of different size classes to phytoplankton absorption

(i.e., values of F_, computed from measured phytoplankton absorption spectra) as a

<p>
function of trophic status in the different data sets (see legend) compared to
“expected” values as a function of C estimated with SAMOCAFOTS (solid line).
Points above the line correspond to spectra characteristic of cells smaller than

predicted by the model.
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and as will be shown later, resulted in high CDOM plus detrital absorption values at low

C.

4.5.1.2 Observed a_yomege(A) and C

The relationship between a 4on,4(4) and C during BS96 (Figure 4.3A) shows that
observed a.yom.ge(4) values were similar to the predictions of the model for C above 1
mg m" but with high values at lower C. This resulted in an inverse relationship between
3cgoms+der(A) and C in low-C water. The same inverse relationship was observed during
BS97 at low to medium C. Higher a 4om.4(A) values than those predicted by the model
were also observed in high C accompanying the bloom in the Bering Sea in 1997.

The several data sets from Bedford Basin were taken from a single sampling point
at different times. The Basin receives large inputs of particulate and dissolved organic
matter from both land drainage and untreated sewage discharge, and values of @ 4om.4er
are high in any season (Figure 4.3B). Because of that, the comparisons between data and
model (or expected values) results refer to SAMOCAFOTS high CDOM, which includes
a “background” @.gom.ea(4) that encompasses more properly the range of conditions in
the Basin (see chapter 2). During the intensive sampling in August 1993 and 1996,
3cgom+der(A) Vvalues were similar to those predicted by SAMOCAFOTS high CDOM at a
given C. Strong and episodic increases in a_,,,, during rainy periods were observed in

July and also in the end of August of 1996.
4.5.2 Remote sensing reflectance ratios and C

Ratios of remote sensing reflectance have been important tools in bio-optical
oceanography, yielding robust empirical relationships with C and other constituents of
sea water (Gordon and Morel, 1983; Carder et al., 1991; Aiken et al., 1995; Lee et al.,
1998). The ratio R (490)/R,(555) is particularly important, as it has been shown recently
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Figure 4.3 Relationship between measurements of absorption by CDOM and detritus
at 443 nm versus C in the different data sets (see legends) compared to values
estimated by the model (solid lines). A) Data from the Bering Sea cruises and
estimates from SAMOCAFOTS and B) Data from Bedford Basin and estimates from
SAMOCAFOTS high CDOM.
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to be the single wavelength pair to explain empirically most of the variability found in C
in surface waters (O'Reilly et al., 1998). Some evidence of the influence of
phytoplankton showing different degrees of pigment packaging on empirical bio-optical
relationships has already been presented (Mitchell, 1992; Carder et al., 1999), and it is
thus crucial to analyze the extent to which different communities at a given C can affect
this ratio. Ratios such as 412:555 and 443:555 are more susceptible to interference by
other optically active constituents of the water, such as CDOM and detritus. These
components will also affect 490 nm, but less than they affect 412 and 443 nm, due to the
spectral shape of their absorption coefficient, typically represented by an exponential
decrease with wavelength (Bricaud et al., 1981).

The semi-analytical model recreates well the empirical relationships (e.g.,
O'Reilly et al., 1998) between R (490)/R.(555) and C for ranges between 0.5 to 30 mg
m" (chapter 2). Because of that, analyses comparing model results and data outside this

range of C will be not discussed in depth .

4.5.2.1 Influence of cell size on simple reflectance ratios

In the general formulation of the semi-analytical model, F_,. decreases smoothly
with C (Figure 4.2b), representing the changes in the spectral shape of the phytoplankton
absorption coefficient with C that are consistent with a gradual increase in the cell size of
the dominant organisms. At first approximation, assuming that the shape of
phytoplankton absorption coefficient indeed varies between two possible extremes, the
model can be run with F_  fixed to one and zero, thereby simulating relationships
between R (490)/R (555) and C for dominance of small and big cells, respectively,
ignoring any systematic differences in backscattering and in CDOM plus detrital
absorption. When these formulations are compared to our data set representative of
coastal and oceanic waters with small to moderate contributions of continental outflows
(i.e., relatively low CDOM Figure 4.4A), it is observed that the lines representing the

model simulations create an envelope around most of the data, except at very low C (the
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Figure 4.4 Relationships between R.(490)/R.(555) and C from all cruises. A) Solid
line shows results of the semi-analytical model SAMOCAFOTS describing the central
trend of the decrease in F_,, with C, in which small cells dominate at low C and large
cells dominate at high C. Small dashed line represents SAMOCAFOTS with F . =1
(dominance of small cells). Large dashed line represents SAMOCAFOTS with F,.=0
(dominance of large cells). An independent data set (SeaBAM validation data set,
courtesy of Dr. C. McClain) is included for comparison. B) Same as A only for data
collected in Bedford Basin in several occasions compared to SAMOCAFOTS high
CDOM. Note change in scales.
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SeaBAM validation data set, courtesy of Dr. C. McClain, is plotted for comparison). The
envelope suggests that the degree of variability in the relationship between
R (490)/R (555) and C imposed by communities of phytoplankton of distinct cell sizes
can be of the order of 40 to 50% around the central trend of the reflectance ratios as a
function of C, at a maximum. Deviations above 50% can be expected for dominance of
very small cells at C higher than 3 mg m™. This is somewhat unrealistic (Chisholm,
1992), as “blooms” of very small (usually procaryotic) cells, such as Synechococcus are
found in nature with relatively low C of about 1 mg m™ (e.g., Morel, 1997). Nonetheless,
the trends observed at high C in Figure 4.4A are in agreement with the predictions of the
model: deviations in reflectance ratios of about 20 to 40% were observed in the data and
could be related to the dominance of small cells during BS97.

Similar envelopes can be created for comparison with the data collected in
Bedford Basin (Figures 4.4B). In these data, deviations from the relationship between
R.(490)/R.(555) and C are consistent with the presence of large cells observed during
the red tide event in 1993 (Cullen et al., 1994) and of small cells during the summer of
1996. However, deviations from the relationship between R.(490)/R.(555) and C in the

Basin are expected to be strongly driven by changes in @.yomeger -

4.5.2.2 Influence of a ... (A) on simple reflectance ratios

In nature, not only F_ . but also CDOM plus detritus absorption is expected to
change differently with C than is predicted by the model. For example, the data points
below the line predicted by the general formulation of SAMOCAFOTS (Figure 4.4A) are
a consequence of increasing a(490) relative to a(555). This can be a result of both a
decrease in the flattening of the phytoplankton absorption spectra (i.e., dominance of
small cells) or a larger contribution by a_,,,,. (). By varying the parameter values
controlling acgom+det(4) in the model, a new envelope around the general formulations of

SAMOCAFOTS can be created (Figures 4.5A and 4.5B). If Qcdomsde(A) Varies from 1/4 to

4 times of the values assumed in the general model at each C (which is a reasonable
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range to include all our observations as shown in Figure 4.3), the expected deviations of
reflectance ratio are about 20 to 30% for C less than 2 mg m>, decreasing to less than
10% at higher C. The deviations in Figure 4.5A emphasize the data points collected in the
Bering Sea with low C as a result of higher contribution of CDOM absorption. Note also
that points from C between 0.5 and 5 mg m™ during BS97 are in close agreement with the
line representing 1/4 of the values assumed in the general model. It is important to note
that in the model, the spectral shape of a.4om.der Was kept constant following an
exponential decrease with wavelength with a slope of -0.015 (equation 4.6). Model
simulations varying the slope from —0.02 to -0.01 (not shown) produce deviations of 5%
at a maximum in R .(490)/R.(555) as a function of C with SAMOCAFOTS, but around
20% with SAMOCAFOTS high CDOM (Figure 4.5B).

4.5.3 Inflection ratios and C

In all the R (490)/R (555) predictions discussed above, it was assumed that
changes in backscattering with C in the data follow closely the central tendency described
by the model (see chapter 2). Briefly, scattering by phytoplankton plus detritus at 660
nm, bph.ge(660), and the spectrally-invariant backscatter ratio, Ebphm’ are specified as
functions of C using published empirical relationships. Their product is used to calculate
the backscattering by particles, bbp...du (4) with the application of an exponential slope ()
for wavelength dependence. The slope ¥ changes with C, reflecting larger particle sizes,
hence lower %, at higher C. Backscatter due to pure water comes from the literature (see
chapter 2 for details). As changes in backscatter are most likely a result of the influence
of components other than phytoplankton, the effects of changes in F_,, on bbpwa (A)
were not taken into account in the modeling exercises.

However, part of the deviations observed in the data could be a result of a
different behavior of spectral backscattering in relation to what is predicted by the model.

Thus, it is useful to investigate quantitatively the general deviations produced by changes
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Figure 4.5 Same as Figure 4.4, only the model runs refers to changes in the total value
of absorption by CDOM plus detritus of 1/4 of SAMOCAFOTS (small dashed line)
and 4 times of SAMOCAFOTS (large dashed line). A) Data from the different cruises
excluding Bedford Basin (see legend). The SeaBAM empirical relationship (O’Reilly
et al., 1998) is plotted for comparison. B) Bedford Basin data only.
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in F, and @ ,,,4,(4) on the inflection ratio R (443)R (555)/ R.(490)* as a function of
C, which in principle is relatively insensitive to backscattering (Zaneveld et al., 1998, See
also section 4.3).

The same simple sensitivity analysis for influences of F,, and a4, () on
R.(490)/R_(555) as a function of C (Figures 4.4 and 4.5) can be repeated for the
relationship between R (443)R.(555)/R.(490)’ and C (Figure 4.6). These analyses
suggest that inflection ratios have relatively low sensitivity to Acdomsder(A), Which when
varied by a factor of 16 from that expected by the model, yield deviations of less than
20% around the central trend of reflectance ratios as a function of C (Figure 4.6B) in
environments with low to moderate inputs of CDOM and detritus. Changes in dominant
cell size (Figure 4.6A), on the other hand, are the major cause of variability in the
relationship between R (443)R_(555)/R (490)* and C, accounting for deviations of more
than 50% in the ratio when C is higher than 2 mg m”. The simulations with
SAMOCAFOTS high CDOM, which is representative of average conditions in Bedford
Basin, show the same tendencies, although deviations produced by a_,,,..4.(4) can be on
the order of 30%, at a given C (Figures 4.6C and 4.6D). Comparisons with data (Figure
4.7) show that, similarly to what was found for the relationship between
R.(490)/R,(555) and C, the envelopes created by the model simulations included most
of the data points. The tendencies in the cruises are also repeated, that is, the presence of
small cell sizes during BS97 and a good agreement between the general model and the

BS96 data.

4.5.3.1 Comparing effects of size and a.yom.ge(4)

Using forward modeling exercises, one can estimate the degree of influence that
either changes in phytoplankton cell size range (F,,,) or changes in CDOM plus detrital
absorption (a.gomsder(4) ) have on iotal absorption at a given C. In turn, ratios of surface

reflectance associated with this variability can be estimated, thereby computing the extent
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@ 4om+ser () ON relationships between R (443)R.(555)/R.(490)* versus C. A) Solid
lines are results of the semi-analytical model SAMOCAFOTS with its general
formulation. Dashed lines represent SAMOCAFOTS run with fixed values of F,,
(see legend). B) Same as A but the model runs refer to changes in the total value of
absorption by CDOM plus detritus of 1/4 (small dashed line) and 4 times (large
dashed line) of that predicted by SAMOCAFOTS. C and D) Same as A and B, but for
SAMOCAFOTS high CDOM.
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excluding the ones in Bedford Basin (see legend). Solid line are result of the semi-
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to which both F_,, and a 4on.4e(4) can influence the retrieval of C from ratios of surface
reflectance (Figure 4.8A). The reflectance ratio modeled in Figure 4.8A is sensitive to the
ratio of backscattering at 490 vs 555 nm. Because the analyses presented here did not
include changes in backscattering, extreme ranges of variability were also computed for
the relationship between inflection ratios of surface reflectance and C (Figure 4.8B)
which in principle, is affected almost exclusively by total absorption.

These sensitivity analyses show that differences in F_,., thus in cell size range of
the dominant organism, can indeed be an important source of variability in algorithms
using simple ratios of remote-sensing reflectance at the surface, especially at C above 1-2
mg m>. Therefore, these changes should be considered in both regional and global bio-
optical models, as they can produce deviations of 30 to 50% in R .(490)/R.(555) as a
function of C. The consequences for retrieving C from R.(490)/R.(555) are even more
drastic, as the uncertainties for C at a given value of R (490)/ R_(555) suggested by the
model can be of the order of approximately 10-fold, suggesting that global algorithms for
C above 1 to 2 mg m” will perform unsatisfactorily when cell size changes remarkably
(Figure 4.7).

In waters with C below 1 to 2 mg m™, however, deviations in reflectance ratio
associated with changes in cell size range are about the same magnitude as those imposed
by a range of values for a.4om.4e(4), encompassing the variability encountered in our data
set (Figure 4.3). Waters with low chlorophyll and this range of CDOM include most
oceanic situations. Although the lowest model predictions are at C equals to 0.5 mg m?, it
is not unreasonable to assume that the influence of changes in @.yom.ge(A) below 0.5
mg m™ will be even more pronounced. In addition, at a low values of C it is likely that

changes in F_,, are rather small (see Figure 4.2) because dominance of larger cell sizes

<p>
are generally associated with high phytoplankton standing crops (Yentsch and Phinney,
1989; Chisholm, 1992). Mechanistic approaches for bio-optical models in low-
chlorophyll waters should concentrate on establishing the relative proportions between

phytoplankton and CDOM plus detrital absorption (Garver and Siegel, 1994). At high C,
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hence dominance of phytoplankton absorption, it is clear that changes in dominant cell
size have the stronger influence on retrieval of C. On the other hand, it is likely that
changes in backscattering play a role on the deviations observed in the data set (Figure
4.4). When the sensitivity to F_,, or t0 @.4omsga(4) is quantified in the relationship
between R (443)R (555)/R.(490)° (i.e., inflection ratio) and C (Figure 4.8B), one could
expect that the use of an inflection ratio for retrieval of C would be reasonable at low C,
as both the effects of backscattering and @ yom.4(A) are minimized. If it is assumed that at
low chlorophyll concentrations F_, can only vary between 1 and 0.5, the uncertainties in
C at a given R (443)R.(555)/R.(490)° are still around 2-fold. At high C, our model
simulations produced variability of more than 50% in R,(443)R.(555)/R.(490)* at a

given C, which suggests that tremendous uncertainties on the retrieval of C in these

waters (Figure 4.8B see also Figure 4.7).

4.5.4 Retrieval of the size parameter from relationships between AOPS

4.5.4.1 Model approach

In chapter 2, the results of the sensitivity analyses on relationships between
surface vertical attenuation coefficient (K4(A)) and radiance ratios suggested that these
relationships are sensitive to changes in the degree of pigment packaging of the entire cell
assemblage at medium to high C. It follows that these relationships are also sensitive to
changes in F_,, and could be used as a tool for discriminating changes in the cell size
ranges using passive optical instruments. The approach was to use a combination of
wavebands for both K, and radiance ratios in which changes in the spectral shape of
phytoplankton absorption are the main source of variation.

Relationships between surface diffuse attenuation and surface remote sensing
reflectance are examined here. These relationships will be hereafter designated to as AP-

type relationships, after the most commonly used empirical formulation of K,(490) and

L,(443)/L,(555) by Austin and Petzold (1981). Relationships most responsive to
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changes in F_,_ can be identified with a simple sensitivity analysis using our semi-
analytical model (SAMOCAFOTS).

Similarly to what was done for reflectance ratios in section 4.4.2, the general
formulation of the model is presumed to represent “expected” values of total absorption
and backscattering, and thus AOPs, for a given range of C. If it is assumed that changes
in the behavior of backscattering with C, specifically related to F_,, are small (i.e.,
keeping the terms describing backscattering exactly as they are in the general formulation
of the model), one can compare how sensitive the different AP-type relationships are to
changes in cell size range. For the same range in C used in the general formulation of the
model, simulations can be created for cases in which small or big cells dominate by
fixing F_,, to one and zero, respectively. Because CDOM and detrital absorption modify
the spectral shape of total absorption, it is also possible to evaluate how sensitive these
relationships are to @ yom+der(4) in comparison to F_,.. The sensitivity analyses for
changes in @.4om+det(A) Were made by running the model with @.y,.q(A) at each C
modified to be 1/4 or 4 times the value used in its general formulation. It is important to
remember that in all different formulations of the model, the spectral shape of a 4o ,get
was kept constant and that our relationships refer to K4(4) versus R (4,)/ R (4,), rather
than versus L (4,)/L,(4,). The analyses were made for six combinations of diffuse
attenuation and reflectance ratios using 490, 510 and 555 nm. These are the wavebands
available in our data set that are least influenced by @ 4o ge(R)-

Comparing the deviations produced by changes in F_,, and @ 4omsge(A) With C for
the 6 different AP-type relationships (Figure 4.9), it becomes clear that changes in F,,
tend to produce a large variation in the shape of the curves, while changes in @ yqp,ge(4)
tend to modify the absolute value of K4(4) relative to R (4)/R.(A), and do not affect
much the shape of the relationship (see chapter 2). It follows that the AP-type
relationship showing the highest degree of “spreading” of the lines due to changes in F,.
could be a potential tool to observe changes in the phytoplankton size structure from

measurements of AOPs. In our model simulations, effective AP-type relationships are
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those between K,(555) and either R.(510)/R_(555) or R.(490)/R.(555) (Figures 4.9C
and 4.9E).

The spreading of the lines describing K4(555) versus R.(490)/R.(555) for a given
value of F_ . (Figure 4.10 A) occurs mainly because phytoplankton absorption at 555 nm
varies just slightly with F_ (see Figure 4.1A). As a_, .. (550) also has little effect
over K4(555), at a given C Ky(555) tends to remain approximately constant. On the other

hand, F

<p>

becomes important for defining phytoplankton absorption at 490 nm, and thus
the shape of the curves is governed by R.(490)/R (555). Consequently, a pair of
K4(555) and R (490)/R.(555) values at a given C, will fall on a single possible AP-type
curve simulated by F_ ..

These analyses suggest that F_,, could be retrieved from R (490)/R (555) and
K4(555) data pairs collected simultaneously in surface waters, by comparing the
observations to the expected relationships from model simulations. The comparison
between model and observations could be done, for example, with a nomogram (Figure
4.10) in which observations of K,(555) and R,(490)/R.(555) are plotted, and F_, isread
from it. Alternatively, the curves defining K4(555) versus R_(490)/R_(555) for a fixed
value of F_,  could be described with curve fits and the distance of the observed point
from the lines computed statistically. The use of such an approach in waters with a high
influence of CDOM and detrital absorption is limited as both K 4(555) and
R.(490)/ R (555) will be affected not only by the proportion of CDOM plus detrital
absorption in relation to phytoplankton absorption, but also by the spectral shape of
Qcgom+der (S€€ Chapter 2) which will vary according to the source of these component
(Carder et al., 1991; Green and Blough, 1994), or possibly some degree of photochemical
fading (Vodacek et al., 1997). Nomograms can be created to be used for Bedford Basin

data, because the parameter values describing a.y,,.4.(A) were adjusted to represent the

average conditions in the Basin (see Figure 4.3B).



— SAMOCAFOTS
10.0- —— Faprut
= =+ F<por=l
—~ \ ® cdomedets1/4
"',‘E '\ x  cdomedets4
< 1.0 R
o \
<,
< 0.1
A ~
0.1 1 10
R 490/R 555
e SAMOCAFOTS
10.0- == Fep>=1
- oo F<pr=0
— o cdomedat=1/4
= X  cdomednt=4
é« 1.0+ \'\_‘ ¥
2 .“\ ¥
vy
N 4y
0.14 e
B -~
0.1 .1 110
R 490/R 555
——— SAMOCAFCTS
10.0- == Fepant
- o= o Fepr=0
—_ . caomm:u
‘o=
E 1.04
A
vy k
e 0.14 -
C
0.1 ‘1 1‘0
R 490/R 555

143

— SAMOCAFOTS
10.0- = Fape
- = o F<p>=0
—~ \ ° a‘lomm:lll
- '\. x  cdom+det
E 1o N, %
3 Y
-4
s 0.1+
D
0.1 1 10
R 510/R 555
e SAMOCAFOTS
— Fopo=
10.0- T
© cdomedeta1/4
= x  cdomedetz4
é .04 \'\ 3
e "~
mﬂ
.14
E
0.1 1 10
R S10/R 555
— SAMOCAFOTS
10.04 e
o cdom+det=1/4
L~ x  cdomsdet=4
E 10
7
v D \
;:-a k
0.14
F
0.1 1 10
R 510/R 555

Figure 4.9 Relationships between vertical attenuation coefficient and remote sensing

reflectance ratios. Solid lines are results of the general formulation of the semi-

analytical model; dotted lines represent model results with dominance of small cells;

large-dashed lines represent model results with dominance of big cells; model results

are presented for values of absorption CDOM plus detritus of 1/4 (diamonds) and 4

times (x) of that predicted by SAMOCAFOTS.



144

0.34

K 555 (m™)
o
X

0.14
A
0.0 [ 2 Il 3
o 0.5 1 1.5 2
R r490/R r555
0.8- 0 x BBS96

+ BBTS96

K 555 (m™)
(@]
o

0.2-
B

—h 'l ) ' A

0_0 i 1 ]
0.1 0.2 03 04 05 0.6 0.7 0.8 0.9
R r490/R r555

Figure 4.10 Nomograms for retrieving F_,, from relationships between vertical
attenuation coefficient at 555 nm and remote sensing reflectance ratio of 490 to 5§55
nm. Lines represent model runs of SAMOCAFOTS (A) and SAMOCAFOTS high
CDOM (B) with fixed values of F_ . as designated in the lines. Data are plotted for

comparison (see legend for cruises). Note scale changes.



145

4.5.4.1 Comparison of the model approach with independent data

Three data sets will be used to analyze the performance of this approach because
they have an appropriate range of conditions and measurements: Bering Sea in 1997, the
time series in Bedford Basin in 1996, and the summer intensive sampling in Bedford
Basin in 1996. Visual inspection of the data points in the respective nomograms
somewhat confirm the expectations. Data from Bering Sea in 1997 followed the model
results of dominant small cells (Figure 4.10A). Small cells also dominated during the
summer of 1996 in Bedford Basin, (Figure 4.10B) and during the time series a wide
range of F_,, values was observed (see also Figure 4.2). Note that some data points fall

<p>

outside the possible range described by F__ in Figure 4.10B. The mode! can be run with

<p>
negative values of F_ . to expand the range of the nomogram. When those nomograms
are used, however, the results are not very encouraging (Figure 4.11). There is a clear
bias underestimating F_,, and the dispersion of the points is high (r* is around 0.15 for
Bering Sea data and around 0.67 for the Bedford Basin data).

Both the bias and dispersion of the points can be related to many factors. The
model estimates intrinsically assume that there are no errors in the measurements of
AOPs and IOPs. In our data set, one can expect some errors in both, although care was
taken to minimize the known factors that produced variability. Measurements of
phytoplankton absorption using the filter pad method (Mitchell, 1990) are subject to
uncertainties related to the path length correction (beta factor); however, care was taken
to have enough material on the filter to avoid this problem. In addition, the samples were
duplicated. Measurements of surface reflectance can be affected by errors in the
instrument calibrations. All instruments were calibrated prior to the cruise, following
rigorous protocols. Both surface reflectance and diffuse attenuation measurements can be
affected by the sea state during the sampling. This problem was minimized by averaging

the data from the radiometer buoys (Cullen er al., 1994), eliminating data points of the

profiler (used for K4(4) computations) above a threshold of instrument vertical tilt (see
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methods) and by performing multiple casts. Small errors in K4(A) could also be
introduced by changes in cloudiness which can affect the spectral downwelling
irradiance. However, the portions of the casts used (i.e., uppermost layer) were collected
quickly, and the average of multiple casts also minimized this problem. Thus, although
the individual sources of errors are expected to be small, when combined they may add to
produce deviations on the relationships that are independent of F..

The use of the nomogram also assumed that there are no errors in the
parameterization of the model. Although SAMOCAFOTS reproduces well empirical
relationships between AOPs within the range of C for which it was parameterized, the
simulations for the dominance of different cell sizes were done by only changing the
parameter values controlling phytoplankton absorption. All the other terms, such as
backscattering and CDOM plus detrital absorption, were kept as they were in the general
formulation of the model. Deviations will be produced, especially in the Bedford Basin
data, by episodic and high CDOM inputs which will significantly affect K,(555),
invalidating the nomogram. In addition, the terms related to the geometrical distribution
of the light field (i.e., {4), Q(A) and [,) were kept constant in all simulations, and
perhaps there are some intrinsic relationships between them and F_,.; at least in
conditions with high C, there is evidence that changes in phytoplankton can have an
effect on the geometrical distribution of the light field (Morel and Gentili, 1996).

Because the spreading of the different lines in the nomogram is mainly controlled
by R.(490)/R_(555), uncertainties will always be associated with the backscattering term
(see equation 4.4 and Table 4.2). As mentioned in section 4.3, a way to minimize both the
uncertainties in b,(A) and the effects of the geometrical distribution of the light field
(Zaneveld et al., 1998), is the use of an inflection ratio algorithm. The same approach
was tried for retrieving F,, with a nomogram relating K 4(555) and
(R.(443)R.(555))/R.(490)* for the Bering Sea data only (Figure 4.12A). The use of such
a nomogram for the Bedford Basin data (not shown) yielded extremely poor results, as

many of the points fell outside the range defined by the model. This is probably a result
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of the inclusion of the 443 nm channel in the analysis, which increases the effects of
CDOM and detritus absorption, and perhaps CDOM fluorescence.

Comparing the retrieval of F_,, in the Bering Sea data using the two nomograms
(Figures 4.11 and 4.12B), one observe that although the dispersion of the points was
somewhat reduced when the inflection ratio nomogram was used (r* is around 0.56 versus

0.15) there is still a bias which results in an underestimate of F. (Figure 4.12B). This

<p>
suggests that the uncertainties in the model are probably related to the parameterization
of total absorption. Nonetheless, this cruise represents only one set of observations and
more data are still necessary to confirm this assumption. It is important to note, however,
that the parameterization of phytoplankton absorption in the model is limited at C below
0.5 mg m™ (see chapter 2 and also Figures 4.4 and 4.7).

When all uncertainties are taken into account, the retrieval of F_,, in the
Bedford Basin data set using the nomogram derived from of K 4(555), and
R (490)/R_(555) is fairly significant. Because much of the variability in Bedford Basin
can be related to increases in CDOM and detritus input, it is reasonable to assume that in
environments such as the Basin, the approach would work better if measurements of

CDOM and detrital absorption were made concurrently to reflectance ratios and

attenuation.
4.6 Summary and conclusions

In this chapter, the influence of phytoplankton absorption associated with
different size ranges of phytoplankton on apparent optical properties was investigated.
Using forward modeling, one is able to simulate AOPs for dominance of small and large
phytoplankton cells for a given trophic gradient, thereby describing the maximum
variability forced by cell size range (represented by F_,.). A wide range of field data was
used to confirm the model predictions. It was verified that the degree of variability
imposed by extreme changes in cell size on remote sensing reflectance ratios of 490 to

555 nm as functions of C can be on the order of 30 to 50%, especially at C above 1-2
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Figure 4.12 A) Nomogram for retrieving F, _ from relationships between vertical

<p>

attenuation coefficient at 555 nm and remote sensing inflection reflectance ratio using
443, 490 and 555 nm (equation 4.5). Lines represent model runs of SAMOCAFOTS

with fixed values of F_, as designated in the lines. Data from BS97 is plotted for

<p>

comparison. B) Retrieved F. , from the nomogram in A versus observed F

<p> <p>

computed from surface samples of phytoplankton absorption during BS97.
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mg m~, and as a consequence, the analyses suggest that uncertainties in C derived from
reflectance ratios algorithms can be on the order of 2 to 8-fold due to changes in cell size.
At lower C, the effects of size are less than or equal to the variability imposed by changes
in CDOM plus detrital absorption. These results are valid for environments in which total
absorption is the major factor controlling AOPs.

Approaches to observing bio-optical variability of phytoplankton minimizing the
influence of CDOM and detritus, as well as minimizing the influence of backscattering,
were also investigated. The goal was to establishing a combination of measurements that

would allow the retrieval of F, , from measurements of AOPs only. Model simulations

<p>
of relationships between vertical attenuation coefficient and remote sensing reflectances
in a combination of wavebands in which influences of CDOM and detritus are minimized
indicated that these relationships can be sensitive to the dominant cell size of
phytoplankton. The analysis suggested that nomograms can be used for the retrieval of

F,

<

p>- Lests with our data, however, indicated that the retrieval is complicated by the
simplifications made in the model, possibly related to the parameterization of
backscaterring and of the terms governing the geometrical distribution of light, as a bias

in the retrieval of F

<p>

was still observed when the parameter values for absorption in the
model were adjusted to represent the region of study (Bedford Basin).

In summary, although F_  is a good estimator of the spectral shape of bulk
phytoplankton absorption (chapter 3), and can be shown to produce consistent deviations
in AOPs and C with a simple model and data, its retrieval from ocean color alone or from
measurements of a combination of AOPs will depend on more accurate retrieval of
properties such as backscattering and perhaps factors controlling the geometrical
distribution of the light field. A possible path would be through inversion models (e.g.,
Garver and Siegel, 1997) in which the optical properties of all relevant component are
explicitly incorporated in the model through their spectral shapes for both backscattering

and absorption, with two spectral shapes to accommodate the contributions of small

versus large cells to the absorption of light by phytoplankton.
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Chapter 5

Summary, conclusions and future directions

5.1 Introduction

The goal of this thesis was to describe how different communities of
phytoplankton affect apparent optical properties of surface waters of the coastal ocean. In
particular, the research was intended to provide a context for developing ecological
interpretations of relationships between apparent optical properties (AOPs), such as
surface reflectance (i.e., ocean color) and diffuse attenuation coefficient. One important
step in this process was to parameterize changes in the optical properties of
phytoplankton assemblages in coastal waters as functions of trophic status. By describing
central trends in AOPs with trophic status as functions of ecological characteristics of
phytoplankton communities, it becomes possible to interpret quantitatively the deviations
from the central trends in relationships between AOPs as functions of the same ecological
characteristics, provided that all the other optically active components besides
phytoplankton are taken into consideration.

Because most phytoplankton groups show unimportant backscattering, changes in
absorption spectra are the main characteristics which can be used to discriminate the
influence of different groups on ocean color and on the attenuation of light.. Therefore, in

order to quantify the effects of different communities of phytoplankton on apparent
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optical properties, it is necessary to quantify not only how spectral absorption varies and
how this relates to changes in phytoplankton communities, but also the relative
importance of phytoplankton absorption in determining AOPs, compared to the other
absorbing and refractive components in the ocean.

In general, the nature of phytoplankton communities can be related to the local
trophic status: along a gradient from oligotrophic to eutrophic waters, different
communities are formed by the addition of distinct groups of larger cells to a relatively
constant background of smaller cells. The consequences of the overall increase in cell
size with trophic status are reflected in well known, and extensively reported, empirical
relationships between specific absorption coefficient and C, defined in this thesis as the
concentration of fluorometrically measured chlorophyll plus pheopigments. These
empirical relationships encompass the increase in intracellular shading (packaging) with
C, which flattens the absorption spectra, and the decrease of the importance of accessory
pigments in relation to the ubiquitous chlorophyll a. A central trend in absorption spectra
influenced by pigment packaging and accessory pigments is thus expected in a given
trophic range. This thesis proposes a parameterization of phytoplankton absorption as a
function of pigment packaging and accessory pigments (both as functions of C)
consistent with measurements and theory, thereby allowing mechanistic approaches to
interpreting the general trends in phytoplankton optical properties as a function of trophic
status.

When large data sets of specific absorption coefficients and C are pooled together,
however, considerable variation is observed around the central trend. The variability is
due to changes in the degree of pigment packaging (i.e., cell sizes and intracellular
pigment concentration), and in the relative contribution of accessory pigments, different
from the central trend. In order to interpret deviations in an ecological context, this thesis
proposes a parameterization of the spectra shape of phytoplankton absorption in terms of
phytoplankton community structure, relating these spectral shapes to the dominant cell

size range. Once this new parameterization is incorporated in the semi-analytical



153

formulations describing AOPs, one can use forward modeling to quantify the

consequences of varying cell size on relationships between AOPs.
S.2. General conclusions and future work

Reconciling relationships between inherent and apparent optical properties, as
well as theoretical, laboratory and field observations, semi-analytical expressions were
constructed to explore the effects of diverse optically active components (water,
phytoplankton, detritus and CDOM) on the relationship between upwelling radiance
ratios and diffuse attenuation as functions of C. The degree to which changes in pigment
packaging and pigment composition alter the absorption of idealized phytoplankton cells
was investigated in detail, using a parameterization that allowed a sensitivity analysis of
the prominent factors affecting their optical properties. The general model, describing
absorption and backscattering of the different optical components as functions of C,
explained more than 80% of the variability in published relationships between radiance
ratios and diffuse attenuation coefficients. Independent bio-optical data from a variety of
environments, combined with the results of the sensitivity analysis, indicated that
observed variability around the central tendencies of relationships between diffuse
attenuation and upwelling radiance ratios could be substantially reproduced by: 1)
changes in the degree of pigment packaging at high accessory pigment concentration; 2)
variability in the spectral shape of the scattering coefficient (implying changes in the size
distribution of the particles and also different types of particles) in environments where
CDOM and detrital absorption are important; and 3) variability in non-phytoplanktonic
absorption, particularly changes in S, the slope of the decrease in CDOM plus detrital
absorption with wavelength, when their contribution is important. In summary, chapter 2

showed that:

» Consistent changes in the degree of packaging and accessory pigment

concentration with trophic status can explain in large part the central trend in
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relationships between diffuse attenuation and upwelling radiance ratios found in our

data set.

e Deviations from the central trend can be attributed to changes in packaging and
accessory pigments from different communities of phytoplankton, but their effects

cannot be discriminated from the influence of CDOM and detrital absorption.

Two ecologically relevant factors known to affect the spectral shape of the
absorption coefficient, that is cell size and taxonomic composition, were used to classify
distinct natural communities in chapter 3. Their effects on changes in the spectral shape
of absorption coefficient were quantified using 4 fixed size ranges. This approach was
extended to a new parameterization of phytoplankton absorption consistent with the cell

size range of the dominant organism. In summary, the results of chapter 3 were:

* Despite the differences in taxonomic composition observed in a large variety of
marine environments, the shape of the absorption spectra for whole phytoplankton
assemblages varied systematically with the cell size range of the dominant

organism.

« Comparison of the diverse natural communities observed in our data set indicated
that when dominant cell size range is specified (that is, pico-, ultra-, nano- and
microplankton), more than 80% of the variability in the shape of absorption spectra

between 400 and 700 nm can be explained.

* A linear decomposition of the observed phytoplankton absorption spectra of the

different communities into a size parameter, F,

<

p>» and two basis vectors
representing the two extreme possible spectral shapes (from the smallest and

biggest dominant cell size observed), reproduced well (r*>0.95) all of observed
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spectral shapes when the entire visible range (i.e., 301 wavelengths) was
considered. The size parameter describes changes in both packaging and accessory

pigments.

In chapter 4, the size parameter F_,, was incorporated in the semi-analytical
formulations described in chapter 2. The objective was to compute changes in
relationships between apparent optical properties, as a function of trophic status, that
could be related to cell size range directly. When apparent optical properties are
computed for wavebands not strongly influenced by CDOM plus detrital absorption,
deviations in relationships between apparent optical properties can be shown through
forward modeling to be forced principally by changes in phytoplankton cell size with
trophic status. Approaches to observing bio-optical variability of phytoplankton using

measurements that minimize the influence of CDOM and detritus, as well as

backscattering, were investigated. The primary findings of chapter 4 were:

» The degree of variability imposed by extreme changes in cell size on the
commonly used relationship between C and remote sensing reflectance ratios of 490
to 555 nm can be on the order of 30 to 50% variability in the reflectance ratio at a
given C, especially at C above 1-2 mg m’; the uncertainties in C derived from
empirical algorithms using reflectance ratios can be thus of the order of 2 to 8-fold
due to changes in size range alone. At lower C, the effects of size are smaller than,
or similar to the variability imposed by changes in the proportion of phytoplankton

absorption compared to CDOM plus detrital absorption.

» Model simulations suggested that relationships between diffuse attenuation at 555
nm and the ratio of surface reflectance of 490 to 555 nm could be used for the
retrieval of F_,, through nomograms. Tests with our data, however, indicated that

the retrieval is complicated by the simplifications made in the parameterization of
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the model (e.g., the assumed spectral shape of the backscattering or the assumed
spectrally-invariant factors governing the geometrical distribution of the light field),

even when the model is properly adjusted to represent the region of study.

In conclusion, this thesis reconciled well known trends in the behavior of bio-
optical properties with trophic status into a quantitative and ecologically relevant context
of changes in phytoplankton community structure. Recalling chapter 1, the main

objectives of this thesis were:

1) to understand how different communities can affect AOPs:

2) to quantify these influences; and

3) to propose approaches that allow ecological interpretation of optical data (e.g.,

relationships between AOPs) by the retrieval of parameters that are related to

changes in phytoplankton community structure.

The parameterization of pigment packaging and accessory pigments as functions of
C (chapter 2), created a very useful, and extremely simple tool to explore the effects of
idealized assemblages of phytoplankton on relationships between apparent optical
properties, and mainly addressed objective 1. The semi-analytical expressions are simple,
with equations for absorption and backscattering by the other optically active components
independently parameterized as a function of trophic status. The model is thus easily
applied in a diverse range of coastal environments by adjusting the relevant parameter
values in the model.

Th size parameter, F_ ., and the two basis vectors provided a quantitative
description of phytoplankton absorption that is strongly related to the cell size range of
the dominant organism, independent of any measure of trophic status, thereby addressing
objective 2. The implementation of F . in the semi-analytical model provided a simple
way to characterize the effects of natural communities in the model and concurrently, to

explore through forward modeling the influence of different communities of
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phytoplankton on relationships between apparent optical properties. Approaches for

retrieval of parameters such as F,

<p>

from relationships between AOPs were developed to
address objective 3: distinct curves of diffuse attenuation at 555 nm versus the ratio of
surface reflectance at 490 to that at 555 nm for different values of F_. can be
constructed with the semi-analytical model. This approach suggested that changes in
dominant cell size in coastal waters can be followed using these distinct relationships
between AOPs, thereby providing a tool to observe and monitor changes in the nature of
phytoplankton community using optical measurements only.

Chapter 4 suggested that the retrieval of parameters such as F_,. from ocean color
alone (e.g., using inversion models) or from relationships between AOPs could be refined
if the expressions governing backscattering, and perhaps those describing the factors
controlling the geometrical distribution of the light field, were improved in the semi-
analytical model. Future work should, thus, be focused on obtaining the data and
developing the expressions to describe how the different optically active components in
sea water quantitatively affect backscattering and factors related to the geometrical
distribution of light.

Community structure of phytoplankton is defined as the mosaic of different species
present in a body of water. Many biogeochemical processes in the ocean are directly
linked to the size structure of phytoplankton assemblages, such as particle fluxes (e.g.,
- sedimentation rates) and the efficiency of transfer of energy between phytoplankton and
higher trophic levels (e.g. length of trophic chain and consequences for fisheries). Thus,
the knowledge of cell size, along with the knowledge of phytoplankton abundance, can
improve estimates of these biogeochemical processes.

No method can replace microscopic analyses to quantify community structure, i.e.,
the abundance of organisms at species level: pigment analyses can give only a rough idea
of the different classes present, and the description of different cell sizes alone gives no
taxonomic information. The parameter F,  is likewise imperfect, but because it

<p>

describes the covariation between cell size and concentration of accessory pigments, and
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the consequences of these changes for the absorption spectra of natural phytoplankton, it
can be a useful bio-optical tool. It is also reasonable to assume that physiological and
ecological characteristics directly related to absorption of light by phytoplankton or cell

size structure are also strongly related to F.

<

p>- AN interesting subject for future work is,

therefore, the establishment of relationships between F._ _, obtained from bio-optical

<p>
measurements, and both physiological characteristics such as primary production
parameters, and ecologically important processes such as particle fluxes and trophic
transfer to fisheries.

This thesis shows that mechanistic approaches to interpreting bio-optical data are
feasible by the use of simple parameters, combined with semi-analytical models, that

relate optical signatures to ecological features of phytoplankton.
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