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Characterizing seawater constituents from
optical properties

H. M. Sosik

8.1 INTRODUCTION

Most of the variability in the optical properties of the upper ocean is due to changes in
the concentration and type of constituents present in the water. The optically important
constituents are often of interest to ecologists and biogeochemists and include coloured
dissolved organic matter, plankton and suspended sediments. Particularly in coastal
waters, a wide range of dynamic processes contribute to changes in these constituents
and, as a consequence, optical properties are highly variable in space and time.

In practice, understanding what drives observed optical variability is a challeng-
ing problem. Most of the constituents that contribute to optical variability are difficult
to measure directly and the potential for deriving information about them from opti-
cal properties motivates much of the research in ocean optics. Optical properties can
be readily measured from platforms as diverse as moorings, autonomous vehicles and
earth-orbiting satellites, making them accessible at a wide range of space and time-
scales. To the extent that reliable relationships between constituents and optical prop-
erties can be determined, information on constituent characteristics may be available
at the same set of scales.

This chapter offers an overview of current knowledge about relationships between
marine optical properties and seawater constituents. It is not an exhaustive review of
this rapidly advancing topic but instead provides some historical context and an intro-
duction to recent developments through selected examples from observational studies.
Where applicable, examples have been chosen to highlight links between optical prop-
erties and phytoplankton, and harmful algal bloom (HAB) taxa, in particular.

8.2 OVERVIEW OF [OP VARIABILITY

Inherent optical properties (IOPs) depend only on the properties of the medium and
its constituents (Preisendorfer, 1976; Kirk, 1994) and they include spectral absorption
and scattering coeflicients (2(4) and &(A), respectively, where A represents wavelength)
(see Table 8.1 for notation summary). The fundamental IOPs are the absorption coef-
ficient and the volume scattering function, as various scattering coeflicients (e.g. total,
backward) can be determined by integration of the volume scattering function over
the appropriate angles (see Morel, 2007 — Chapter 4 this volume — for more details).
Measurements of the volume scattering function for natural waters are not commonly
made, so this discussion is restricted to scattering coeflicients.

281

Cho8.indd 281 @ 8/10/07 4:05:12 PM


heidi
Sosik, H. M. 2008. Characterizing seawater constituents from optical properties. In M. Babin, C. S. Roesler and J. J. Cullen [eds.], Real-time coastal observing systems for ecosystem dynamics and harmful algal blooms. UNESCO.  In press. (peer reviewed)

heidi
UNCORRECTED PROOF


®

UNCORRECTED PROOF
Habwatch

Tasre 8.1 Notation

Symbol Definition

10P Inherent optical property

AQOP Apparent optical property

Chl Chlorophyll 2 concentration, mg m™

CDOM Chromophoric dissolved organic matter

NAP Non-algal particles

CDM CDOM +NAP

POC Particulate organic carbon

PIC Particulate inorganic carbon (calcium carbonate)

a Absorption coeflicient, m™

b Scattering coeflicient, m™

c Beam attenuation coefficient, m™

bb Backscattering coefficient, m™

a, bx, ¢, bb Optical coeflicients where x is a particular
seawater constituent; x is replaced by
p, CDOM, w, ph or NAP, respectively
designating particles, CDOM, water,
phytoplankton and NAP

ax*,bx* Constituent-specific optical coeflicients,
m? mg™'

b, Backscattering ratio (4 ,/6), dimensionless

A Wavelength, nm

z Depth, m

S Spectral slope for CDOM or NAP, nm™

y Hyperbolic spectral slope, dimensionless

a_,.(H) Normalized phytoplankton absorption
coeficient, dimensionless

a, Absorption basis vector (spectral shape) for
constituent x, dimensionless

bx Scattering basis vector for constituent x,
dimensionless

A, Optical property amplitude for component x,
m71

s Absorption basis vector for
picophytoplankton, dimensionless

. Absorption basis vector for

microphytoplankton, dimensionless

F Dominant cell size index (amplitude),
dimensionless

L, Upwelling radiance, W m™?nm™"sr™'

E, Downwelling irradiance, W m?nm™'

E Upwelling irradiance, W m?nm™

u 4 Average cosine for downwelling irradiance,
dimensionless
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TaBLE 8.1 (Continued)

Symbol Definition

u, Average cosine for upwelling irradiance,
dimensionless

K, Diffuse attenuation coefficient for
downwelling irradiance, m™

K, Diffuse attenuation coefficient associated with
water, m~!

K:hl chl - specific diffuse attenuation coeflicient,
m? mg™!

R, Remote sensing reflectance, sr™

R Irradiance reflectance, dimensionless

An important characteristic of IOPs is that they are additive. This means that, for
a seawater sample containing a mixture of constituents, the absorption and scattering
coeflicients of the various constituents are independent, and the total coeflicient can be
determined by summation. This fact arises from the definition of IOPs with respect to
collimated light. As discussed by Roesler and Boss (2007 — Chapter 5 this volume) current
methods to measure IOPs can only approximate ideal light field and collection geometry,
so corrections are sometimes required to obtain adequate estimates of true IOPs.

To explain natural variability in total IOPs and to derive estimates of ecologi-
cally and biogeochemically relevant constituents from measured IOPs, it is useful to
identify categories of constituents, each of which makes a distinct contribution to the
total IOPs. Typically, categories are selected on the basis of a combination of opera-
tional and functional criteria. For total 4(A), for example, Prieur and Sathyendranath
(1981) suggested partitioning into contributions from water #_(4), chromophoric dis-
solved organic matter (CDOM) 4 (), phytoplankton aph(l) and non-algal par-
ticles (NAP) ., (A):

CDOM
NAP

a(A)= aw(l)+aCDOM(l)+aph M)+ ay,p (1) (8.1)

Similar summations can be applied to other IOPs such as &(4), backscattering
b,(A) and the beam attenuation coefficient ¢(4), which is defined as the sum

c(A)=a(A)+b(). 8.2)

It should be emphasized that (8.1) represents an example set of constituent cat-
egories, and the concept can be generalized to as many levels as practical or important
for specific problems; in principle, different taxa of phytoplankton can be included as
separate terms on the right-hand side or NAP can be separated into organic and inor-
ganic forms, for example.

The concept of a constituent-specific optical coefficient can also be useful for
understanding and predicting optical variability. A specific coeflicient is one that is
normalized by an index of concentration for the constituent of interest. A common
example is chlorophyll-specific phytoplankton absorption:

ﬂph (l)

="

’ (8.3)
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where Chl indicates the chlorophyll # concentration in the water. Other examples in-
clude carbon-specific scattering coefficients for phytoplankton or mass-specific scatter-
ing coefhicients for mineral particles. Specific coeflicients are useful because variation
in the total mass of constituents is the first order source of variability in absolute IOPs.
This means that, typically, specific coeflicients are less variable than absolute ones, with
the residual variability in specific coefficients due to differences in the characteristics of
material within a particular category (e.g. changes in species composition in the phyto-
plankton or changes in the chemical composition or structure of mineral particles).

Linear spectral mixing is another concept that has been used to help characterize
and explain IOP variability. In its simplest form, this approach can be used to represent
optical contributions of two constituents, each of which has a distinct spectral shape.
For example, one may consider that total particle backscattering (bb,P(/l)) results from
backscattering by two pools of particles, one with characteristic spectral shape b, and
the other with shape b, ,:

bb,p()’) = Aby, +4,by, (8.4)

In this expression, b, and b, represent wavelength-dependent basis vectors that
describe the spectral shape of backscattering associated with particle type 1 and 2, re-
spectively; these basis vectors are scaled to be non-dimensional. 4 and A, represent the
amplitudes of the scattering by particle types 1 and 2 respectively; these are scalars and
thus do not vary with wavelength. If assumptions can be made concerning the relevant
basis vectors and the bulk IOP is measured at multiple wavelengths, then statistical
methods can be used to estimate the unknown amplitude terms in a linear mixing
model such as that expressed in (8.4). The approach can be generalized to any number
of terms, but unique solutions for the amplitudes depend on the spectral distinctness of
the basis vectors and require at least as many spectral bands as basis vectors.

As indicated in (8.1), water molecules are important light absorbers and addi-
tionally they contribute to light scattering. Water itself is not, however, an important
source of variability in IOPs in marine waters. There are some variations in spectral
light attenuation by ‘pure’ water depending on factors such as temperature and salinity
(see Pegau et al., 1997, for example), but, for the purposes of describing variations in
the optical properties of the ocean, these effects are small and are not discussed further
here. The following sections focus on particular water constituents and their effects on
IOPs.

8.2.1 Absorption
8.2.1.1 CDOM

For optical oceanographers and many marine chemists, CDOM is operationally de-
fined by its passage through a small pore size filter (usually 0.2 ym) and its ability to
absorb visible and ultraviolet radiation. CDOM is a poorly characterized portion of the
total dissolved organic matter (DOM) pool and there are no routine analytical tech-
niques for chemically quantifying total CDOM; for this reason, CDOM is frequently
quantified in terms of its measurable optical properties (i.e. absorption or fluorescence).
Especially in coastal waters with substantial riverine inputs, absorption by CDOM can
be very high compared with other constituents, and so it influences the quantity and
colour of light penetrating into and reflecting from the upper ocean. Even in the open
ocean, however, absorption by CDOM cannot be neglected (Nelson et al., 1998).
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CDOM absorption is characterized by smoothly varying spectral dependence
with amplitude tending to increase exponentially towards blue and ultraviolet wave-
lengths. For this reason its contribution to absorption is usually represented by an
exponential function:

acpom W)= acpoy (A)e >4, (8.5)

where A, represents a reference wavelength and § is the slope of the exponential in-
crease with decreasing wavelength (Bricaud et al., 1981). Both the amplitude and the
spectral slope of 2., depend on the composition of the dissolved organic matter pool
and this in turn depends on a variety of source and sink processes. Terrestrial input,
primarily from riverine sources, is significant; in addition, other processes including
photooxidation (enhanced by CDOM’s strong ultraviolet absorption) and local mi-
crobial activity can lead to production or loss of different forms of CDOM. These are
discussed in more detail below.

CDOM fluorescence can be used as a proxy for @ . This topic will not be
discussed further here, except to note that, as reviewed by Blough and Del Vecchio
(2002), the relationship between CDOM fluorescence and absorption is complex, so
regionally and temporally specific relationships must be established empirically.

8.2.1.2 Phytoplankton

As photosynthetic organisms, phytoplankton contain high concentrations of pigments
that harvest energy from sunlight. These pigments consist of different chlorophylls
and carotenoids (and, in certain taxa, biliproteins) present in varying amounts (Jeffrey
and Vesk, 1997) and each type of pigment has particular spectral properties that lend
phytoplankton their characteristically featured absorption spectra. Due to the ubiqui-
tous presence of chlorophylls, absorption peaks at blue (~440 nm) and red wavelengths
(~675 nm) are always present, with the blue peak broadened and enhanced by acces-
sory pigments (Bidigare et al., 1990; see also Morel, 2007 — Chapter 4 this volume;
Roesler and Boss, 2007 — Chapter 5 this volume). Pigment composition, and thus
general light absorption characteristics, are partly constrained by phylogeny (Jeffrey
and Vesk, 1997), but there are also important variations associated with environmental
factors that affect growth (e.g. Kana et al., 1988; Sosik and Mitchell, 1991). Pigment
composition and physiological status also affect the amount of light energy absorbed
by phytoplankton that is reemitted as fluorescence at red wavelengths (discussed in
detail in Babin, 2007 — Chapter 7 this volume).

The first order source of variation in light absorption by phytoplankton is total
biomass and this, of course, depends on complex ecological and environmental factors
that regulate phytoplankton growth and loss rates. Secondary effects with important
consequences for how phytoplankton absorb light include variations in intracellular
pigment concentration and composition and variations in cell size and shape; size and
shape directly impact pigment package effects (e.g. Morel and Bricaud, 19814, 1986).

8.2.1.3 Non-algal particles

Marine particles besides phytoplankton are also known to absorb light. In natural
samples it is difficult to separate the broad category of NAP into its different contribu-
tors, which can include heterotrophic organisms such as bacteria and micrograzers,
other organic particles of a detrital nature such as faecal pellets and cell debris, and
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various mineral particles of both biogenic (e.g. calcite liths and shells) and terres-
trial (e.g. clays and sand) origin. In comparison with phytoplankton, much less is
known about the optical properties of these particles, but some generalizations have
emerged.

In particular, in coastal and open ocean waters total NAP absorption tends to ex-
hibit an absorption spectrum that monotonically increases with decreasing wavelength,
similar in form to that observed for CDOM (e.g. Iturriaga and Siegel, 1989; Roesler et
al., 1989; Sosik and Mitchell, 1995; Nelson et al., 1998). Consequently, @, can be
replaced by 2, , in (8.5) to provide an adequate description of NAP absorption. Despite
the similar functional form found for 2, ,and 2., ,, S values are generally not the same
for these two pools, with lower values typically characteristic of particles (Roesler et al.,
1989; Bricaud and Stramski, 1990; Nelson and Guarda, 1995; Bricaud et al., 1998).
These observations are based on the operational definition of NAP absorption as that
which is retained on a filter and not extractable by methanol following the method first
proposed by Kishino et al. (1985). Because of the similar spectral character of CDOM
and NAP, for some applications these pools have been combined into a single class,
referred to as coloured detrital matter (CDM; which is technically a misnomer as it also
includes living and inorganic matter), whose absorption follows (8.5) with a composite
S parameter that will vary with the relative contributions of CDOM and NAP (Roesler
etal., 1989; Siegel and Michaels, 1996; Garver and Siegel, 1997; Carder et al., 1999).

In some waters absorption by inorganic particles may also be significant, but this
topic has not been well studied. Work is under way to characterize the absorption prop-
erties of specific types of mineral particles that may be important in marine systems
(Babin and Stramski 2004; Stramski et al., 2004).

8.2.2 Scattering and backscattering

All particulate material whose index of refraction differs from the surrounding medi-
um will scatter light. The amount of scattering is influenced by particle size and shape
and by any absorption that occurs within the particle. In contrast to absorption, scat-
tering is not completely characterized simply by specifying its wavelength dependence;
it also has angular dependence. Total scattering is summed over all possible scattering
angles, but it is also possible to define scattering coeflicients over particular angular
subsets. Backscattering, which is simply scattering integrated over the backward hemi-
sphere with respect to the direction of light incidence (see Morel, 2007 — Chapter 4
this volume — for details), is a quantity that has received a lot of attention due to its
importance for ocean-colour interpretation (see Section 8.4.2). As for total scattering,
backscattering depends on particle concentration, size, shape and complex refractive
index. Theoretical considerations show that backscattering is generally enhanced rela-
tive to forward scattering as particle size decreases, so different particles may dominate
total scattering and backscattering in natural waters.

Although the dependence of light scattering on particle size, shape and refractive
index is complex, some generalizations can be made on the basis of Mie theory, which
applies to homogeneous, spherical particles (see e.g. Morel and Bricaud, 1986). For a
given wavelength, scattering by polydisperse particles tends to increase with average
particle size and with the average real part of the refractive index, so highly refractive
mineral particles scatter more light than a population of bacteria of similar concen-
tration and size distribution, for example. Furthermore, the wavelength dependence
of the scattering cross-section tends to be steeper for smaller particles. Because of its
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extreme small size (usually defined <0.2 gm) and relatively dilute nature (compared
with water molecules, for example), light scattering by CDOM can be neglected (see
e.g. analyses by Ulloa et al., 1994; Babin et al., 20034).

Mie theory indicates that scattering of idealized (homogeneous and spherical)
non-absorbing particles varies with wavelength in a manner that depends systemati-
cally on particle size and refractive index. The wavelength dependence is often repre-
sented according to

1 -7
bp(l):bp(lo)(TOJ : (8.6)

where A is a reference wavelength and y represents a hyperbolic slope (Morel and
Bricaud 19814; Morel 1988). For scattering by particles that are small relative to the
wavelength of light (e.g. bacteria), ¥ is approximately 2, whereas for larger particles ¥
approaches 0 (Morel and Ahn, 1990, 1991; Ahn et al., 1992). For polydisperse particles
whose abundance increases with decreasing size according to a power law (Junge’
distribution), (8.6) has also been shown to hold (e.g. Boss et al., 20014). Furthermore,
(8.6) is useful for absorbing particles whose imaginary refractive index varies mono-
tonically with wavelength (Stramski et al., 2001). If (8.6) is considered for backscatter-
ing by small monodisperse particles, ¥ approaches 0 (e.g. Ahn et al., 1992); whereas,
Ulloa et al. (1994) have shown that, for polydisperse particles with a Junge-type size
distribution, the backscattering ratio

_ b, (2)
by, () =—— 87)

4, (3

is spectrally neutral, so that & (l) and b, (l) have the same . Non-absorbing particles and
Junge-type size distributions are spec1a "cases, however, and in general o 2) should be
considered highly dependent on particle size and refractive index.

In phytoplankton cells, absorption by pigments reduces scattering preferentially
at wavelengths where absorption is higher. For these and other absorbing particles,
simple generalizations about spectral shape of & (l) b, (l) and 4, (l) cannot be
made and a wide range of shapes are possible dependlng on the combmatlon of par-
ticle size and complex refractive index (e.g. Bricaud et al., 1983; Bricaud and Morel,
1986; Stramski and Kiefer, 1991; Ahn et al., 1992; Stramski et al., 2001), as well as
other factors such as particle shape and heterogeneity (Zaneveld and Kitchen, 1995;
Gordon and Du, 2001).

For typical particle properties encountered in ocean waters, the functional form
of (8.6) can reasonably be applied to ¢ (1), even when some of the underlying assump-
tions are relaxed. This has recently been discussed in detail by Boss et al. (20014).

8.3 RELATIONSHIPS BETWEEN [OPs

AND CONSTITUENTS
This section contains selected examples of documented relationships between IOPs
and seawater constituents. Some emphasis is on studies in coastal waters, but reference

to key work in open ocean waters is included as well. Not only do open ocean ‘end-
members” often influence coastal systems, but investigations of open ocean ‘Case I’
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(Morel and Prieur, 1977) waters often set the context for characterizing more complex
‘Case 2’ coastal regions.

8.3.1 Chlorophyll

Since the pioneering work of Yentsch (1960, 1962), which documented that phyto-
plankton pigments have a significant effect on light attenuation in aquatic ecosystems,
there has been a great deal of work relating optical variability to Chl. Due to its ubig-
uitous presence in phytoplankton and its relative ease of measurement (e.g. Yentsch
and Menzel, 1963; Holm-Hansen et al., 1965), Chl is the most commonly used index
of phytoplankton biomass. Especially for open ocean conditions and for absorption
coeflicients, relationships with Chl have been able to explain a large amount of the
observed variance.

8.3.1.1 Particle absorption

Perhaps the most reliable optical relationships have been documented between chloro-
phylland particle absorption [z, D= a, LD +a, AP(ﬂu)] for Case 1 waters. Not surprisingly,
this is especially true for z (A), which n general is positively, although nonlineatly, cor-
related with Chl (Figure 8.1A). As described in Section 8.2.1, second-order variations in
a ,(A) can be examined by considering Chl—spec1ﬁc absorption (8.3). Notably, a variety of
studles in natural waters have suggested that ap (A) values tend to be inversely related to
Chl (e.g. Mitchell and Kiefer, 1988; Yentsch and Phinney, 1989; Bricaud and Stramski,
1990; Carder et al., 1991; Babin et al., 1995; Sosik and Mitchell, 1995). Bricaud et al.
(19956) synthesized a large data set and proposed that a power law could adequately de-
scribe this dependence across a wide range of ocean regions:

a3, (2) = A(A) ChI®™, (8.8)

where parameters A(4) and B(A) are statistically determined (Figure 8.1B). There is no
mechanistic basis for this particular mathematical formulation and others have been
proposed (e.g. Cleveland, 1995; Lutz et al., 1996; Ciotti et al., 1999). As recently re-
viewed by Bricaud (2002), there is currently little consensus with respect to details of

the various aph(/l) and Chl relationships that have been published.

a,(440) ()

4 1
Chl (mg m3) Chl (mg m3)

Figure 8.1

Dependence of A, a, ,(440); B, a’ oh (44: on Chl for a wide range of Case 1
waters. The curve ity A represents a least-squares power law fit.

Source: Bricaud et al. (19956).
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As mentioned in Section 8.2.2, substantial variations in ", (A) are expected due
to differences in accessory pigment composition and in cell size. The applicability of
relationships such as that expressed by (8.8) suggests that, in natural systems, there is
a general co-variation between these cell properties and bulk Chl for example, smaller
cells (with associated higher zz*h (A4)) tend to dominate in oligotrophic (i.e. low Chl)
waters, see Ciotti et al., 1999 for more discussion of this topic). This is consistent with
well-documented changes in planktonic community structure with trophic status (e.g.
Yentsch and Phinney, 1989; Chisholm, 1992).

Despite these generalizations, it is not surprising that some variance in a, (A and

h * (A) cannot be explained simply by Chl. In fact, there is substantial unexplamed
variance in the global relationships examined by Bricaud et al. (19956). Cleveland
(1995) examined regional dependence in more detail and suggested that temperate
and subtropical regions are statistically similar, but that different parameterization is
required for subpolar waters. In addition, there is evidence that seasonally (Nelson and
Guarda 1995) and regionally (Lutz et al., 1996; Reynolds et al., 2001) varying param-
eterization may be required for certain areas, and some studies of coastal areas have
shown no dependence of 4, (1) on Chl, within the observed dynamic range (Hoepff-
ner and Sathyendranath, 1992). The importance of changes in accessory pigment com-
position (which does not necessarily covary with Chl) in explaining natural variability
in d*h (A) has been emphasized in several studies (e.g. Sosik and Mitchell, 1995; Allali
etal., 1997). Some variations in the accessory pigment-to-chlorophyll ratios can be at-
tributed to differences among species, while others arise from physiological responses
such as photoacclimation.

In a follow-up study to their work on a, (A), Bricaud et al. (1998) examined pat-
terns of variability in « (/1) with respect to Chl. They reported that a similar functional
form (i.e. (8.8) with /z “(A) replacing 4* " (A) can be useful. Their findings suggest
that, for Case 1 waters, aN A is roughly proportional to # (1), with NAP making an
average contribution of 27%. Earlier observations (Bricaud and Stramski, 1990) sug-
gested that the ratio Ap()“)/" (A) might increase at lower Chl, however, more extensive
studies by Cleveland (1995) and Bricaud et al. (1998) reported that, while observed
variance in the ratio is high, there is no apparent trend as a function of Chl. Some
observations do suggest that there are systematic deviations from the average 25-30%
contribution for NAP in certain regions, including areas of the Southern Ocean (Sosik
et al., 1992) and the equatorial Pacific (Bricaud et al., 1998). For Case 2 waters with
significant resuspension effects or terrigenous sources of NAP, there is no expectation

that 2, ,(4) will be proportional to 2 (ﬂ.) and systematic relationships have not been

described.

8.3.1.2 Beam attenuation, scattering and backscattering

To the extent that Chl represents an index of particle load, positive correlations may be
expected with ¢(4), £(4) and 4, (). These relationships have been explored principally
because of their practical implications for Chl retrieval from satellite ocean-colour
data (e.g. Gordon and Morel, 1983; Gordon et al., 1988). Early observational work
summarized in Gordon and Morel (1983) suggested that, for Case 1 waters spanning
a wide range of Chl, ZJP(SSO) tends to be positively correlated with Chl in a nonlinear
manner that can be statistically described with a power law similar to (8.8) (but with
b (550) replacing 2*, (A). Voss (1992) and more recently Loisel and Morel (1998) used
new observations oF ¢, to reevaluate this type of relationship; their findings confirm
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the early generalization but also emphasize that a large amount of variance in particle
scattering or attenuation cannot be explained simply on the basis of Chl (Figure 8.2).
In Case 2 waters, scattering that is uncorrelated with Chl can be due to contributions
of materials such as suspended sediments (e.g. Gould et al., 1999; Sosik et al., 2001),
but even under Case 1 conditions, there can be important effects of non-phytoplankton
scatterers such as heterotrophic organisms, particulate detritus, minerals and bubbles
(e.g. Morel and Ahn, 1990; Stramski et al., 2001; Green et al., 20034). Furthermore,
scattering-to-chlorophyll relationships are expected to be influenced by variations in cel-
lular carbon-to-chlorophyll (which in turn affects complex refractive index) associated
with interspecific differences and photoacclimation in phytoplankton (Morel, 1987;
Stramski and Morel, 1990). These effects should be evident in natural observations (e.g.
Kitchen and Zaneveld, 1990; Loisel and Morel, 1998), but they cannot be unambigu-
ously diagnosed with scattering measurements alone.

The relationship between &, (l) and Chl is even more complex and a global
synthesis of observations has not "been put forward, though there is some evidence
that Chl can explain a portion of the variability in 4, (4) on a regional basis (Balch
et al., 2001; Reynolds et al., 2001). Models have beeh proposed that represent Chl
dependence in such a way that 4 ’P(l) amplitude increases with increasing Chl, while

10‘: A | LA | LA | ML LA R
+ Ng = 1937
[~ Ny =850 ]
hl
10° |- & Nggr =435 8 E
i Ny = 2787 4 all]
= [ ]
=
g
N’
S wif 3
w L
o
vﬂn
Q
102F E
I A
+++i
10-3 PR SEPErS 1 | ettt i) bl
10-3 10-2 10! 10° 10!
Chl (mg m=3)
Figure 8.2

Dependence of ¢ (660) on [chl] for a wide range of Case 1 waters. Lines
indicate linear regresslon results, with separate lines for subsets of points
from the upper layer with homogeneous [chl] (hl) and from the deeper
layer (d).

Source: Loisel and Morel (1998).
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the spectral slope (y in a function of the form given by (8.6)) decreases with [chl]
(Gordon etal., 1988; Morel, 1988; Morel and Maritorena, 2001). Morel and Maritorena
(2001) reviewed published approaches to this problem and concluded that consensus
is not yet evident. Indeed, this may be an elusive goal as various lines of evidence from
theoretical and observational studies suggest that, typically, phytoplankton are not an
important source of bb’P(/l) variability in natural waters (Ahn et al., 1992; Stramski
et al., 2001; Green et al., 2003a). Exceptions to this generalization occur in waters
dominated by phytoplankton taxa with internal gas vacuoles (e.g. Trichodesmium sp.;
Subramaniam et al., 1999) or that produce coccoliths (e.g. Emiliania huxleyi; Holligan
et al., 1983; Balch et al., 1991). Some intriguing recent observations suggest that, dur-
ing blooms of the red-tide species Karenia brevis, b’p(/”t) varies with Chl in a manner that
differs from non-bloom conditions (Cannizzaro et al., 2004) (Figure 8.3). It is prob-
able, however, that this reflects not the K. brevis cells directly, but rather some other
constituent that covaries with the blooms.

Because the angular distribution of scattered light depends on the properties
of the particles (i.e. size, shape and composition), indices such as the dimensionless
backscattering ratio, bb,p (8.7), have also been examined with respect to dependence
on Chl. While there is no simple theoretical motivation for such a relationship, one
may be expected given systematic shifts in the particle composition in planktonic
systems as a function of trophic status, for which Chl can be a general indicator (as
discussed above, for example, in the case of observed a*h (A) dependence on Chl).
Inferences from analysis of other optical properties (e.g. Gordon et al., 1988; Morel,
1988; Morel and Maritorena, 2001) and, more recently, direct scattering observations

- <103]
® 10%-10¢
O 101057 __ _
0.1F O >105] J
“E Case 1 (Morel, 1988) =====-
S oot} < ) i |
E)/ -
0.001}F ]
0000
0.01 0.10 K 10
Chl(mgm™)
Figure 8.3

Dependence of bb’p(SSO) on Chl for the West Florida shelf during K.
brevis bloom and non-bloom conditions. Symbols indicate ranges of
observed cell concentration for K. brevis (cell 1™!) and the Case 1 water
[chl]-dependent bb,P(SSO) model of Morel (1988) is shown for comparison.
Lines show regression results for different ranges of cell concentration and
the model of Morel (1988).

Source: Cannizzaro et al. (2004).
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(Twardowski et al., 2001) suggest that [y (/l) is often lower in high-chlorophyll
waters (Figure 8.4). This is consistent w1th 4 trend towards more relative backscatter-
ing by large, low refractive index particles (e.g. phytoplankton cells) under eutrophic
conditions. Nonetheless, variance in &, (/l) that is not explained by Chl remains
high (Figure 8.4).

For scattering in general, and backscattering especially, lack of routine measure-
ment capabilities has limited knowledge of patterns and sources of natural variability.
With the recent introduction of new sensor technologies (Moore et al., 1992; Maffione
and Dana, 1997; Moore et al., 2000), this situation is changing and new studies fur-
ther exploring the dependence of scattering properties on water constituents are emerg-
ing (e.g. Twardowski et al., 2001; Chang et al., 2002; Babin et al., 20034; Boss et al.,
2007). This is an active area of research that is beginning to elucidate how changes in
particle load and particle characteristics (i.e. size and complex refractive index) com-
bine to determine natural light scattering properties (see below).

8.3.1.3 CDOM

Principally in an effort to simplify interpretation of remotely sensed ocean colour,
there have been attempts to explain variability in the magnitude of .  on the
basis of Chl (or h) Some empirical results show a positive relationship (i.e. higher
Aepoy With hlgher Chl), but relationships between «_, and Chl depend strongly
on location and, as first documented by Bricaud et al. (1981), unexplained variance
can be very high. In a recent example, Ciotti et al. (1999) used a linear relationship
with a, ,(443) to parameterize 4, (443) + a4, (443) in a semi-analytical model
for optlcal properties. They found, however, that a separate ‘high-CDOM’ relation-
ship was necessary for a Canadian coastal embayment, compared with coastal waters
off Oregon. Moreover, for the high-CDOM case, the explained variance was very low
(<10%). In a different study involving Southern Ocean waters, Reynolds et al. (2001)

os] ®Case 1, T
] xCase 2

G
™

0.005

0.000 ——r —
0.1 1 10

Chl (mg m™)

Figure 8.4

Dependence of bb pon Chl observed in Case 1 and Case 2 waters from
the Gulf of California. GOC indicates the least-squares hyperbolic fit
and G, M and U show the model relationships proposed by Gordon et al.
(1988), Morel (1988) and Ulloa et al. (1994), respectively.

Source: Twardowski et al. (2001).
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Dependence of «
coastal waters.

Source: Babin et al. (20034).

(443) on Chl observed for a wide range of European

CDOM

showed that 55% of the variance in 4, (400) could be predicted from [chl] with a
power law (i.e. (8.8) with 2, (400) replacmg Vi h(ﬂ,)) This approach may be least
applicable for oligotrophic open ocean waters since, as reported by Nelson et al. (1998),
there is no evidence of covariation between 4, and Chl for seasonal variations in
the Sargasso Sea. Probably the most complicated conditions exist over a range of coast-
al water types. Babin et al. (20034) have emphasized this for European waters; their
observations showed covariation between 4, (443) and Chl across the full dynamic
range observed but also that unexplained variance can be high and that site-to-site
differences are substantial (Figure 8.5). Taken together, these studies emphasize that
relationships between « . and Chl or « b should not be assumed, and site-specific
empirical verification is required before this approach can be useful.

8.3.2 CDOM and salinity

The limited capability of chlorophyll to explain variability in _  in many coastal
locations can be understood by considering the importance of freshwater sources of
CDOM. Some of the most compelling evidence for this comes from studies that
document a strong correlation between «_ . and salinity. Recently, Blough and Del
Vecchio (2002) reviewed knowledge about CDOM in coastal waters, including a
synthesis of salinity relationships (Figure 8.6). It is apparent from these results that
freshwater typically exhibits much higher values of 2., (10 m™ or greater at 355
nm) than oceanic waters (0.1 m™ or less at 355 nm) and that, for many systems, first
order variations in «_ . result from near-conservative mixing between freshwater
and marine end members. It is also evident that the freshwater end members vary
dramatically from system to system. At this time, generalizations about this vari-
ability are lacking and regional characterization is necessary to define the expected
relationship between CDOM and salinity.
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Figure 8.6.

Dependence of «_, ., (355) on salinity compiled from investigations of
many riverine to coastal ocean systems.
Source: Blough and Del Vecchio (2002).

Relationships between «  and salinity are more complicated in coastal systems
with mixing of more than two important water masses, as has been postulated to explain
the nonlinear relationships for the North and Baltic Sea observations of Hgjerslev et al.
(1996), for example, and the Orinoco River outflow studied by Blough et al. (1993) (Fig-
ure 8.6). Additional sources of complexity can arise from 77 situ production and loss pro-
cesses. The best documented of these is photochemical oxidation, which is expected to
vary seasonally in its importance. A variety of studies have shown lower ., . for a given
salinity in summer surface waters compared with other times of year and depths (e.g.
Vodacek et al., 1997; Boss et al., 20014), and incubation experiments have shown high
rates of DOM photochemical oxidation (Kieber et al., 1990; Miller and Zepp, 1995).

Notwithstanding the strong inverse correlations between CDOM and salinity
often observed over large salinity gradients, it is important to emphasize that in many
locations freshwater inputs do not control CDOM variability. At salinities >~35 there
is no correlation with salinity (Figure 8.6, inset). In fact, efforts to detect terrestrial
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Figure 8.7

Dependence of S for ., on salinity observed during a transect from
Delaware Bay into the continental shelf waters of the Middle Atlantic Bight.
Source: Blough and Del Vecchio (2002).

DOM markers in the open ocean have suggested that terrestrial DOM contributes
minimally in open ocean environments (Opsahl and Benner 1997). Blough and Del
Vecchio (2002) point out that, given present-day annual riverine inputs and no oce-
anic losses, the open ocean would reach freshwater ., levels in ~35,000 years. The
observed large a. . gradient between freshwater and the open ocean can only be
maintained if there are loss processes acting with timescales of the order of 100 years.
Observations suggest that in situ microbial processes must be a net source of marine

acpon (Nelson et al., 1998; Twardowski and Donaghay, 2001) and that photochemi-
cal degradation of terrestrial CDOM must be significant (see review by Mopper and
Kieber, 2002).

Whereas the magnitude of . tends to decrease with increasing salinity, the
spectral slope tends to increase (Figure 8.7). This is probably indicative of different
CDOM composition. Carder et al. (1989), for example, showed that S values are
higher for marine fulvic acids than for marine humic acids. Observed § values range
approximately 3-fold (~0.01-0.03 nm™) with typical values of 0.015 nm™ for coastal
waters and 0.025 nm™ for open ocean waters (Blough and Del Vecchio, 2002). There
is also evidence that S values increase in response to photodegradation of CDOM
(Vodacek et al., 1997; Twardowski and Donaghay, 2002). Note that care should be
taken in applying (8.5) and comparing S values from different studies owing to ef-
fects of curve fitting procedure and choice of wavelength range. As detailed in Blough
and Del Vecchio (2002), nonlinear curve fitting over the full ultraviolet and visible
spectrum may provide the most robust and intercomparable results, while recent work
by Twardowski et al. (2004) suggests that a hyberbolic model (following the form of
(8.6)) may be preferable to the exponential (8.5) most commonly used to date.

8.3.3 CDOM and DOC

Dissolved organic carbon (DOC) represents an important component of the marine
carbon budget and variations in its concentration are of broad interest to ecologists and
geochemists. Indices of the coloured portion of DOC may be assessed from platforms
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that include aircraft and earth-orbiting satellites (e.g. Vodacek et al., 1995; Siegel et al.,
2002), but CDOM reflects a variable fraction of the total DOM pool and consequently
relationships between CDOM properties and DOC continue to be investigated.

For coastal environments that experience freshwater influence, positive and gen-
erally linear relationships between DOC and CDOM absorption (or CDOM fluo-
rescence) have been documented. For example, Vodacek et al. (1997) showed this for
transects from Delaware Bay to the Sargasso Sea (Figure 8.8A). For river-influenced re-
gions, these relationships typically show a high positive intercept for DOC, indicating
a background level of non-coloured material. Ferrari (2000) has suggested, however,
that this may not be the case for more oceanic waters (see Figure 8.8B). It is noteworthy
that, in contrast to findings for coastal waters, Nelson et al. (1998) and Nelson and
Siegel (2002) have shown that DOC and CDOM absorption are completely uncor-
related in the subtropical Sargasso Sea (Figure 8.8C). Even for a single coastal region,
the relationship between DOC and CDOM cannot be assumed to be stable because
the two can be differentially affected by source and loss processes. In the observations
of Vodacek et al. (1997), for example, photodegradation of CDOM probably caused
the lower CDOM levels relative to DOC in summer surface waters when compared
with spring, late autumn, and also with summer samples from below the mixed layer
(Figure 8.8A).

Some recent studies have suggested that CDOM absorption properties can be
used to diagnose the occurrence and distribution of some different forms of CDOM
containing compounds. At least two broad classes of DOM have been proposed to
occur and be differentiable in marine systems: relatively refractory (slow average turn-
over rate) low molecular weight compounds and more labile high molecular weight
compounds (e.g. Santschi et al., 1995; Guo et al., 1996). These pools are expected
to have different absorption efficiency and spectral character. For coastal waters off
Washington, Twardowski and Donaghay (2002) suggest that lower ., amplitudes
and especially higher S values are characteristic under situations when there have been
cumulative effects of photooxidation, and low molecular weight compounds are ex-
pected to dominate. For Equatorial Pacific waters, Simeon et al. (2003) measured two
fractions of CDOM, <0.2 pwm and 0.2-0.7 pwm, and showed that the smaller sized
material typically dominated in deep waters and exhibited higher S values compared
with the larger size class in surface waters, which may be strongly influenced by bio-

logical production of labile DOM (e.g. Santschi et al., 1995).

8.3.4 SPM, POC and PIC

For most optical techniques, it is not possible to measure separately the contributions
of different types of particles to the bulk signal from a water volume. For this reason
many researchers have examined the relationships between optical properties, espe-
cially light scattering, and various indices of total particle load. The case of chlorophyll
(discussed above) is one example, but other indices can be more appropriate depending
on the environment or problem of interest. Almost without exception, these approach-
es have been empirical in nature with applications ranging from studies of plankton
ecology to bottom boundary layer dynamics to pollution monitoring.

8.3.4.1 Beam attenuation, scattering and backscattering

Optically calibrated scattering coefficients are difficult to measure directly, so obser-
vations relating to particle load have typically been based on ¢(1) measurements at

296

Cho8.ndd 296 @ 8/10/07 4:05:59 PM


heidi
UNCORRECTED PROOF


®

UNCORRECTED PROOF

Characterizing seawater constituents from optical properties

6 T T T T 51.5
+ Nov, Mar, Apr mixed layer
o Aug below mixed layer :1 +
e Aug mixed layer + ~
1
~— - L[]
54 11 &
s . o
" 5
8 3
W 2p 105 ©
0 I A 0
60 80 100 120 140 160
DOC (uM C)
1.6
.
- *
14 + R. Rhine Pl
1.24 + N. Sea & Atlantic area
—~ .
T% 1.0
— 0.8 -
© 0.8+
3 .
= 0.6
g »
< 0.4- ¢ *
*
0.2 o o + +
- r%ﬁ"* LAt B
O-O T T T T T T T T
0 100 200 300 400 500 600 700
DOC (uM C)
0.35
R * 0-40
o 60-120
0.30 a 140-250
< 025)
E
ﬁ 020}
Q
3
go.1s
&
0.10
005}
48 50 52 54 56 58 60 62 64 665 68
DOC (umol I
Figure 8.8

Dependence of A, CDOM fluorescence (left y-axis) and «

(355) (right

CDOM

y-axis) on DOC observed during transects from Delaware Bay across the
continental shelf and into the eastern Sargasso Sea;

B, 2.p0m
coastal waters;

C > aCDOM

in C indicates sampling depth (m).

(355) on DOC in the Rhine River plume and other European

(325) on DOC at the BATS station in the Sargasso Sea. Legend

Sources: A, Vodacek et al. (1997); B, Ferrari (2000); C, Nelson and Siegel (2002).
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wavelengths where either 2(4) — 4 (4) is presumed to be small or 2(4) — « () is also
measured (such as with an ac-9 meter, see Roesler and Boss, 2007 — Chapter 5 this
volume).

Total suspended particulate matter (SPM) is a common currency that is usually
expressed as dry weight of particles (per unit water mass or volume) and is also referred
to by different terms including seston and total suspended solids. Typically, SPM is
taken to include mineral particles and plankton, as well as organic particles of detrital
nature. Positive correlations between SPM and 4(4) (or ¢ at 660 nm) have been docu-
mented under a variety of coastal (e.g. Baker and Lavelle, 1984; Gardner et al., 2001;
Babin et al., 20034; Bergmann et al., 2004) and open ocean conditions (e.g. Gordon
and Morel, 1983; Bishop, 1986; Gundersen et al., 1998) (Figure 8.9). Although scat-
tering relationships with SPM are expected to be less variable than those with total
particle volume or surface area (Carder et al., 1974), in general, SPM-specific bp(/l) (or
c(A)) coefficients,

b (A
y=2
P SPM

are not expected to be constant for natural particles (e.g. Baker and Lavelle, 1984). This
is reflected in empirical relationships that differ among regions, because of differences in
particle properties including composition and size distribution. Some systematic varia-
tions in &’ (A) have been documented; most notably, typical values are approximately
twice as high in the open ocean as in coastal waters (Bishop 1986; Babin et al., 20034).
This particular finding is consistent with the conclusion that, compared with coastal
waters, scattering properties of open ocean waters depend more on organic particles.
Notwithstanding the general correlations that are typically found, variability in 4 that
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Dependence of bP(SSS) on SPM observed for a wide range of European
coastal waters. Lines indicate 1:1 and 1:2.
Source: Babin et al. (20034).
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cannot be explained by SPM can be high even within local environments, and even with
modern measurement and calibration techniques (e.g. Babin et al., 20034) (Figure 8.9).

The heterogeneous nature of natural particle pools presents a major limitation on
the generality of relationships between SPM and optical properties. There are some
analytical techniques that allow subcategories of SPM to be quantified, and under cer-
tain conditions these can help to explain variability in optical properties. Particulate
organic carbon (POC) concentration is one such index, which reflects contributions
both from living organisms and detrital material, and its relationship with light scat-
tering has been extensively explored, primarily for Case 1 waters. Positive linear cor-
relations between &, ¢ or 4, and POC have been documented for regional studies
within a variety of open ocean environments (e.g. Gardner et al., 1993; Gundersen
etal., 1998; Bishop, 1999; Claustre et al., 1999; Stramski et al., 1999). Within coastal
waters the relative organic content of the particle pool can be highly variable and,
in general, substantial variability in scattering cannot be easily related to POC (e.g.
Gardner et al., 2001; Babin et al., 20034) (Figure 8.10B).

Across a broad range of Case 1 conditions, the general dominance of organic
particles leads to & (660) or ¢ (660) exhibiting a near linear dependence on POC
(Loisel and Morel, 1998 BlShOp et al., 1999) (Figure 8.10A). In part because NAP
(especially detritus) make a substantial (40-50%) contribution to , in these en-
vironments (DuRand and Olson, 1996; Chung et al., 1998; Claustre et al., 1999;
Green et al., 20034), POC is expected to explain more overall variability than chlo-
rophyll. Even for POC within Case 1 waters, however, unexplained variability exists
(Figure 8.10A), presumably associated with changes in particle properties such as
size distribution and pigmentation. Within surface waters in these environments,
c (660) often exhibits regular diel variations that have been used to estimate daily
productlon or growth rates (e.g. Siegel et al., 1989; Cullen et al., 1992; DuRand and
Olson, 1996; Claustre et al., 1999); these approaches are also limited by species-
dependent or size-dependent variability in POC- or cell-specific scattering (e.g. DuRand
and Olson, 1996).

For the special case of coccolithophore blooms, light scattering by mineral par-
ticles can dominate and particulate inorganic carbon (PIC) concentration can explain
a substantial part of the variability in light scattering. This has been especially well
documented in observational studies during blooms in the North Atlantic where 4,
dependence on PIC can be near linear (Ackleson et al., 1994; Balch et al., 1996) (Flgure
8.11). Balch et al. (2001) have recently developed an empirical approach for deriving
simultaneous estimates of POC and PIC from continuous bb observations, by alter-
nating between measurements with and without acid pretreatment (which dissolves
the particulate calcium carbonate). In addition, Guay and Bishop (2002) have de-
veloped an approach to quantify PIC on the basis of attenuation measurements with
polarized light; this method should be readily adaptable for submersible applications
with a modified transmissometer. Even though these new approaches may effectively
separate b or b, associated with calcium carbonate, absolute accuracy for optical
estimates of constituent concentrations such as POC and PIC will still depend on
natural variability in specific scattering properties; as mentioned above, these in turn
are functions of the distributions of particle composition, size and shape. For this
reason, spatially and temporally explicit empirical relationships remain essential for
the highest accuracy.

In general, b, (/1) is thought to depend strongly on the abundance of submi-
crometre detrital and mineral particles (e.g. Stramski and Kiefer, 1991; Stramski et al.,
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Dependence of ¢ (660) on POC observed for A, Case 1 waters in the
Pacific (HOTS) and Aclantic (BOES); B, New England continental shelf
waters during stratified summer conditions. The line in B and the central
line in A are regression results, and the upper and lower lines in A bound
approximate Case 1 conditions (see Loisel and Morel, 1998, for details).
Sources: A, Loisel and Morel (1998); B, Gardner et al. (2001).
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Dependence of £(546) on PIC during an E. huxleyii bloom in the North

Atlantic. The line represents the linear regression result.

Source: Balch et al. (1996).

2001; Green et al., 20034), although observational studies of these particles and their
optical properties barely exist. Besides exceptional conditions such as coccolithophore
blooms discussed above, generalizations about bb,P()“) dependence on particle load (or
perhaps more appropriately, indices of <1 um particle load) are currently lacking.

8.3.4.2 Absorption

Direct relationships between absorption coefficients and indices of particle load such as
SPM and POC have not received much attention, principally because Chl is convenient
to measure and, under many circumstances, known to explain a majority of the vari-
ability in zzp(ﬂ,). As described above (Section 8.3.1), for Case 1 waters 4, (1) tends to
roughly covary with zzph(ﬂ) (Bricaud et al., 1998). In Case 2 waters, however, 2, ,(4)
can be more important than « (1) and the sources of NAP can be decoupled from
processes that lead to variability in Chl. For European coastal waters, 4, ,(4) has been
shown to exhibit an overall correlation with SPM, although site-specific variations in the
relationship show influences of high detrital versus high mineral loads (Bowers et al.,
1996; Babin et al., 20034). More detailed interpretation of these kinds of observations is
limited by lack of knowledge of the ranges and sources of variability in specific absorp-
tion coeflicients for different types of NAP, and by lack of routine analytical methods to
separate different types of NAP.

8.3.5 Particle size distribution, refractive index and pigmentation

Whereas the magnitude of absorption and scattering coefficients depend to first or-
der on the total amount of constituents in the water, other characteristics including
spectral shapes and ratios such as 4}, are more strongly influenced by the type of
constituents present. As reviewed above, light scattering and absorption properties
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of particles depend on their size and complex refractive index, as well as on their shape
and internal structure. The real part of the refractive index primarily governs scat-
tering processes and is controlled by the density and composition of the particle (i.e.
relative amounts of water, protein, calcite, quartz, etc.). The imaginary part governs
absorption and depends strongly on the structure of pigment molecules. On the basis
of theoretical understanding, combined with observational studies, some approaches
have emerged that rely on distinctive optical properties to infer characteristics of the
heterogeneous pool of natural particles.

8.3.5.1 Beam attenuation, scattering and backscattering

Mie theory provides a basis for understanding how different types of particles may
result in distinctive spectral shapes and ratios of optical coefficients (see Bohren and
Hoffman, 1983, for more details on Mie theory). Strictly, the theory applies only to
homogeneous spherical particles and its forward application for a mixed assemblage
of particles requires complete knowledge of the distributions of particle size and com-
plex refractive index. Nonetheless, general inferences about the type of particles that
dominate in different natural particle assemblages can be made by comparison to theo-
retical results (e.g. Bricaud et al., 19954; Gould et al., 1999). Babin et al. (20034), for
example, examined the spectral shape of (ﬂ,) and & (l) c (/1) to identify Case 2 coastal
European waters likely to be dominated by mineral partlcles and readily distinguished
them from nearby Case 1 waters where phytoplankton play a dominant role (Figure
8.12). Barnard et al. (1998) examined a large spectral IOP data set from diverse envi-
ronments (Cases 1 and 2) and quantified overall linear dependencies between IOPs at
different wavelengths; this global result can provide a framework for comparison with
local-to-regional scale spectral properties that may reflect different or site-specific pat-
terns of constituent variability.
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Figure 8.12
Mean normalized spectral shape for 4 (4) observed from diverse
European coastal environments with A, Case 1; B, Case 2 waters. C,
mean ratios of & (l) toc (ﬂ.) for each of the regions examined. For
comparison, restlts from Mie theory are also shown for Junge-distributed
(slope indicated by j values) particles with refractive indices typical for
algae and minerals.
Source: Babin et al. (20034).
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There is an extensive literature on inversion methods aimed at explicitly quan-
tifying bulk (or composite) particle properties, such as refractive index and size dis-
tribution, from light scattering (e.g. Brown and Gordon, 1974; Zaneveld et al., 1974;
Kitchen et al., 1982; Bricaud et al., 19954; see also review by Zaneveld et al., 2002).
For example, Mie theory and observational evidence support a relatively simple re-
lationship between the Junge slope of the particle size distribution and the spectral
shape of ¢(1) (Morel, 1973; Boss et al., 2001¢; Boss et al., 20014). Twardowski et al.
(2001) have built on this and developed a method that also provides bulk real refractive
index estimates from IOPs that can now be measured with in situ sensors, that is c(4)
and b (532). Their method cannot be used to separate precisely the contributions of
d1ﬂ:ere§t types of particles in a mixture, but it can discriminate situations dominated
by different broad classes of particle type. Boss et al. (2004), for example, used the
approach in eastern US inner shelf waters to identify a range of bulk refractive index
conditions from low values (~1.02—-1.08, relative to water), indicative of phytoplankton
dominance, to high values (~1.1-1.2), indicative of mineral particles (Figure 8.13).
In addition to some sensitivity to violation of the assumptions of Mie theory, the ap-
proach of Twardowski et al. (2001) has other caveats, including sensitivity to lack of
knowledge of particle absorption properties (imaginary refractive index) and the as-
sumption that the particle size distribution is hyperbolic (which may be violated dutr-
ing near monospecific blooms, for example) (Boss et al., 2004).

Flow cytometry is one method that allows the light scattering properties of in-
dividual marine particles to be rapidly and quantitatively assessed, and thus allows
distributions of properties to be observed. The method also allows differentiation of
phytoplankton from NAP (e.g. Green et al., 20034). Ackleson and Spinrad (1988) first
showed that Mie theory-based scattering inversion methods could be applied to flow

o °
o o
) >

bup/bp(532) (m-1)

2.8 3 32 34 36 38 4 4.2 2,157“3 32 34 36 38 4 4.2
Junge size distribution slope

Figure 8.13

Backscattering ratio b (532) = b, /b (532) as a function of the Junge
slope of the particle 51zepdlstr1but10n ata points correspond to i situ
results from continental shelf waters off New Jersey, USA, with Junge
slopes estimated from the spectral slope of ¢(4) (see Boss et al., 2004,
for details). Variations in bulk refractive index can be constrained

by comparison to contour lines, which show Mie theory for a range

of real refractive indices (7) and for A, non-absorbing particles or B,
absorbing particles with imaginary refractive index (') equal to 0.005.
Real refractive indices of 1.02-1.08 are characteristic of phytoplankton,
whereas higher values suggest the presence of mineral particles.

Source: Boss et al. (2004).
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cytometry data for marine particles. Green et al. (20034, 20034; Green and Sosik,
2004) refined the approach and used it to derive particle size and refractive index dis-
tributions for different types of particles in natural samples, including various groups
of microorganisms, mineral particles and detrital particles. Although flow cytomet-
ric approaches have advantages over bulk methods such as that of Twardowski et al.
(2001) because detailed distributions can be explicitly derived, their application is not
practical for rapid in situ sampling and is subject to the same limitations associated
with Mie theory assumptions.

8.3.5.2 Absorption

In general, different chromophore and pigment molecules have different spectral ab-
sorption properties, and bulk 2 (4) reflects a composite spectrum of the summed con-
tributions from all absorbing molecules present. For phytoplankton in particular, the
pigments and their absorption properties are relatively well described and this has been
exploited for interpretation of aph(l) observations from natural samples. An important
category of methods for this relates to deriving information about the presence of
certain taxonomic groups; these are discussed in detail in the following section. In
addition to depending on phylogeny, however, pigment composition is also subject to
physiological regulation and, under some circumstances, it may be possible to infer
acclimation status from effects on 4 (4). Eisner et al. (2003) have shown how this
can be applied with high resolution vertical profiles in coastal waters of the north-west
USA. They developed a spectral slope index for blue-to-green wavelengths of « (/1) that
reflected the ratio of photoprotective carotenoids to photosynthetic carotenoids in the
phytoplankton (Figure 8.14). In their study over a few days, the slope index exhibited
variability related to changes in stratification and incident light that is consistent with
photoacclimation responses in the phytoplankton. In most cases, it will be challenging
to separate these effects from those associated with changes in species composition,
and this approach may not work well except at some local scales.

In addition to dependmg on pigment composition, the spectral shape of 2, (A is
also sensitive to cell size. This results from pigment package effects whereby large cells
and those with high internal concentrations of pigment exhibit lower absorption per
pigment molecule and flatter spectra compared with smaller, less pigmented cells (e.g.
Morel and Bricaud, 19814, 1986). As dlscussed in Section 8.3.1, this effect probably
contributes to the observed global trend for ap (A) to be higher in low-chlorophyll
waters. Recently, Ciotti et al. (2002) have explored this idea through analysis of z (1)
from a range of environmental conditions. Their results showed that a, LA spectral
shape varied in a regular fashion with dominant cell size in natural phytoplankton
assemblages, with dominant cell size able to explain 80% of the variability in spectral
shape. On the basis of these findings, they developed a spectral mixing model to es-
timate a community level cell size index from analysis of 2, 4 (A) shape (a< (), e
after normalization to its mean). In a manner analogous to that dlscussed in Section 8.2.1
for (8.4), the model represents an estimated normalized spectrum, 4 oho (A), as a linear
sum of two basis vectors:

A)=

<ph> <pico> + (1_F)a<micm>’ (810)

where the basis vectors, a and a____, are the normalized « (1) values observed

ico> <micro>

for extreme cases of plcopﬁytoplankton and microphytoplankton dominated waters,
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PPC: PSC (wt : wt)
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Figure 8.14

Dependence of slope index for a (A (=l (488) a (532)]: [a (676)(488—
532 nm)]) on the ratio of photoprotectlve carotenoids to photosynthetlc
carotenoids (PPC:PSC) derived from observations over several days in
coastal waters of the north-west USA. The line represents the linear
regression result.

Source: Eisner et al. (2003).

respectively. £ (S_ in the original terminology of Ciotti et al. (2002)) is a dimen-
sionless community size index, which varies from 0 (microplankton dominated) to
1 (picoplankton dominated). The value of F for any spectrum can be selected so
that it results in minimized residuals between the estimated and measured a, e (A)
(Figure 8.15). As pointed out by Ciotti et al. (2002), the residuals themselves can
also provide information about physiological and/or taxonomic variability; for ex-
ample, perhaps revealing the presence of a bloom species with distinctive pigmenta-
tion. While values of F cannot be unambiguously interpreted in terms of taxonomic
composition in an assemblage, they may provide an ecologically relevant index for
applications such as trophic models and estimation of biogeochemical fluxes.

8.3.6 Phytoplankton community composition

Size structure in the phytoplankton can be an informative index of community
structure; however, there are many applications for which more detailed taxonomic
information is desirable. Optical properties can provide some insights into taxonom-
ic composition of a phytoplankton assemblage, but there are critical limitations for
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Figure 8.15

Linear spectral mixing model results estimate a phytoplankton
community size index (F) from normalized aph(/l) measured for inner
shelf waters of New England during summer. The two basis vectors
(‘pico’ and ‘micro’) used in the model are shown for comparison.

For this example, the retrieved value of Fis 0.51, indicating that the
phytoplankton community is dominated by nanoplanktonic cells. See
text and Ciotti et al. (2002) for model details.

all approaches, and definitive identification and enumeration at the species or genus
level is not possible for many taxa without high-quality cell-imaging techniques.

Most approaches to derive information about different groups of phytoplankton
from IOPs are based on absorption properties. The underlying principle is that the
spectral character of absorption is strongly dependent on pigment composition, which
in turn varies across taxonomic groups (Jeffrey and Vesk, 1997). Details of pigment
composition derived from high-performance liquid chromatography (HPLC) can be
used to characterize contributions of different algal classes to total Chl (e.g. Mackey
et al,, 1996). Hoepftner and Sathyendranath (1993) describe a decomposition method
to estimate pigment composition from aph(ﬂ,), allowing estimates of algal class contri-
butions to be made without the need for more time-consuming HPLC. HPLC-based
methods can only be used to discriminate classes or pigment groups (i.e. chlorophytes
from diatoms from dinoflagellate, etc.), because marker pigments are generally not ge-
nus or species specific; in addition, accuracy is limited by overlap in pigment occurrence
among groups and natural plasticity in pigment ratios within groups (e.g. Goericke and
Montoya 1998). In addition to these caveats, spectral absorption-based approaches are
further limited because some pigments that are chemically distinct have very similar
absorption spectra (Bidigare et al., 1990) (i.e. diatoms may not be distinguishable from
dinoflagellates despite differences in carotenoids). Indeed, distinct accessory pigment
effects can be difficult to detect in natural spectra (Garver et al., 1994), and these meth-
ods require further study and careful evaluation of uncertainties.

Related spectral methods to characterize phytoplankton composition on the ba-
sis of fluorescence instead of absorption have also been proposed (e.g. Yentsch and
Phinney, 1985; Beutler et al., 2002). Chlorophyll fluorescence is highly specific to
phytoplankton and it reflects effects of absorption by various photosynthetic pigments,
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so fluorescence excitation spectra may be decomposed to estimate the contributions of
different algal groups in a mixture. Beutler et al. (2002) used a linear spectral mixing
model to do this, where the basis vectors were derived from a spectral library span-
ning a variety of phytoplankton species. Decomposition methods for fluorescence and
absorption spectra have similar limitations with respect to taxonomic specificity and
accuracy (e.g. SooHoo et al., 1986), but fluorescence may have greater potential for
in situ applications due to its sensitivity and lower interference from other constituents
such as CDOM and NAP. New sensors for this kind of analysis are now becoming
readily available.

Different types of absorption-based approaches rely on quantitative techniques
such as derivative analysis to emphasize aspects of spectra associated with pigment
composition (e.g. Millie et al., 1997) or discriminant analysis to classify spectra ac-
cording to taxonomic group (e.g. Johnsen et al., 1994). The derivative approach has
been most notably applied to the problem of detecting the presence of the red-tide
dinoflagellate K. brevis in mixed assemblages. Millie et al. (1997) used the fourth de-
rivative of absorption spectra and derived a ‘similarity index’ to quantify the com-
parison between known spectra for K. brevis and ‘unknown’ spectra for mixtures of
species that may include K. brevis. This similarity index has been shown to be a reliable
indicator for the biomass of K. brevis in natural samples from areas where K. brevis is
known to bloom (Millie et al., 1997; Schofield et al., 1999; Kirkpatrick et al., 2000)
(Figure 8.16). Work is under way to adapt this method to a liquid capillary wave-
guide application that provides high sensitivity suitable for natural cell abundances
(Kirkpatrick et al., 2000). The apparent utility of this spectral approach for detection
of K. brevis scems to be linked to the species’ role as a high-light adapted organism

1.0
0.9
8
=]
£ 08
]
= 0.7
£
w)
069" -
=—— 0OSV Anderson (r=0.76)
[ ] ~~=B==Sarasota area (r =0.76)
0.5 t t t : +
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Fraction of G.breve of total chlorophyll a

Figure 8.16

Similarity index (reflecting a comparison on fourth derivatives of
normalized ap(l) as described in Kirkpatrick et al. (2000)) between
known K. brevis spectra and those for natural samples collected in

the Gulf of Mexico, as it varies with the fraction of [chl] attributed to
K. brevis (previously designated G. breve). Lines show linear regression
results for offshore (OSV Anderson) and nearshore (Sarasota) data.
Source: Kirkpatrick et al. (2000).
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that forms near-monospecific blooms (Schofield et al., 1999). Recent evidence suggests
that this method may have broader applicability for discriminating taxonomic groups
(Millie et al., 2002).

For selected phytoplankton taxa, light scattering properties can be indicative of
bloom effects. As described above (Section 8.3.1), this applies to taxa such as Trichodes-
mium, which form high concentration blooms of cells with gas vacuoles, and E. hux-
leyi, which produce high concentrations of calcium carbonate coccoliths. In practice,
the presence of these blooms is most often detected through the influence of high scat-
tering magnitude on apparent optical properties as discussed below (Section 8.5.4).

Flow cytometry is a specialized optical technique that has been used extensively
to enumerate and characterize different types of phytoplankton (Olson et al., 1993;
Reckermann and Colijn, 2000). This method is fundamentally different from those
discussed in the rest of this chapter because it is based on light scattering and fluores-
cence measurements resolved for individual particles within a mixture, rather than
depending on a single measurement of the bulk mixture. Despite this difference, flow
cytometry is still subject to many of the same limitations with respect to the capability
to discriminate taxa. It is routinely possible to enumerate separately Prochlorococcus,
Synechococcus, coccolithophores, and pennate diatoms, while other groups can only
be classified roughly according to cell size (e.g. Olson et al., 1989; Olson et al.,
1990). With recent developments in flow cytometers, capabilities now exist for auto-
mated measurements of phytoplankton communities with submersible instruments
(Dubelaar and Gerritzen, 2000; Olson et al., 2003; Sosik et al., 2003).

8.4 OVERVIEW OF AOP VARIABILITY

Apparent optical properties (AOPs) are determined by the IOPs and by the geometric
characteristics of a natural light field (Preisendorfer, 1976; Kirk, 1994). They depend
strongly enough on the IOPs that they can be characteristic of a water body and its
constituents, but light field geometry must also be taken into account to completely ex-
plain their variability. AOPs are determined from measurements of radiometric quanti-
ties such as downwelling or upwelling plane irradiance, £,(4) and E (4) respectively,
and upwelling radiance L (4) (see Lewis, 2007 — Chapter 6 this volume — for more
details). The following sections focus on how particular IOPs and seawater constituents
affect AOPs.

8.4.1 Diffuse attenuation and reflectance

One of the most commonly determined AOPs is the diffuse attenuation coefficient for
downwelling irradiance, K (4), which is simply the exponential rate of change in (1)
with depth z:

1 dE(a)  d{m[EA]}
EA) dz dz '

Similar diffuse attenuation coeflicients can be defined for vertical profiles of any
radiometric quantity — E (z, A), L (2, A), etc. The IOP dependence of K (2, A) can be
considered by expressing the directionality of the light field in terms of the average
cosine of the zenith angle for downwelling irradiance, f1,, and for upwelling irradi-
ance, [, so that

K, (z,4)=- (8.11)
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a(z,A)+b,(2,4) b, (2,A)
,2) i)
where R(A) represents irradiance reflectance (Preisendorfer, 1961, as cited in Kirk
1994).
Spectral reflectance is another frequently measured AOP, one which is of im-

mediate interest for ocean-colour remote sensing. Irradiance reflectance is determined

according to E, )
E;(A)

K (z.0)= R(z,A), (8.12)

R(A) =

(8.13)

while ‘remote-sensing’ reflectance is typically defined as radiance reflectance above the
sea surface:

L0
E,(0%,4)
where LU(O*,;L) and E,(0%,4) are quantities determined just above the air-water inter-

face (z = 0%). These reflectance quantities can be viewed as depending on IOPs accord-
ing to

R _(A)

Is

(8.14)

b, (A)
aA)+b,(A)’

(shown for the example of R(4)), where fis only approximately constant and in gen-
eral varies with the angular distribution of the light field (e.g. Kirk, 1984; Morel and
Gentili, 1991).

Because of their dependence on the angular distribution of the light field, AOPs
for different constituents are not additive and, in the strictest sense, it is not valid to
consider contributions of one constituent independent of others. Nonetheless, for some
applications, K (4) has been considered to be a ‘quasi-inherent’ optical property and
has been approximated according to a sum of components, and constituent-specific
K (A) values have also been introduced. In a classic example where this was applied to
natural water bodies, Smith and Baker (1978) proposed the relationship

RAM)=f (8.15)

K, (A)=K_(A)+chl K, (A)+K, (L), (8.16)

where the three terms on the right represent approximate contributions from pure
seawater, from material correlated with Chl concentration, and from other material
(i.e. uncorrelated with Chl); in direct analogy with (8.3), Kc*hl (A) is the specific coef-
ficient for the Chl component.

8.5 AODP RELATIONSHIPS AND EXAMPLES

This section contains selected examples of documented relationships between AOPs
and seawater constituents. Some emphasis is placed on quantities related to phyto-
plankton biomass and community composition, but other constituents are discussed
where appropriate. The examples highlighted are intended to be illustrative but in no
way exhaustive, considering the long history and many directions of research on these
topics.
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8.5.1 Chlorophyll and IOPs from irradiance

Especially in Case 1 waters, particle absorption is an important source of variability
in K (A), so it is not surprising that relationships with Chl have proved robust. Morel
(1988) proposed that the nonlinear dependence of K (1) on Chl could be represented
by a modification to (8.16):

K, =K_ )+ x()Chl™, (8.17)

where y(4) and ¢(1) were determined statistically for a large data set of Case 1 waters
and have recently been updated (Morel and Maritorena, 2001). It is important to note
that this relationship is based on a statistical analysis and does not imply that chlo-
rophyll-containing particles are the only source of variability in K (4). Even for open
ocean waters, there is strong evidence suggesting that CDM (mostly CDOM) affects
seasonal patterns in K (1) (Siegel and Michaels 1996), and anomalous CDM content
causes some apparent Case 1 locations to deviate from general parameterizations of
(8.6) (sce e.g. Morel and Maritorena, 2001, Figure 7, Mediterranean waters). To the
extent that CDM effects are correlated with Chl, they are implicitly included in (8.17),
but uncorrelated effects contribute to observed variance that is not explained by the
equation. In coastal waters, major CDM sources, such as resuspension and riverine in-
put, are often uncoupled from processes contributing to changes in Chl, so variability
in K (4) is even more complex. Nonetheless, local-to-regional characterization of these
effects can be made, and AOPs such as Kd(/l) can be useful for long-term monitoring
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Figure 8.17
Observed (solid lines) and inversion model results (dashed lines) for
reflectance spectra from a variety of water types off the north-west USA.
Source: Roesler and Perry (1995).
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and early warning for blooms of algal species that contribute significantly to total Chl
(Cullen et al., 1997).

Principally because widespread availability of i% situ instrumentation for measur-
ing IOPs is a relatively recent trend, there has been longstanding interest in analytical
approaches for estimating absorption and scattering from irradiance observations (e.g.
Zaneveld, 1974; Gordon et al., 1975; Kirk, 1984). These approaches remain of inter-
est as AOPs can often be measured more easily and inexpensively than IOPs. On the
basis of radiative transfer simulations, Gordon (1991), for example, proposed an inver-
sion method to estimate 4(4), £(4), and 4 (4) from a combination of K (4) and R(4)
observations, given clear sky conditions and a vertically homogeneous ocean with no
inelastic scattering. Subsequently, efforts have been made to reduce uncertainties in
these types of inversions despite variable sky conditions, the presence of vertical strati-
fication, variable scattering phase functions, effects of Raman scattering, and a wide
range of Case 1 to Case 2 conditions (e.g. Gordon and Boynton, 1997, 1998; Loisel and
Stramski, 2000; Stramska et al., 2000; Boynton and Gordon, 2002). Gordon (2002)
provides an exceptional review of the history and current status of developments in
this area.

By extension of the information summarized in Section 8.3, it should be possible
to derive details about water constituents from IOPs that are in turn derived from
AOP inversion. It is also possible to use semi-analytical approaches for direct retrieval
of constituent properties from radiometric observations. Brown et al. (2004), for ex-
ample, have used irradiance spectra to estimate simultaneously  , and «_, at char-
acteristic wavelengths. A distinguishing feature of their approacﬁ is that it does not
require vertical profiles, and thus can be applied to time-series irradiance observations
collected from fixed-depth moored sensors or to horizontally resolved irradiance ob-
servations collected from a towed or self-propelled vehicle. As a second example, Ciotti
et al. (1999) have developed a model representing diffuse attenuation coeflicients and
ratios of upwelling radiance in different wavebands that depends on chlorophyll and
includes explicit parameterization of changes in pigment packaging, accessory pigmen-
tation, CDOM absorption, detrital particle absorption and particle scattering. These
types of approaches demonstrate the potential to derive information about constituent
quantities and characteristics from AOPs. Other relevant examples are included in the
following section.

8.5.2 Chlorophyll and IOPs from surface reflectance

A noteworthy subset of AOP inversion approaches relies only on surface reflectance
observations; these have received a great deal of attention due to their relevance for
remote sensing applications. The dependence of reflectance on IOPs, as expressed in
(8.15), reveals that reflectance spectra contain information about the underlying con-
stituents contributing to light absorption and backscattering. This has been the basis
for a variety of reflectance inversion approaches developed to derive IOP or constitu-
ent estimates. The simplest are purely empirical algorithms to estimate a single con-
stituent (e.g. Chl) from spectral ratios (e.g. Gordon et al., 1983; O’Reilly et al., 1998).
More complex formulations directly use analytical expressions, such as (8.15), com-
bined with some empirical knowledge concerning constituent IOP characteristics. In
some cases, these semi-analytical inversion approaches rely on selected spectral ratios
for separating constituent properties (e.g. Carder et al., 1999; Morel and Maritorena,
2001; Lee et al., 2002), while others use absolute magnitude in all available spectral
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bands (e.g. Sathyendranath et al., 1989; Doerffer and Fischer, 1994; Roesler and Perry,
1995; Hoge and Lyon, 1996; Garver and Siegel, 1997; Gould et al., 2001; Reynolds et

al., 2001). Furthermore, some models use a reflectance expression directly comparable

b, (A
#&b)(l)’ as proposed by
Gordon et al. (1988). Semi-analytical reflectance inversion models usually provide es-
timates of several properties. For example, it is possible to simultaneously retrieve Chl,
(A), and 4, (A) (e.g. Maritorena et al., 2002) (also see example in Figure 8.18).
Developments are proceeding rapidly on the topic of inverse models of surface
reflectance and there is currently no consensus as to which approach is best, especially
for coastal waters. In fact, it is unlikely that a single approach will work best for all
applications. It is beyond the scope of this chapter to discuss and compare all existing
approaches. In what follows, we focus instead on an example that typifies some general

with (8.15) and some assume a quadratic dependence on
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Figure 8.18

Observations (thin solid lines and symbols) and inversion results from the
Roesler and Perry (1995) ‘standard’ model (dashed lines) and from the
Roesler and Boss (2003) ‘c-model’ (thick solid line), for coastal waters off
Oregon (left column) and off South Africa (right column).

Source: Roesler and Boss (2003).

312

Chog.ndd 312 @ 8/10/07 4:07:15 PM


heidi
UNCORRECTED PROOF


®

UNCORRECTED PROOF

Characterizing seawater constituents from optical properties

aspects of the problem and that has also been recently applied to analysis of mixed
species phytoplankton blooms.

8.5.2.1 Reflectance inversion example

The model of Roesler and Perry (1995) describes irradiance reflectance and includes
effects of absorption by phytoplankton, CDOM and NAP, and backscattering by two
types of particle qualitatively described as ‘large’” and ‘small’. The basic model follows
(8.15) with 2(A) and 6(A) determined according to linear mixing:

a(A)= Ay @ + Agapianaps + Aopovidopom + 4, () (8.18)

and
b,(A) = Ay by, + A ,b, 6, (D). (8.19)
As in (8.4), the As here represent amplitudes for each component; and a1 Ay
a0y by, and by, represent spectral basis vectors for each type of absorber (phyto-

plankton, NAP, CDOM) and two types of particulate backscatters. For the model
application described by Roesler and Perry (1995), a_, | was fixed at an average shape
derived from a series of direct observations in coastal waters; A T Acpony WETe as-
sumed to follow a non-dimensional form of (8.5), with a fixed S value taken from pub-
lished observations; and b, and b, were set according to a non-dimensional version
of (8.6) with = 0 and —1, respectively, to approximate backscattering contributions
by pools of ‘large’ and ‘small’ (relative to the wavelength) particles. The five amplitudes
(Apm, Ao Acpor A Ay, are estimated with least-squares regression to minimize
the residuals between measured and modelled reflectance spectra. This approach can
be used to reproduce measured reflectance spectra for a variety of waters ranging from
estuarine to open ocean (Figure 8.17).

Many semi-analytical reflectance models are similar to that of Roesler and
Perry (1995) and the parameterization of backscattering is an important source of
error in these models. As explained in Section 8.2.3, there are well-documented
deviations from the form of (8.6) for strongly absorbing particles such as phyto-
plankton. This may not be a problem in open ocean waters where most of the back-
scattering is not from phytoplankton cells, but, under bloom conditions in coastal
waters, it may be critical for IOP retrieval from inverse methods. Recently, Roesler
and Boss (2003) have introduced a new approach that does not require a simple con-
straint on the shape of the backscattering spectrum. Their model is similar to that
of Roesler and Perry (1995) except that (8.6) is used for only one type of particulate
backscatterer. The spectral basis vector for these particles by, is specified assuming
that cp(/l) follows a power function similar to (8.6) and that bp(l) and bb,P(l) have
the same spectral shape (i.c. by, as defined in (8.7) is independent of wavelength).
This leads to

A c.—A a  —A.a
bbl _ _cplpl Phl;hl NAP1< NAP1 i (8.20)
bl
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which is a non-dimensional form of ¢ (ﬂ,) ap(/l) In Roesler and Boss (2003), the basis
vectorsa , and a were specified as in Roesler and Perry (1995) and the basis vector

phl NAP1
-7
A
c.,.=|— . (8.21)
: (;]'OJ

for beam attenuation was taken as

This latter assumption is based on the observations that variations in the func-
tional form of the spectral dependence for ¢ (4) are more restricted than for & P()») and
that spectral variations in by, , are weak. An interesting feature of this model is that
inversion for IOPs produces not only the more standard #(4) and &, (4) retrievals, but
also ¢(A) estimates.

Roesler and Boss (2003) applied this ‘c-model’ to invert measured R(A) for IOPs,
with ¥ and five amplitude terms derived by least-squares minimization. They also com-
pared results to those for the standard Roesler and Perry (1995) model in which the
basis vectors for particle backscattering are taken to follow simple power laws, that is
as in (8.6). From this analysis, it was evident that both models can reproduce the major
features of measured R(4) for different water types, although the c-model performed
better for fine details (Figures 8.18A, 8.18B). The c-model markedly outperformed the
standard model in IOP retrieval (Figures 8.18C to 8.18H). Because inversion of the
c-model provides estimates of ¢(4) amplitude and spectral slope (), there is potential
for obtaining information about the shape of the particle size distribution (see Sec-
tion 8.3.5 and Boss et al., 20014, for example). Further assessment of this and related
models, especially comparison of retrieval results with independent measurements for
a variety of water types, is currently needed.

8.5.3 Empirical algorithms for SPM, POC and PIC

Besides those for retrieving Chl (discussed in Sections 8.5.1 and 8.5.2), empirical al-
gorithms relating SPM to AOPs have been most widely pursued. As reviewed by Kirk
(1994), there have been a number of efforts to derive total SPM from remotely sensed
reflectance, most developed for local or regional application in coastal or inland waters.
Some approaches are based on reflectance intensity at red or near-infrared wavelengths,
whereas others depend on changes in spectral shape, and applications have been de-
veloped for satellite-based sensors including Landsat, AVHRR, CZCS, SeaWiFS and
others. In general, differences in particle size and composition can be extreme and,
because this leads to large variations in mass-specific scattering, a universal empirical
algorithm for SPM is unlikely to emerge.

Some recent efforts have focused on the potential for particular subcategories of
SPM to be retrieved from remotely sensed reflectance. Stramski et al. (1999) used em-
pirical relationships between R(555) and 4, (510) and between POC and 4, (510) for
Southern Ocean waters to derive seasonal POC maps from SeaWiF$S observations. This
approach has been further developed for application in the Mediterranean (Loisel et al.,
2001) and another related empirical approach (on the basis of a correlation between
POC and SeaWiFS-derived normalized water-leaving radiance at 555 nm) has been
proposed for the South Atlantic (Mishonov et al., 2003). Loisel et al. (2002) have used
satellite-based observations to examine global patterns of seasonality in &, (490) and
to estimate the global surface POC pool. While these methods may yleld acceptable
results for many oceanic conditions, their accuracy will undoubtedly be compromised
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under certain situations common in coastal waters, including those with high loads of
mineral particles. In fact, even within two regions of the Southern Ocean, Stramski
et al. (1999) observed significant differences in the relationship between POC and
b, (510).

""" A second subcategory of SPM that is amenable to remote sensing is PIC, specifi-
cally particulate calcite present in coccoliths produced during E. huxleyi or other coc-
colithophore blooms. Semi-analytical models can be formulated to include the effects
of calcite-specific scattering (Gordon et al., 1988; Ackleson et al., 1994; Tyrell et al.,
1999; Smyth et al., 2002), although multiple constituent retrievals can be a problem
in these applications. Gordon et al. (2001) developed an approach to map PIC on the
basis of red and near-infrared SeaWiF§S bands, combined with an experimentally deter-
mined relationship between 4, (1) and coccolith calcite concentration. This approach
has the advantage of being relatively independent of effects of Chl and CDOM ab-
sorption. Regardless of the algorithm form, retrieval of PIC depends on knowledge of
calcite-specific backscattering (Balch et al., 1991; Balch et al., 1996; Voss et al., 1998)
and natural variability within and between species may ultimately constrain accuracy

(Balch et al., 1999).

8.5.4 Phytoplankton community composition

The possibility that information about the taxonomic composition of phytoplankton
may be retrieved from analysis of AOPs, especially reflectance, is attractive to plankton
ecologists. If robust techniques for this can be developed, then spatially and temporally
resolved maps of community structure may be derived from satellites, vertical moor-
ings and other platforms.

In a strict sense, this goal remains elusive, and for the same reasons as for IOPs
there is no theoretical or empirical evidence to suggest that it can ever be achieved with
the rigour of other more conventional methods for quantitatively describing commu-
nity structure, such as microscopy and molecular genetic analyses. Nevertheless, there
are several well-documented circumstances under which AOPs can be used to provide
information about occurrence and distribution of particular bloom taxa.

8.5.4.1 Empirical algorithms for particular taxa

The most successful efforts to quantify the occurrence of particular types of phy-
toplankton from AOPs have been based on empirical analysis of surface reflectance
properties. Blooms of taxa associated with distinctive light-scattering properties, such
as the coccolithophore E. huxleyi and the filamentous cyanobacterium Trichodesmium
sp., can be detected in satellite imagery. E. huxleyi blooms and their associated highly
scattering coccoliths produce milky white patches visible from space (e.g. Holligan
et al., 1983) and empirical classification algorithms that are based on spectral water-
leaving radiance have been used to map global bloom distribution (Brown and Yoder
1994; Iglesias-Rodriguez et al., 2002). Trichodesmium blooms also produce distinc-
tive highly reflective, discoloured patches that have been identified empirically in
ocean color images (Subramaniam and Carpenter, 1994; Subramaniam et al., 2002).
For the purpose of detecting both E. huxleyi and Trichodesmium, efforts to develop
analytical models for remote sensing reflectance have begun to be explored (Ackleson
et al., 1994; Subramaniam et al., 1999; Tyrell et al., 1999). Local- or region-specific
approaches may also be effective for discriminating waters dominated by different
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taxonomic groups; for example, as shown by Bergmann et al. (2004) for diatom-
versus cryptophyte-dominated communities in Lake Michigan. For taxa of special
interest, such as the red-tide dinoflagellate K. brevis common on the west Florida
coast, remote sensing algorithms have been used to monitor possible blooms in the
context of historical knowledge about bloom seasonality and distribution (Stumpf,
2001). For the case of K. brevis off Florida, further work to develop a more explicit
taxon-specific approach is also being pursued since these blooms have been shown
to have different chlorophyll-specific scattering from other waters in the region (e.g.
Cannizzaro et al., 2004).

Most efforts to detect particular taxa on the basis of AOPs rely on distinctive
scattering characteristics; however, absorption properties may also be useful for some
cases. Kahru and Mitchell (1998) have exploited characteristic absorption features at
ultraviolet (UV) wavelengths to identify red-tide blooms from R (1) observations ex-
tending into the UV. They showed that these bloom species off southern California
exhibit enhanced UV absorption (at 380 nm; associated with micosporine-like amino
acids) compared with background conditions, and this can be readily detected in re-
flectance band ratios. Currently, this kind of approach cannot be implemented for
satellite imagery because the sensors lack UV bands, but future ocean-colour missions
may include such a capability. Another possibility is that effects of the characteristic
absorption peaks associated with phycobiliproteins in cyanobacteria may be detectable
in AOPs (Sathyendranath et al., 1994), although this may only be practical under ex-
treme bloom conditions (Morel, 1997).

8.5.4.2 Reflectance inversion to retrieve multiple taxa

Especially for application to phytoplankton blooms composed of multiple taxa, an
important limitation of the reflectance inversion approaches discussed in Section 8.5.2
is that they typically assume a single fixed spectral basis vector for z , (A). As the shape
of 4 (A) is known to vary with factors such as pigment content and cell size, this sim-
plification may lead to errors in retrieved constituent IOPs. To address this problem in
the case of some specific bloom waters, Roesler et al. (2003) introduced a replacement
for the first term in (8.18) that accounts for five separate basis vectors:

5
4, (A)= z Ao (8.22)

where, as above, the amplitudes, 4, are estlmated and the basis vectors, a , , are speci-
fied a priori, in this case, for each phytoplankton type i. For apphcatlon to red-tide
bloom waters off South Africa, Roesler et al. (2004) determined a, . from a combina-
tion of microscopic and spectrophotometric analysis of various partlcle size fractions
from discrete water samples. They then inverted R(1) measurements to estimate the
separate contributions of diatoms, dinoflagellates (except Dinaphysis), Dinophysis, Me-
sodinium and chlorophytes during evolution of a red-tide bloom (Figure 8.19). This is
a compelling demonstration of the possibility to retrieve taxonomic information about
phytoplankton community structure from remote sensing measurements; however, it
is important to recognize that this goal was possible because the basis vectors for 2 (1)
were carefully determined from water samples collected during the bloom. Moreover,
the example comes from bloom conditions under which phytoplankton dominated
both the IOPs and AOPs. Further research is required to determine how broadly this
promising approach can be applied.
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Figure 8.19

Contributions of different phytoplankton groups to total aph(675)
during a bloom sequence in South African coastal waters estimated
from microscopic observations (open symbols) and from the reflectance
inversion model (solid symbols) of Roesler et al. (2003). See text for
details.

Source: Roesler et al. (2003).
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8.6 OprPTICAL PROPERTIES AND HABS — suMMARY
COMMENTS

In assessing the relationships between HABs and optical properties, it is critical to con-
sider that spatial, temporal and ecological characteristics of HABs vary dramatically
and in ways that have optical implications. For example, some taxa form near mono-
specific blooms of such an extent that they dominate the phytoplankton biomass over
large space and timescales. In some other cases, such as the one presented in Section
8.5.4, mixed species blooms can be responsible for total biomass that is so high that the
absorption and scattering associated with phytoplankton exceeds that for other par-
ticulate and dissolved material. In these cases, bulk IOPs and AOPs have great poten-
tial to provide information about bloom dynamics, and a wide range of measurement
approaches from microscale IOP meters (Roesler and Boss, 2007 — Chapter 5 this vol-
ume) to regional scale remote sensing of surface AOPs (Ruddick et al., 2007 — Chapter
9 this volume) are useful. Even in these cases, however, extracting information about
specific bloom taxa from bulk optical properties remains a research topic.

Another extreme are spatially and temporally localized HABs where a single spe-
cies increases in abundance, yet remains a small portion of the total phytoplankton
biomass. In some cases these blooms can even be localized to thin (meter-scale or less)
subsurface vertical layers. These are generally not amenable to detection by satellite or
airborne remote sensing. Direct optically based detection of these HAB species i situ
requires specialized techniques under development such as cell-level imaging or optical
indicators linked with molecular probing (see e.g. Scholin et al., 2007 — Chapter 11
this volume). For these types of HAB, more conventional optical approaches may be
most appropriate for general characterization of the environmental conditions under
which the HAB phenomena occur.

Cullen (2007 — Chapter 1 this volume) proposes a classification system for HABs
that is based on environmental and ecological characteristics, some of which have a
direct bearing on optical consequences. This kind of assessment should be a first step
in identifying which of the optical techniques and measurement approaches reviewed
here may be effective components of an ocean observing system for HAB monitoring
and research. Depending on the HAB problem of interest, the goals for an observing
system may span from environmental characterization to species-specific detection to
prediction of bloom transport and fate (Schofield et al., 2007 — Chapter 3 this volume).
It cannot be overstated that no one approach or set of approaches can be recommended
for all types of HABs. Informed choices must be made about sampling strategy, in-
cluding which properties to target and the appropriate space and timescales for obser-
vation. The knowledge summarized here about advantages and limitations of various
optical approaches for providing information on seawater constituents should be an
important consideration in making these decisions.

8.7 CONCLUSION — OPPORTUNITIES AND CHALLENGES

The optical properties of seawater depend on so many characteristics of the water’s
constituents that the problem of their interpretation presents at once great opportu-
nities and great challenges. If the relationships between optical properties and con-
stituent properties were very simple, then the potential for insights would be well con-
strained but relatively limited. In fact, the complexity of factors contributing to optical

318

Chog.ndd 318 @ 8/10/07 4:07:27 PM


heidi
UNCORRECTED PROOF


®

UNCORRECTED PROOF

Characterizing seawater constituents from optical properties

variability currently limits the accuracy with which we can extract information about
ecological and biogeochemical properties from optical observations. At the same time,
the potential to derive new and more accurate information continues to be alluring.

The present state of this field is strengthened by several lines of theoretical under-
pinning and by observational generalizations that have emerged over years of inquiry.
These foundations provide a ready frame of reference for investigating exceptions and
intriguing results that continue to defy easy interpretation, such as the optical properties
of near-monospecific phytoplankton blooms. Developments in this area are proceeding
rapidly and we can continue to look forward to new and fundamental insights.

Potential ecological applications for optical observations span a great range of
space and timescales, as well as requiring various degrees of accuracy and specificity.
This means that general conclusions about current status and future needs and poten-
tial are difficult to make. For many of the examples presented in this chapter, there
are well documented relationships between optical properties and constituents that are
evident when the full range of observed variability (a ‘global” data set) is considered.
When these relationships are examined in closer detail, however, it is common to find
that the global generalization does not apply at many smaller scales. At the same time,
there are a variety of cases where local (in space or time) relationships between optical
properties and constituent properties can be well defined and understood. These can
be exploited for many important applications, but not indiscriminately extrapolated to
larger or different scales.

In the end, the choice of relevant optical properties and interpretation approaches
must depend on the problem of interest. In many cases, difficulties or limitations with
interpretation are more than offset by the sampling advantages. Almost without excep-
tion, ecologists do not have tools or methods for sampling quantities of interest in the
ocean over the scales and with the resolution that important questions require. Optical
properties that are practical to measure at timescales ranging from microseconds to
years and on space scales from micrometres to thousands of kilometres have great ap-
peal. A model that will probably continue to be productive is that of local-to-regional
scale optical sampling, combined with periodic or intermittent (perhaps guided) dis-
crete sampling for detailed analysis of constituents or properties of interest.
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