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In situ phytoplankton absorption, fluorescence emission,
and particulate backscattering spectra determined from

reflectance

Collin S. Roesler! and Mary Jane Perry
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Abstract.

An inverse model was developed to extract the absorption and scattering

(elastic and inelastic) properties of oceanic constituents from surface spectral
reflectance measurements. In particular, phytoplankton spectral absorption coefficients,
solar-stimulated chlorophyll a fluorescence spectra, and particle backscattering spectra
were modeled. The model was tested on 35 reflectance spectra obtained from

irradiance measurements in optically diverse ocean waters (0.07 to 25.35 mg m "~

3 range

in surface chlorophyll a concentrations). The universality of the model was
demonstrated by the accurate estimation of the spectral phytoplankton absorption
coefficients over a range of 3 orders of magnitude (p = 0.94 at 500 nm). Under most
oceanic conditions (chlorophyll ¢ < 3 mg m~3) the percent difference between
measured and modeled phytoplankton absorption coefficients was <35%. Spectral
variations in measured phytoplankton absorption spectra were well predicted by the
inverse model. Modeled volume fluorescence was weakly correlated with measured chl
a; fluorescence quantum yield varied from 0.008 to 0.09 as a function of environment
and incident irradiance. Modeled particle backscattering coefficients were linearly
related to total particle cross section over a twentyfold range in backscattering

coefficients (p = 0.996, n = 12).

1. Introduction

The trend in biological oceanography toward noninvasive
methods for determining phytoplankton biomass and pri-
mary production has stimulated new developments in the in
situ measurement of optical characteristics of phytoplankton
such as absorption and fluorescence. Interest in carbon
cycling has lead to renewed interest in quantifying the
concentration of organic particles in the ocean. Noninvasive
in situ techniques that can be applied to data collected by
satellite or aircraft are particularly important for addressing
the role of phytoplankton and carbon in global climate
change. The light emanating from the surface of the ocean
contains a wealth of information regarding the absorption
and scattering (elastic and inelastic) processes by the water
itself and by the dissolved and particulate constituents
contained within the water. It is not surprising therefore that
measurements of the irradiance reflectance can provide
information about these processes if the contributions to
absorption and scattering can be separated into useful com-
ponents.

The phytoplankton spectral absorption coefficient is an
important parameter in bio-optical modeling of phytoplank-
ton ecology. Many models of primary production depend
upon estimates of photon absorption by phytoplankton (see
review by Bidigare et al. [1992]). In addition, the spectrum
of the phytoplankton absorption coefficient provides infor-
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mation on the pigment composition (and possibly taxonomy)
[Yentsch, 1962; Bidigare et al., 1989] and physiological
states such as photoadaptation [Neori et al., 1984] and
nutrient stress [Heath et al., 1990]. Although phytoplankton
absorption coefficients can be measured for samples concen-
trated on filter pads with a correction for path length
amplification [Yentsch, 1962; Kiefer and SooHoo, 1982;
Mitchell and Kiefer, 1984, 1988; Kishino et al., 1985;
Yentsch and Phinney, 1989, 1992; Mitchell, 1990], noninva-
sive methods typically rely on correlation between chloro-
phyll a (chl a) (see notation section for additional abbrevi-
ations and symbols) concentrations and reflectance ratios for
selected wavelengths [Gordon and Morel, 1983]. In situ
multispectral instrumentation is currently available for de-
termining total absorption coefficients [Zaneveld et al., 1992;
Moore et al., 1992; Bricaud et al., 1995]. However, these
measurements also require inverse models to extract the
contribution by phytoplankton from the total absorption
coefficient [Roesler et al., 1989; Roesler and Zaneveld,
1994].

Solar-stimulated or natural fluorescence of chl a has been
shown to be correlated with both chl a concentration and
phytoplankton production, although the exact relationship to
primary production is not well understood [Falkowski and
Kiefer, 1985; Chamberlin et al., 1990; Chamberlin and
Marra, 1992; Kiefer and Reynolds, 1992; Stegmann et al.,
1992]. Methods for the estimation of solar-stimulated fluo-
rescence from reflectance or upward radiance typically
require simplifying assumptions to be made about the char-
acter of the backscattering, reflectance, and/or fluorescence
spectra. For example, radiance or reflectance measured at
683 nm is corrected for backscattered photons by assuming
a constant backscattering coefficient [Chamberlin et al.,
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1990], a constant attenuation coefficient at 683 nm [Kitchen
and Pak, 1987; Stegmann et al., 1992], or a constant slope in
the radiance (or reflectance) about the fluorescence wave
band (e.g., 650 to 710 nm) [Neville and Gower, 1977; Kishino
et al., 1984b; Sugihara et al., 1986]. An alternative approach
is to assume that the fluorescence spectrum has a Gaussian
wavelength dependence and then to apply best fit parameters
to measured reflectance or upward radiance or reflectance
spectra to separate the fluorescence signal [Gordon, 1979;
Topliss, 1985; Kishino et al., 1986].

The scattering of photons, unlike absorption, does not
result in photon annihilation, but simply, photon redirection.
In the ocean, particles of varying sizes and indices of
refraction as well as density fluctuations in the water itself
are responsible for the scattering. The magnitude of the
scattering or backscattering coefficient can provide esti-
mates of total suspended matter, analogous to the relation-
ships established for transmissometers [Bishop, 1986]. In-
version of the scattering spectrum can be used to predict the
size distribution of the suspended particles [Shifrin, 1988].

This paper describes a model whereby phytoplankton
absorption spectra, solar-stimulated chl a fluorescence emis-
sion spectra, and total backscattering spectra can be deter-
mined from in situ measurements of spectral irradiance or
remotely sensed reflectance without constraining the spec-
tral variability. The solution is based upon the spectral
reflectance mixture model of Adams et al. [1986] and John-
son et al. [1983]. In their approach there exists a library or
set of reflectance spectra for individual minerals. The non-
dimensional shape of the reflectance spectrum for each
mineral is defined as its basis vector; the product of a
mineral’s basis vector and its concentration specifies the
actual reflectance spectrum of the mineral. The total mea-
sured reflectance spectrum then can be expressed as a linear
combination of the products of the basis vectors (relative
reflectance shapes) and the abundances of the minerals
present. This approach has been used to determine mineral
composition and concentration from remotely sensed spec-
tra [Adams et al., 1993; Johnson et al., 1992]. In the ocean
the inherent optical properties are the fundamental parame-
ters determining reflectance spectra as specified by the
radiative transfer equation. Thus the absorption and back-
scattering coefficients can be defined as products of their
basis vectors and their magnitudes. Although this approach
is similar to others [Morel and Prieur, 1977; Sugihara et al.,
1985; Gordon et al., 1988], the mixture model presented here
explicitly takes advantage of the spectral information in the
basis vectors and measured reflectances.

2. Field Methods

Near-surface water samples and optical measurements
were collected on a series of cruises from a wide range of
optical domains (Table 1). Optical measurements were made
at approximately local noon just prior to and/or immediately
following water collection in order to minimize variations in
solar angle (see section 3).

2.1.

Chl a concentrations were determined from water samples
filtered onto glass fiber filters (Whatman GF/F, nominal pore
size 0.7 um) and extracted in 90% acetone for at least 48
hours at —40°C. Samples were then sonicated for 7 min and

Water Analyses
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centrifuged prior to fluorometric analysis [Holm-Hansen et
al., 1965].

Optical density spectra of particulate samples concen-
trated onto GF/F filters were measured on a SLM-Aminco
DW-2C dual-beam spectrophotometer. When possible, wa-
ter samples were stored on ice in the dark and processed in
the laboratory within hours of collection. Otherwise, the
processed filters were stored in liquid nitrogen to minimize
pigment degradation (R. F. Davis, personal communication,
1989). Optical density spectra of the particulate material
were measured on the filter before and after methanol
extraction, respectively. Hot methanol was used to remove
the chlorophylls and carotenoids [Kishino et al., 1985]; this
method was modified by the addition of a hot water extrac-
tion for removal of phycobilipigments [Roesler, 1992]. The
material remaining on the filter was tripton, including all
living and dead particulate material exclusive of the ex-
tracted pigments. Spectral absorption coefficients were cal-
culated from optical density spectra

2.3030D(A)
=—>100

a(A) (1a)

(1b)

where 2.303 is the transform from log,, to log,, OD(A) is the
measured optical density corrected for the baseline signal
with a blank filter pad, L is the optical path length, V is the
volume of sample filtered (milliliters), A is the effective area
of the filter (square centimeters), 8 is a spectrally weighted
path length amplification factor associated with scattering by
the filter pad [Roesler, 1992], and 100 is the conversion from
centimeters to meters. The difference between the total
particulate and the tripton absorption spectra is that compo-
nent due to the solvent-extractable phytoplankton pigments
as they were in situ, i.e., the phytoplankton absorption
spectrum a 4(A). Absorption by the dissolved organic com-
ponent of seawater (gelbstoff) was determined from (la)
where the optical density spectrum was measured on the
GF/F filtrate in 10-cm quartz cuvettes and L = 0.1 m. No
corrections for scattering by particles <0.7 um in diameter
were made, as there was negligible offset from zero in the
OD spectrum at red wavelengths.

Particle concentrations and size distributions were deter-
mined using a Coulter counter with multisizer accessory.
Water samples of volume 0.5, 2.0, and 50 mL were analyzed
with aperture diameters of 30, 100, and 400 um, respec-
tively, enabling the accurate determination of particles with
equivalent spherical diameters (ESD) of 2 to 200 um. Fil-
tered seawater (0.2-um Nuclepore) from each site was used
as a blank correction for each sample. Standard Coulter
beads of diameter 5.11, 20.31, and 42.34 um were used for
daily calibration. Total geometric cross-sectional area o was
determined from

200 .
o= N(d — d? )
d=2 4

at 1-um increments, where N(d) is the concentration of
particles with an ESD of d.
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Table 1. Site Information and Optical Data for Each Sample
Latitude,
Longitude, ay, ay, by, 7(683),
Site °N, °W Date chla, mgm™ m ! m ! R-(683) R(683) m™!
Estuarine Environment
Puget Sound 48, 123 April 1991 7.34 0.0839 0.1101 0.00216 0.0025 0.0039
May 1991 11.39 0.0795 0.1207 0.00484 0.0061 0.0102
June 1991 7.84 0.0256 0.0914 0.00246 0.0027 0.0043
7.84 0.0256 0.0914 0.00160 0.0010 0.0018
5.21 0.0505 0.0589 0.00399 0.0181 0.0283
Aug. 1991 4.89 0.0226 0.1137 0.00228 0.0092 0.0141
4.89 0.0223 0.1136 0.00124 0.0052 0.0081
8.72 0.0751 0.1111 0.00260 0.0025 0.0039
8.72 0.0751 0.1111 0.00246 0.0022 0.0036
Sept. 1991 25.34 0.1670 0.0830 0.00469 0.0036 0.0067
25.35 0.1672 0.0831 0.00311 0.0045 0.0070
Fjord Environment
Dabob Bay 48, 124 April 1990 1.85 0.0183 0.0908 0.00062 0.0030 0.0053
2.00 0.0107 0.0881 0.00059 0.0031 0.0058
1.71 0.0121 0.0806 0.00122 0.0044 0.0065
June 1990 1.45 0.0095 0.0846 0.00095 0.0026 0.0038
1.59 0.0099 0.0850 0.00064 0.0028 0.0040
1.47 0.0096 0.1072 0.00044 0.0035 0.0053
1.32 0.0103 0.0770 0.00045 0.0022 0.0032
1.25 0.0139 0.1264 0.00046 0.0025 0.0036
Coastal Environment
Gulf of Maine 43, 69 July 1990 2.79 0.0370 0.0392 0.00060 0.0014 0.0021
2.79 0.0367 0.0390 0.00052 0.0009 0.0014
1.29 0.0228 0.0123 0.00053 0.0013 0.0020
0.68 0.0097 0.0182 0.00071 0.0022 0.0033
0.52 0.0099 0.0209 0.00035 0.0019 0.0028
44, 68 0.55 0.0138 0.0146 0.00068 0.0023 0.0040
0.51 0.0119 0.0783 0.00016 0.0017 0.0027
0.51 0.0119 0.0783 0.00039 0.0014 0.0026
Oregon coast 42, 128 Sept. 1991 0.50 0.0196 0.0124 0.00085 0.0005 0.0008
45, 125 0.63 0.0190 0.0257 0.00053 0.0012 0.0019
1.18 0.0190 0.0257 0.00060 0.0012 0.0019
45, 124 1.10 0.0202 0.0090 0.00096 0.0007 0.0013
Oceanic Environment
Oregon coast 42, 132 Sept. 1991 0.07 0.0026 0.0034 0.00033 0.0002 0.0007
0.09 0.0025 0.0048 0.00028 0.0003 0.0007
0.09 0.0026 0.0055 0.00019 0.0004 0.0003
0.09 0.0029 0.0058 0.00014 0.0003 0.0006

Variables are chl a, chlorophyll a; a4 and a,,, measured absorption coefficients for phytoplankton ¢ and tripton/gelbstoff components,
respectively, averaged over photosynthetically available radiation; R £(683), modeled reflectance due to chl a fluorescence at 683 nm;
R(683), modeled reflectance at 683 nm without the influence of fluorescence; and 5,, 7(683), modeled total backscattering coefficient at 683

nm.

2.2.

An integrated optical profiling system was used to mea-
sure above-water downward, in-water upward, and in-water
downward vector spectral irradiance (LiCor UW1800). The
package was also equipped with depth (Foxboro 1125) and
tilt sensors (AccuStar 02383-09). Irradiance spectra mea-
sured with >2° tilt relative to the vertical were discarded.
Spectral irradiance was collected at 1-nm resolution over the
range 390 to 750 nm with a 5-nm band pass. Downward
vector photosynthetically available radiation (PAR) (LiCor
L1190) was continuously monitored from the highest point
on the vessel and was used to correct the in-water measure-
ments for variations in solar irradiance during and between
scans. In-water scans for which the variation in surface PAR
was >5% were discarded.

Waves and swells necessitated measurement of all spectra
a small distance below the surface to prevent sensor emer-
gence. Focusing and defocusing of downward irradiance

Irradiance Measurements

onto the sensor by waves and ripples resulted in noisy
downward irradiance spectra. Hence it was necessary to
model downward spectral irradiance just beneath the sur-
face, £ (A, z_), from the downward irradiance measured
just above the sea surface, E (A, z¢4):

E (A, z9-) = TE4(A, Zo4) (3a)

where 7 is the transmission across the interface. Transmis-
sion is highly dependent upon solar angle, wind speed, and
wave height and was determined uniquely for each set of
irradiance profiles in the following manner. Downward irra-
diance spectra were measured at two depths in the near-
surface waters, z; and z,, such that z, > z; and z; was
sufficiently deep to prevent the instrument from emerging
(approximately 10 to 30 cm below the largest wave trough).
A 30-nm wavelength range was selected in the region of
minimal attenuation in the water, A, ; this range varied as
a function of water type and was different for every location.
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The spectrally averaged attenuation coefficient over A,
was calculated from the two downward irradiance spectra
averaged over Adp,

1 1 Ed(AA min> 22)

ky(AA i) = — n .
A7 min 22— 21 Ey(AApin, 24

(3b)

This attenuation coefficient, calculated over the interval z,
to z,, was then used to determine the magnitude of the
downward irradiance at zy_ from the measured irradiance at
Z1, averaged over Ay ,:

Ey(AX mins 20-) = Eq(AX yin, 21) €Xp [kg(AA min) 1], (30)

Thus the transmission across the interface was determined at
AAmin

éd(AA min» ZO-—)
Ed(A/\ min> Z()+) ’

Setting 7 = (AAp,) for all wavelengths, E,4(A, zo_) was
then calculated from (3a). This approach assumes that
k4(AAnin), calculated over z; to z,, is representative of the
interval zo_ to z; and that the transmission across the air/sea
interface is independent of wavelength. Errors associated
with the first assumption are minimized by reducing the
distance between zo_ and z, [McCormick, 1992]. The sec-
ond assumption was tested in Puget Sound on a very calm
day under conditions of no wind and flat sea surface. E ;(A,
Zo-) was measured directly (zo- < 10 cm) and was com-
pared to E,(A, zo_), the calculated spectral values; the
modeled and measured spectra were indistinguishable.

Upward irradiance spectra were not affected by surface
processes, hence Eu(z\, Z¢-) was calculated for the entire
spectrum by replacing AA;, with all A in (3b) and (3¢) and
using measurements of upward spectral irradiance at z; and
Z,. Subsurface irradiance reflectance was calculated from
the ratio of upward to downward spectral irradiance (see
section 3).

T(AA min) = (3d)

3. Reflectance Theory

The in situ spectral irradiance reflectance in the ocean at a
depth z is defined as

Eu(/\y Z)
Ed(A s Z)

R(A, 2) 4)

where A is wavelength and E, and E; are the in situ upward
and downward spectral quantum irradiances measured at z.
The radiative transfer equation, which relates the light field
in the water column to the absorption and scattering coeffi-
cients inherent to the water column, is used to derive the
relationship between reflectance and the inherent optical
properties. Using a two-stream approximation (separating
the light field into upward and downward components),
Zaneveld [1982] derived an exact expression for the remote
sensing reflectance Rig defined as the ratio of upward
radiance to downward irradiance measured just above the
ocean surface

L, Sfobor

E; 2m(k+c—bgfp) ©)

Rgs=
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where f}, is the radiance shape factor defined as the inte-
grated backscattered downward radiance scaled to the back-
scattered downward scalar irradiance, b,y is the total back-
scattering coefficient, k£ is the attenuation coefficient for
nadir radiance, c is the beam attenuation coefficient, b, is the
forward scattering coefficient, f; is the radiance shape factor
defined as the integrated forward scattered upward radiance
scaled to the total forward scattered radiance, and all optical
terms are spectrally dependent.

Approximations by Zaneveld [this issue] to this exact
solution indicate that the in situ reflectance determined just
beneath the sea surface z,_ can be expressed in terms of the
absorption and backscattering coefficients

o byr

~ - 1. =\ (6a)
27g(l + Bo) ar

R(zo-) =

where Q is the ratio of the upward irradiance to the upward
radiance, i, is the average cosine of the downward irradi-
ance, b,y is the total backscattering coefficient, ay is the
total absorption coefficient, and ., is the average cosine of
the asymptotic irradiance field. If Q is approximately 5.4
[Austin, 1974] and p, and g, vary from 0.5 to 1 (and . =
i4), the in situ reflectance in (6a) can be estimated by

. by,
R(zp.) =G =
ar

(6b)

where R is the estimated reflectance and G varies from 0.29
to 0.57 depending upon the angular dependence of the light
field. Successive order scattering methods [Morel and
Prieur, 1977] and Monte Carlo simulations [Gordon et al.,
1975; Kirk, 1984] result in the same expression, where G is
approximately 0.33 for zenith Sun or 0.37 for uniform sky,
dependent upon the average cosine of the incident photons
just below the surface. The statistical expressions for G
derived from the simulations are consistent with the range
derived from the approximations (6a) to the exact solution
(5).

The total absorption and backscattering coefficients can be
expressed as the sum of the absorption and backscattering
coefficients for all of the components in seawater. These, in
turn, can further be expressed as the product of the magni-
tude and spectral shape of each component’s absorption and
backscattering coefficients

I

1
ar(A) = 2 ai(d) = z M;a;(2)

i=1 i=1

(7a)

J J
byr(A) = D, byi(X) = D) Mjby(A) (7b)

j=1 j=1

where a7 and b,y are the total absorption and backscatter-
ing coefficients for natural seawater, a; and b,; are the
absorption and backscattering coefficients for components i
and j(i = 1, I and j = 1, J are the complete set of
components in seawater that absorb and backscatter, re-
spectively), M; and M; are the magnitudes of the absorbing
and backscattering coefficients, and a;(A) and b,;(A) are the
dimensionless basis vectors of the absorption and backscat-
tering spectra (spectral shapes) for the ith and jth compo-
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nents, respectively. Substitution of (7a) and (7b) into (6b)
results in

J
2, Mby(A)
RO, 20) =G F;_ ®)

z Mia;())

i=1

which is the forward equation for determining irradiance
reflectance from its components. Because phytoplankton is
one of the components responsible for absorption, the phy-
toplankton spectral absorption coefficient can be derived by
inversion of (8).

4. Model Development

4.1. The Forward Expression for Reflectance

The first steps in the development of the forward equation
(8) were to select a minimal set of components to adequately
parameterize the reflectance and to define the wavelength
dependence of their basis vectors. Previous studies of ab-
sorption have shown that the dominant absorbing materials
in natural ocean waters are water itself, phytoplanktonic
pigments, tripton (often designated detritus, but which also
includes the living particulate cellular material, exclusive of
pigments, associated with phytoplankton, bacteria, and
zooplankton), and gelbstoff (dissolved organic matter) [Kirk,
1980; Prieur and Sathyendranath, 1981; Kishino et al.,
1984a]. The total absorption coefficient can be approximated
by

ar(A) = a,(A) +ag(d) +a(d) +ay(r) ®

where ar is the estimated total absorption, and the sub-
scripts w, ¢, t, and g designate water, phytoplankton,
tripton, and gelbstoff. The total absorption & is considered
to be an estimate because one or more additional compo-
nents may have been omitted from (9). For example, the
contribution to absorption by inorganic particles is usually
minor in most oceanic areas [cf. Betzer et al., 1988] but may
be more important in coastal and estuarine environments
where sediment loads from rivers are significant. The spec-
tral absorption coefficients for pure water a, (A) were ap-
proximated by the absorption for clearest ocean water
[Smith and Baker, 1981].

The absorption coefficients of the remaining components
were broken into magnitude coefficients M;, with units of
m~! and dimensionless basis vectors a;(A), which describe
the spectral shape of the absorption spectra. The basis
vector for phytoplankton absorption a4(A) can be difficult to
constrain because of its dependence on pigment composi-
tion, concentration, and packaging [Sathyendranath et al.,
1987; Bricaud et al., 1988]. Hence an average basis vector,
derived from the spectral phytoplankton absorption coeffi-
cients from the San Juan Archipelago [Roesler et al., 1989,
Figure 3a] was used. The modeled phytoplankton absorption
spectrum in (9) was then expressed as
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Figure 1. (a) Dimensionless phytoplankton absorption ba-

sis vector a4(A) determined from independent data published
by Roesler et al. [1989]; spectrum labeled 1. Additional basis
vectors used for sensitivity analysis of equation (14) were
from pure cultures of Synechococcus sp. (labeled 2), Du-
naliella salina (labeled 3), Chaetoceros gracilis (labeled 4),
and Amphidinium carterae (labeled 5). (b) Dimensionless
basis vector for tripton/gelbstoff absorption a,,(1) = exp
[—S(A — 400 nm)], where the spectral slope S = 0.0145
(bold curve) from Roesler et al. [1989]. Values of S for
sensitivity analysis were 0.009, 0.011, 0.0145, 0.016, 0.018,
and 0.020 (curves from top to bottom). (¢) Dimensionless
basis vectors for the two components of particle backscat-
tering defined by equation (13) b,;(A) = A° (dashed curve)
and by, (A) = A~Y — A75). In the initial run, ¥ = 1 was not
a variable. The sensitivity analyses were performed with ¥
initialized with values of 0, 0.5, 0.75, 1.0, 1.1, 1.2 (by(A)
curves from top to bottom for ¥ = 0.5 to 1.2, respectively).
Backscattering by water b,,(A) is shown for reference
(dotted curve [Smith and Baker, 1981]), and the basis
vectors are scaled to a value of 1.0 at 400 nm.

where M, defines the magnitude and a,(A) defines the
spectral shape of the spectrum (Figure 1a). Sensitivity anal-
yses are described in section 4.3, and comparisons with
measured a 4(A) are given in section 5.3.

The absorption of both tripton and gelbstoff decays expo-
nentially with wavelength. The shape of these exponential
functions varies slightly as a function of the composition of
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organic material [Carder et al., 1989]; however, the relative
invariance found over a wide range of ocean waters [Roesler
et al., 1989, Table 1] indicates that the two components can
be combined and approximated accurately by a single expo-
nential function

G,g(A) = M,ga,(2) (11a)

where

M,y = a,,(400 nm) (11b)

defines the magnitude of the absorption coefficient and

a,(A) = exp [-S(A — 400 nm)] (11c)
is the single dimensionless basis vector a,(A) used to
describe the relative shape of the spectral absorption coef-
ficient of the tripton/gelbstoff component (Figure 1b). The
slope of the exponential, S = 0.0145, was taken from
Roesler et al. [1989], although the sensitivity of the model
was evaluated over a range of S values (Figure 1B, 0.009 to
0.02).

The total spectral backscattering coefficient b,7(A) was
separated into contributions by water b,,(A) and total
particles b, (A)

byr(A) = bpy(A) + byy(A). (12)
Spectral backscattering coefficients for water were taken
from Smith and Baker [1981], although they include all
molecular backscattering processes by dissolved compo-
nents (Figure 1c). In situ measurements of single-wavelength
backscattering coefficients are relatively rare [Petzold, 1972;
Maffione et al., 1991; Bricaud et al., 1995]; in situ spectral
backscattering coefficients for a specific component are even
more difficult to obtain. Theoretical analyses based upon
Mie approximations for spherical particles in combination
with laboratory measurements have led to the following
conclusions concerning spectral backscattering coefficients
for oceanic particles [Stramski and Kiefer, 1991]. Scattering
efficiencies are strongly dependent upon the ratio of the
particle diameter to the wavelength of light and on the
relative index of refraction. Backscattering by a population
of large polydispersed particles is approximately spectrally
flat, in the absence of anomalous dispersion [Zaneveld and
Kitchen, 1994]. As the size of the particles decreases and/or
monodispersion is approached, increased variability in the
spectral shape is observed [Bricaud and Morel, 1986; Stram-
ski and Morel, 1990; Morel and Ahn, 1990, 1991; Ahn et al.,
1992]. Because there is a broad range of particle diameters,
shapes, and concentrations in the ocean, the dispersion in
size may tend to cancel any strong wavelength dependence.
Backscattering by inorganic particles will be similar to that
by organic particles of like size and shape, although the
indices of refraction and hence the magnitude of the back-
scattering will be greater [e.g., Ackleson et al., 1994].

In the absence of measurements of spectral backscattering
coefficients for oceanic particles, an approximation is re-
quired. The total particulate backscattering spectrum in (12)
was partitioned into contributions by populations of large
polydispersed particles 5,;(A) and by populations of smaller
particles with a more monodispersed size distribution 5 »2(A)
such that
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bpp(X) = by (A) + byy(A) (132)

where
by1(X) = Myby(A) = My A° (13b)
byy(A) = Myzbyy(A) = Myy(A ™' = A550)  (13¢)

where M, and M, determine the magnitudes of the back-
scattering coefficients. The basis vectors, b,;(A) and by, (1),
define the wavelength dependence of the backscattering;
A7s50 removes the offset from zero (Figure 1c). The wave-
length dependence of individual particles will be quite dif-
ferent from this approximation; however, the contribution
by individual particles is not the goal of this model. Thus the
bulk backscattering spectrum defined by this approximation
assumes that the backscattering coefficients for individual
particles can be combined and adequately approximated by
a linear combination of the two magnitude/basis vector
products in (13b) and (13c). While this is not accurate
mathematically, the practical application of this assumption
is adequate for the observed range in spectral dependence of
particle backscattering coefficients in the ocean. The sensi-
tivity of the model to the choice of wavelength dependence
in by, (A) was tested (see section 4.3).

The full expression for the reflectance in (8), in terms of
the component basis vectors defined in (10), (11), and (13), is

Ilé(A ’ ZO—)

G L)+ MyA® + M8~ Mgy y
a4, () + Mgag(A) + M,y exp [—0.0145( — 400)] (19

4.2. The Inverse Model

The coefficients defining the magnitudes of the absorption
and backscattering basis vectors, M; and M; (where i = ¢,
tg and j = b1, b2), were obtained from regression of (14)
onto R(A, z3-), with G = 0.33, using the Levenberg-
Marquardt method [Press et al., 1986]. This resulted in a
unique set of M; and M; coefficients that, in combination
with the basis vectors, best describe each in situ R(A, z¢-).
The wavelength range used for the regression was 380 to 660
nm to avoid the region of chl a fluorescence (see below). The
regression minimizes errors between the model, the right-
hand side of (14), and the measured reflectance to arrive at
best fit values of M; and M;. The modeled reflectance is then
reconstructed for each site from the right-hand side of (14)
with the site-specific values of M; and M; derived from the
regression. This is the best fit modeled reflectance from the
regression based upon minimized errors. However, mini-
mized errors do not necessitate that the reconstructed re-
flectance will accurately predict the measured reflectance if
the model is inappropriate. Deviations between the recon-
structed model and measured reflectances, R(A, Zo-) and
R(A, zy-), will arise if (1) (6b) is an inaccurate description of
near-surface reflectance [cf. Aas, 1987; Gordon et al., 1975];
(2) an incomplete set of components is used to approximate
the total absorption and backscattering coefficients in (7a)
and (7b); (3) the basis vectors are inaccurate representations
of spectral shape of the component absorption and backscat-
tering coefficients; and/or (4) other inelastic scattering
sources are present.
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Step 1: First-order estimation of the phytoplankton absorp-
tion spectrum d,(A\). The first-order estimator of the phyto-
plankton spectral absorption coefficient @ 4(A) is determined
from (10) with the value of M, obtained from the multiple
regression of (14). This spectral shape of a 4(A) is defined by
the spectrum of the input phytoplankton absorption basis
vector ay()).

Step 2: Estimation of the chl a fluorescence spectrum. The
expressions for the reflectance in (6) and (14) do not contain
inelastic scattering source terms, while the in situ reflectance
spectrum R(A, z-) calculated from (4) with measured
irradiances does contain these signals. The difference be-
tween the measured reflectance spectrum and the modeled
reflectance spectrum (reconstructed from the input basis
vectors and the M coefficients derived from the regression of
(14)) for those wavelengths at which chl a fluoresces (A =
660-730 nm) is the contribution of chl a fluorescence
emission to reflectance Rp(Af, zo_)

Rr(Ap, 29-) = R(Afp, 29-) = R(Ap, 202).  (15)

Step 3: Second-order estimation of the phytoplankton ab-
sorption spectrum d4(N). The wavelength dependence of
phytoplankton absorption defined by the basis vector a,(A)
describes an average case. However, the measured in situ
phytoplankton absorption spectrum a 4(A) may exhibit vari-
ations in wavelength dependence from a,(A) as a function of
pigment concentration, composition, and packaging. Theo-
retically, such variations appear in the in situ reflectance
spectrum R(A, zo-). Thus deviations between the modeled
reflectance R(A, Zo-) and the in situ reflectance R(A, z,_)
may contain information related to the variations in phyto-
plankton spectral absorption. To examine this hypothesis,
the second-order estimator for phytoplankton absorption
@ 4(A) was calculated by the inversion of (14), corrected for
chl a fluorescence over the Ar wave band, using the set of
values of M derived from regression

biw(A) + Myid® + Myy(A 71— A 750)
r(A, zo-) = Rp(Af, 29-)

ay(A) =G a,(A)

— M, exp [-0.0145(A — 400)]. (16)

This step of the model forces all of the deviations between
R(A, zy-) and R(A, Zp-) over the range 390 to 660 nm to be
included in the phytoplankton absorption spectrum. The
inclusion of the deviations allows the phytoplankton absorp-
tion coefficients to vary spectrally from the initial basis
vector ay(A) shown in Figure 1a over 390 to 660 nm. From
660 to 750 nm, é,4(A) does not vary spectrally from the basis
vector nor from & 4(A).

The utility of this inverse spectral mixture model can be
assessed by (1) how accurately the phytoplankton spectral
absorption coefficients are predicted from the inverse model
in (16) and (2) how well the measured reflectance spectrum is
reproduced by the reconstruction in (14).

4.3. Sensitivity Analysis of the Forward Model

The ability of the forward equation (14) to accurately
reconstruct the in situ reflectance spectrum depends upon
the correct selection of spectra for the basis vectors for
absorption and backscattering. Unrealistic basis vectors lead
to erroneous estimates of reflectance spectra or to variations
in the estimated coefficients M; and M;. To assess the
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sensitivity, the basis vector for each component was allowed
to vary spectrally, and the percent coefficients of variation
(cv) in the derived phytoplankton and tripton/gelbstoff ab-
sorption and particle backscattering coefficients (M; and M)
were determined. The larger the coefficient of variation, the
more sensitive is the model to the selection of the basis
vector.

Alternative basis vectors for phytoplankton absorption
were derived from monospecific phytoplankton cultures
[Roesler, 1992]. The species were chosen to represent a
broad range of accessory pigment compositions (Figure 1A)
as follows: Chaetoceros gracilis (chl ¢, fucoxanthin), Am-
phidinium carterae (chl c, peridinin), and Dunaliella salina
(chl b, lutein), Synechococcus sp. (phycobilipigments). The
blue to red peak absorption ratios, a ,(436):a4(676), which
are indicative of variations in pigment composition and
packaging ranged from approximately 1.4 to 2.0.

The exponential coefficient S defining the slope of the
exponential basis vector for the tripton/gelbstoff absorption
in (11c) was allowed to vary from 0.009 to 0.02 (Figure 1b).
These values represent extreme ranges in slope calculated
from the mean plus/minus standard deviations for published
triton or gelbstoff absorption, respectively [Roesler et al.,
1989, Table 1].

The wavelength dependence of the particle backscattering
spectrum was selected to be a linear combination of b,;(A)
and by, (A), where the basis vectors are defined by (13b) and
(13c). This approximation implies that all wavelength depen-
dences observed in the in situ particle backscattering coef-
ficients can be adequately represented by the sum of the
spectrally invariant component and the component whose
spectral dependence is proportional to A~!. The sensitivity
of the model to this approximation was tested by reparam-
eterizing the spectrally varying basis vector in (13c) by

by(V) = (AT = A7) (17a)

where Y, defining the wavelength dependence, was also a
coefficient determined by the regression (Figure 1c). Thus
the total particle backscattering in (13a) was redefined for the
sensitivity analysis as

bpp(A) = Mya® + My(A ™Y — A550). (17b)
5. Results
5.1. Water Sample Analyses and Optical Measurements

The optical environments ranged from clear oceanic wa-
ters to turbid estuarine waters (Table 1). Surface chl a
concentrations varied from 0.07 to 25.35 mg m~3, and
phytoplankton absorption coefficients varied over fiftyfold in
magnitude. The efficiency of the phytoplankton absorption
coefficient normalized to chl a concentration a”(},(/\) varied
by a factor of 8 in the blue region of the spectrum among the
environments sampled (Figure 2). The absorption coeffi-
cients of the tripton/gelbstoff component varied from 0.0034
m~! in the oceanic waters off the Oregon coast to 0.1264
m~! in Dabob Bay.

The measured spectral reflectances were variable in shape
and magnitude (Figure 3). The magnitude of the reflectance
was generally <0.025 except for a shallow bay in Puget
Sound and in the oceanic waters off Oregon where maximal
reflectance exceeded 0.04. The wavelength of maximal re-
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Figure 2. Measured chl a-specific phytoplankton absorption spectra a”;()\) for (a) estuarine, (b) fjord, (c)
coastal, and (d) oceanic water types (see Table 1). Note different scales for Figures 2a and 2b versus 2c

and 2d.

flectance was 440 nm in the oceanic waters, 490 nm in the
coastal water, 540 nm in the fjord, and 565 nm in Puget
Sound waters with very high chl a concentrations (>25 mg
m~3). The signature associated with solar-stimulated chl a
fluorescence was evident in many of the spectra in the region
about 683 nm.

5.2. Model Results: The Forward Equation

The irradiance reflectance R(A, Z¢—) was reconstructed
from (14) using magnitudes derived from the regression
(section 4.2) for a set of samples with diverse magnitudes
and spectral shapes (Figure 4). The shape of the modeled
reflectance spectrum in the region 660 to 730 nm does not
monotonically decrease but contains significant structure
due to absorption and backscattering. In particular, the dip
in the reflectance at 676 nm associated with chl a absorption
is evident in the modeled reflectance spectrum from Puget

450 550

Wavelength [nm]

650

Figure 3.

750

Sound (labeled E in Figure 4). This absorption signature is
not always apparent in the in situ reflectance spectrum R(A,
Zg-) due to the ““filling in of the trough’ by chl a fluores-
cence.

5.3. Model Results: The Inverse Model

First-order estimated spectral phytoplankton absorption
coefficients d4(N). The first-order estimation of the phyto-
plankton spectral absorption coefficients a ,(A) is calculated
from (10). These estimated coefficients were significantly
correlated with the measured in situ coefficients a4 at 436,
500, and 676 nm (p = 0.90, 0.92, and 0.92, respectively, n =
35; Figure 5) with rms error values of 0.166, 0.082, and
0.025, respectively. A linear regression between the two at
676 nm yielded a slope and intercept of 1.11 and —0.002,
respectively, with an > = 0.75. Four comparisons between
the measured and estimated spectral absorption coefficients

0.02 +

0.01 1

0.09
D. Oceanic

0.06 +

0.03 +

0 L L . L
350 450 550
Wavelength [nm]

650 750

In situ spectral reflectance R(A, z,_) determined from measured irradiance spectra for (a)

estuarine, (b) fjord, (c) coastal, and (d) oceanic water types. Bold spectra are shown in Figure 4. Note

different scales for each water type.
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are shown in Figure 6. The rms errors calculated over the
entire spectrum were 0.0021, 0.0063, 0.0023, and 0.0007 for
the four cases shown in Figures 6a through 6d, respectively.
The magnitude of the estimation is reasonable, but the
spectra are not identical, indicating that the basis vector is
not adequate to describe the spectral dependence of the in
situ phytoplankton absorption coefficient in all cases or
waters.

Second-order estimated phytoplankton spectral absorption
coefficients d’¢(h). When the deviations between the modeled
and in situ reflectances spectra were included in the esti-
mated phytoplankton absorption spectra between 390 and
660 nm, the correlation between @,(436) and measured
a4(436) was slightly lower and the rms error slightly larger
than for a4(436) (Figure 5a; p = 0.87, rms = 0.180).
However, a,(500) was a better predictor of a 4(500) than
4 4(500) (Figure 5b; p = 0.94, rms = 0.032). Because the
deviations between estimated and in situ reflectance in the
spectral region 660 to 730 nm were attributed by chl a
fluorescence from (15), a@4(Ap) = a4(Ap). The additional
signal incorporated in the second-order estimate served to
reduced the rms error calculated over the entire spectrum
(rms = 0.0029, 0.0055, 0.0020, and 0.0006 for Figures 6a
through 6d) except in the estuarine case.

The sample averaged rms error calculated for all wave-
lengths was found to be lower for @, than for &, (0.021
versus 0.029). However, when the estuarine samples were
excluded from the analysis, the average rms error was lower
for a ® (0.008 versus 0.010 for a,). Overestimation of the
phytoplankton absorption coefficient in the estuarine sam-
ples was a result of the significantly steeper exponential
slopes in the tripton/gelbstoff absorption than were used in
the model; measured S values approached 0.02. Excluding
the estuarine samples, the average percent difference be-
tween a4 and a , was 35%, with 18 of the 24 samples having
<30% difference. In contrast, the average percent difference

0.03 0.09

o

<}

S}
'

A

R(A.z0.), R(4,20.)
=3
o

(oceanic only)

Wavelength [nm]

Figure 4. Comparison of in situ reflectance spectra R(A,
Zo—) (solid curve) with estimated spectra R(A, zo-) (dashed
curve) for estuarine (E), fjord (F), coastal (C), and oceanic
(O) environments. The scale on the right-hand side refers to
the oceanic spectrum only. Note the reflectance at 750 nm in
E is not zero due to the very high backscattering coefficients.
The difference between R(A, z,_) and R(A, Z¢-) from 660 to
730 nm is the contribution to in situ reflectance by solar-
stimulated chl a fluorescence Rg(A, Z9-). The arrow indi-
cates 676 nm, the absorption peak associated with chl a that
is predicted by the dip in reflectance by the model (most
noticeable in spectrum E).

13,287

1¥ ¢
F A 436 nm o o
s . '
[ o°
o
— 0l o & L3
'E F oce
o & .
- o® )
<S 0014 °
F o
0.001 i e
0.001 0.01 0.1 1
ay [m']
1 F
F B. 500 nm and 676 nm (]
r [ 3
° +
— O0l% o g 7
g E P oo ®
S ]
o3
3 + ® [ ]
<% 0.01 4 *o
“F ° W e
i °
0.001 RN
0.001 0.01 0.1 1

ay [m’]

Figure 5. (a) First-order estimated &, (open circles) or
second-order estimated &, (solid circles) versus measured
a4 phytoplankton absorption coefficients at 436 nm. The
solid line represents the 1:1 slope. (b) Same as Figure 5a, but
for 500 nm; a4 at 676 nm are indicated by plus symbols.

between a4 and ay was 59%, with 16 of the 24 samples
exhibiting <30% difference.

The measured spectrum from the fjordal waters exhibits a
broad peak over 410 to 440 nm, probably due to detrital
pigments. The inclusion of this feature in the second-order
estimate attests to the sensitivity of reflectance to absorption
and attests to the sensitivity of the inverse model to spectral
variations between in situ phytoplankton absorption and the
input basis vector. In oceanic waters the slight differences
between the large reflectance values measured and those
derived from the expression in (14) were magnified in the
extremely low phytoplankton absorption coefficients
(Figure 6d).

Solar-stimulated chl a fluorescence spectra. The reflectance
spectra associated with solar-stimulated chl a fluorescence
showed some deviation from a Gaussian shape and exhibited
significant variability in both the magnitude and shape (Table
1 and Figure 7). The wavelength of maximal fluorescence
was shifted toward the infrared from 683 nm in many cases.

The scalar upward fluorescence emission E,,z(Ar) was
modeled by scaling Rg(A, Zo—) to the downward spectral
irradiance and to the average cosine of the upward light
stream [,

Re(Ap, 20-)E4(AF, 29-)
Bu '

E,p(Ap) = (18)

Fluorescence emission is isotropic, and thus the total fluo-
rescence emission for the volume is twice the upward scalar
emission. The spectrally integrated total volume fluores-
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Figure 6. Examples of measured a4(A) (bold curve), first-order estimated a4(A) (dotted curve), and
second-order estimated & ,(A) (solid curve) spectral phytoplankton absorption from (a) estuarine, (b) fjord,

(c) coastal, and (d) oceanic waters.

cence F was determined by using a value of 0.4 for i, within
the upper optical depth [Kirk, 1981] and integrating over A.
F varied from 0.03 to almost 5.0 umol quantam ™ s~! and
was linearly correlated with chl a concentration for all the
samples, although significant variability existed within a
water type (Figure 8a). No correlation is apparent between
volume fluorescence and chl a concentration in the oceanic
or estuarine waters, while in the coastal and fjordal waters
there is a slight inverse correlation, although the trend is not
significant.
The fluorescence quantum yield ® (quanta fluoresced per
quanta absorbed) was calculated from
F
D= (19)

700
j ag(MEN)zy dA
400

A. Estuarine

C. Coastal

660 680 700 720
Wavelength [nm]

where the product E ;(A)in, is the estimate of scalar down-
ward spectral irradiance (&, = 0.95 [Kirk, 1981]). Values of
® ranged from 0.008 to 0.09. The maximal quantum yields
for a given water type occurred at approximately 1000 umol
quanta m~2 s~! surface irradiance, with yields tending to
decrease at both lower and higher irradiances (Figure 8b).
Particulate backscattering coefficients. Total particulate
backscattering coefficients were estimated from (13) using
the model output values of M,; and M,, and the basis
vectors b (A) and by, (A) (Table 1). Although no indepen-
dent measurements of particle backscattering coefficients
were made, a strong correlation was found between the
modeled spectrally integrated particle backscattering coeffi-
cient 5,,,, and o, the total geometrical cross section for
particles (p = 0.996, n = 12; Figure 9a). Over a twentyfold
range of backscattering coefficients, o was a better predictor

0.0012

0.0008 +
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0.0003 1 D. Oceanic
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0 s L A L
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Figure 7. Reflectance spectra of solar-stimulated chl a fluorescence Rp(A, Z9-) derived from equation
(15) for (a) estuarine, (b) fjord, (c) coastal, and (d) oceanic waters.
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Figure 8. (a) Spectrally integrated (660 to 730 nm) volume
fluorescence F versus chl a concentration for oceanic (solid
circles), coastal (open circles), fjordal (solid triangles), and
estuarine (open squares) waters. (b) Fluorescence quantum
yield ® versus spectrally averaged (400 to 700 nm) incident
irradiance, photosynthetically available radiation (PAR).
Symbols are same as in Figure 8a.

of backscattering than was chl a concentration (p = 0.47,
n = 35, Figure 9B). It is noteworthy that the relationship
between b »p and chl a concentration exhibits significantly
more scatter on log-transformed axes than does the relation-
ship between b »p @and o on linear axes.

5.4. Sensitivity Analysis

The magnitude of the M; and M; coefficients derived f{‘om
the regression of (14) and the resulting spectral shape of R(A,
Z9-) depend upon the definition of the basis vectors. How-
ever, the estimated phytoplankton and tripton/gelbstoff ab-
sorption and particle backscattering coefficients exhibited
less than a factor of 2 variability (Table 2) even under
extreme variations in the shape of the basis vector. The
relatively large variations in the M coefficients due to
varying a,(A) resulted from the D. salina and Synechococ-
cus sp. absorption basis vectors. The pigment compositions
of these pure cultures are not representative of the general
phytoplankton populations found in situ, although represen-
tatives of these groups are found within naturally occurring
populations. In some cases, the regression would not even
converge with one or the other of these two spectra used as
the basis vector. If these two spectra were removed from the
sensitivity analysis, the resulting percent cv derived from
using the remaining three phytoplankton basis vectors (Figure
la) were significantly reduced, although the largest percent cv
was always observed in the estuarine water cases.

Variations in the exponential slope of the tripton/gelbstoff
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Figure 9. Estimated particle backscattering coefficients
6,,,, versus (a) total particle cross section o and (b) chl a
concentration. Symbols are same as in Figure 8a.

absorption basis vector resulted in slightly lower percent cv
in the estimated M coefficients, and these values were
reduced by excluding the two extreme exponential slope
values (S = 0.009 and 0.02). It should be noted, however,
that a value of § = 0.02 used for the estuarine samples
resulted in more accurate estimates of phytoplankton ab-
sorption coefficients due to the extremely high gelbstoff
absorption.

Table 2. Results of Sensitivity Analysis for Equation
(14): The Effect of Changes in the Basis Vectors on
Estimated Phytoplankton &, and Tripton/Gelbstoff a,,
Absorption and Particle Backscattering Bbp Coefficients

Environment
Estimated Varied Basis
Coefficient Vector Estuarine Fjord Coastal Oceanic
agy a, 94(47) nd 38(34) 43(28)
ay, 58(49) 82(72) 42(39) 41(4)
by, 50 30) 27 (23) 18 (10) 38(22)
Q. ay 37.(12) 16 (11) 26 (15) 18 (16)
a, 34 (23) 42(30) 26(17) 20(16)
by 53(40) 76(29) 81(52) 62(57)
by, ag 4006) 10@® 14312 80O
a, 26199 1509 74) 1(1)
by, 39(18)  27(33) 33(21) 20(6)

Averaged coefficients of variations, expressed as percent coeffi-

cients of variation (cv), were determined for each environment.
Numbers in parentheses are percent cv with the two most extreme
basis vectors removed; i.e., for a4, D. salina and Synechococcus
sp.; for a,;, S = 0.02 and 0.009; and for by,, ¥ = 0.0 and 1.2. For
fjord a4, nd indicates not determinable; model would not converge
with any other ag.
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The standard basis vector for the wavelength-dependent
particle backscattering b,, was assumed to have a A~7
dependence, where Y = 1 was not variable. In the sensitiv-
ity analysis, Y was defined as a regression coefficient and
allowed to vary. However, the regression requires a initial
guess for all coefficients. The values M, M,;, M, and
M, obtained after convergence were not a function of the
value of the initial guesses. However, the value for Y
obtained after convergence was strongly dependent upon the
initial guess. The initial values for ¥ = 0, 0.5, 0.75, 1.0,
1.1, and 1.2 were used in the sensitivity analysis. In all
cases, the model converged with resulting Y coefficients
varying by <5% from the initial value. Again, exclusion of
the extreme basis vectors with ¥ = 0 and Y = 1.2 reduced
the percent cv.

6. Discussion

Reflectance spectra were obtained from a diverse set of
optical domains. Over this large range of optical domains,
phytoplankton spectral absorption coefficients were accu-
rately estimated using the inverse reflectance model. The
assumptions of the model were (1) that the approximation for
in situ reflectance in terms of measurable quantities in (6)
was valid, (2) that all the components responsible for absorp-
tion and backscattering were identified, and (3) that the basis
vectors were accurately defined. The observed coherence
between the in situ and model reconstructed reflectance
spectra, examples of which are shown in Figure 4, suggest
that the assumptions were valid. It is noteworthy that the
basis vectors used in this paper were defined from previously
published data and theory and thus were not optimized for
the diverse optical conditions encountered with this data set.
Although the accuracy of the model could be improved with
regionally defined basis vectors for phytoplankton and trip-
ton/gelbstoff absorption, the model appears to be quite
robust and seamless for all types of waters. The in situ
measurement of backscattering spectra is, as yet, minimal
[Bricaud et al., 1995] and is of utmost importance for
understanding both in situ and remote sensing reflectance.
The backscattering basis vectors are the least tested of the
basis vectors used in this paper, and the model predictability
will be improved most by the inclusion of realistic backscat-
tering spectra.

The estimation of spectral phytoplankton absorption co-
efficients from remote measurements is important for pre-
dicting both the distribution and primary production of
phytoplankton from remote sensing reflectance. This reflec-
tance model results in estimates of the magnitude and
spectral shape of phytoplankton absorption within 35% for
most envitonments. The phytoplankton absorption coeffi-
cients for the estuarine environment, which was character-
ized by extremely large tripton/gelbstoff absorption coeffi-
cients not typical of most ocean waters, were always
overestimated. The model results for the estuarine case were
very sensitive to the selection of basis vectors; thus region-
ally defined basis vectors should improve the prediction in
these waters. The model contains no input for pigment
packaging variations associated with photoadaptation, per
se. However, the second-order estimated phytoplankton
absorption coefficients will incorporate those spectral varia-
tions associated with packaging, pigment composition, or
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detrital pigments that are significant enough to alter the
shape of the reflectance spectrum (e.g., as was the case with
detrital pigments in Figure 6b).

Phytoplankton absorption coefficients are more directly
tied to reflectance spectra via (6) than are bulk measure-
ments of phytoplankton such as chl a concentration. The
estimation of chl a from reflectance ratios is primarily
determined by the spectral phytoplankton absorption coef-
ficient and secondarily by the empirical correlation between
phytoplankton absorption coefficient and chl a concentra-
tion. The links between the reflectance, absorption, and chl
a are what determined the empirically derived coefficients in
the standard chlorophyll algorithm for the coastal zone color
scanner [Gordon and Morel, 1983]. Thus the primary prod-
uct of an in situ or remote sensing reflectance model is
actually a measure of phytoplankton absorption. Chl a
concentrations, if desired, can be subsequently estimated
more accurately using regionally defined chl a-specific phy-
toplankton absorption coefficients.

The ability to extract solar-stimulated chl a fluorescence
spectra from irradiance reflectance or upward irradiance or
radiance may provide an independent measure of phyto-
plankton biomass [Neville and Gower, 1977; Sugihara et al.,
1986], physiological status [Falkowski and Kiefer, 1985], or
photosynthetic rate [Chamberlin et al., 1990]. Obtaining
fluorescence values corrected for backscattering has previ-
ously been difficult. Most approaches have emphasized the
estimation of background irradiance, radiance, or reflec-
tance at wavelengths within the fluorescence band by assum-
ing (1) a linear relationship between two signals measured on
either side of the fluorescence signature, (2) a constant
backscattering coefficient, or (3) a constant Gaussian shape
to the fluorescence spectrum.

The modeled reflectance spectra derived from the forward
equation (14) indicate that the nonfluorescence portion of
reflectance does not linearly decrease over the fluorescence
wave band, as was also predicted by the theoretical model of
Kishino et al. [1986]. A linear decrease in reflectance would
imply a linear decrease in the ratio of backscattering to
absorption. Absorption by chl a in the fluorescence wave
band negates that assumption. The reflectance model pre-
sented here incorporates variations in spectral shape of
backscattering and absorption, resulting in the resolution of
the spectral shape of the fluorescence emission spectra even
at chl a concentrations <0.1 mg m 3. While any differences
between R and R are incorporated into the estimated fluo-
rescence emission spectrum in the wave band 650 to 730 nm,
it should be noted that the reflectance is dominated by the
absorption and backscattering by water and the absorption
by phytoplankton. The water contribution in this wave band
is relatively constant and well constrained. The contribution
to phytoplankton absorption by accessory pigments is min-
imal, and packaging effects are much reduced compared with
the blue region of the spectrum. Thus the errors in R in this
wave band will minimally affect F.

The in situ fluorescence spectra derived from this model
were not purely Gaussian nor were the fluorescence maxima
always at 683 nm. The shift in maximal fluorescence and the
variations in fluorescence spectral shape were also observed
by Gordon [1979] using radiative transfer theory with mea-
surements from Morel and Prieur [1977]. Ahn et al. [1992]
observed variations in the shape of the chl a fluorescence
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emission spectra for a variety of phytoplankton species,
most notably for those containing phycobilipigments and
perhaps related to variations in pigment-protein complexes
in photosystem II [Govindje et al., 1979]. Variations in the
peak height to peak width, also called spectral whitening,
and shifts in the wavelength of maximal fluorescence may
also be due to reabsorption of the fluoresced photons by chl
a [Collins et al., 1985]. This phenomenon would be espe-
cially apparent under conditions of high chl a concentrations
such as was observed in Puget Sound where the associated
fluorescent emission spectra were very broad. The model
presented here does not account for anomalous dispersion of
backscattering about absorption features. It has been shown
that such a process about the red chl a absorption peak can
result in enhanced backscattering coefficients in the wave
band associated with fluorescence and may also account for
some of the variability in the estimated fluorescence emis-
sion [Zaneveld and Kitchen, this issue].

The relationship between fluorescence and chl a concen-
tration has been observed many times. It is interesting to
note, however, that the linear relationship is only observed
in this data set over the nearly 4 orders of magnitude
dynamic range of chl a concentrations, demonstrating that
volume natural fluorescence is only a gross indicator of chl a
concentrations. Regionally, the volume natural fluorescence
and chl a exhibited no correlation (estuarine and oceanic
waters) or even slightly negative correlation (coastal and
fjord waters). The variability in the fluorescence chl a
regression is probably a function of surface irradiance. The
quantum yields are submaximal at both low surface irradi-
ance (subinhibiting irradiances) and high surface irradiance
(inhibiting irradiances) (Figure 8b). The calculated values for
fluorescence quantum yield were of the same magnitudes as
those determined by Chamberlin et al. [1990] at high irradi-
ances. However, our values tended to be larger, possibly
because our measurements (1) were taken at the surface at
local noon, while their measurements were taken along
vertical profiles; (2) were integrated over the full range of
fluorescence emission; (3) and incorporated a more accurate
correction for backscattered red light. Within each environ-
ment the maximal quantum yield occurred at approximately
1000 wmol quanta m? s~! and decreased at higher surface
irradiances, perhaps due to photoinhibition effects on fluo-
rescence quenching [Neale, 1987; Cullen et al., 1994]. This is
similar to the value of approximately 750 umol quanta m?
s~ observed by Kiefer et al. [1989] in the western South
Pacific gyre.

Fluorescence by chromoproteins or dissolved organic
matter (gelbstoff) was not included in this model. There is
evidence suggesting that the effect may be negligible in most
oceanic waters. In organic-rich coastal waters the magnitude
of this signal was as high as 8% of the total reflectance
[Hawes et al., 1992]. In fresh waters, however, the effect
may be quite significant; a reflectance spectrum obtained
from Lake Washington did appear to be contaminated by
fluorescence due to both phycoerithrin and dissolved organic
matter (14% and 30% of the measured reflectance, respec-
tively [Culver and Perry, 1994]). As more information is
gained concerning the fluorescence spectral shape and effi-
ciency by these other components, these signals could be
resolved similarly to that of chl a fluorescence.

Modeled particle backscattering coefficients ranged over 3
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orders of magnitude (Table 1). Although there were no direct
measurements for comparison, it was expected that the
particle backscattering coefficient would be linearly related
to the total optical cross section of the in situ particles. For
large and polydisperse populations of particles the optical
and geometrical cross sections are directly related. A strong
linear relationship between the particle backscattering and
the geometric cross section was found for three environ-
ments where particle information was collected. It is note-
worthy that these locations represented the extremes in
absorption and reflectance spectral ranges. An important
future test would be to measure backscattering spectra
independently for comparison with estimated spectral coef-
ficients. Also noteworthy is the poor correlation between the
derived backscattering coefficients and chl a concentration
within each environment. Although a stronger correlation
has been observed in some regions [Morel, 1988], it is likely
an artifact of the covariation between particles and chl a [see
Kitchen and Zaneveld, 1990].

The vertical scale on which the present measurements
were made does not allow for resolution of vertical variabil-
ity in the absorption and backscattering coefficients. Cer-
tainly, significant vertical structure in these coefficients
would be manifested in the measured reflectance spectrum
[Zaneveld, 1982]. The absorption and backscattering coeffi-
cients derived from the model represent weighted average
values for the near-surface waters. Errors between modeled
and measured absorption and backscattering coefficients
may arise in highly stratified surface waters if the measured
coefficients are not properly scaled by optical depth.

The application of this model to the remote sensing of
ocean color is the next logical step for assessing the utility of
this approach. The water-leaving radiance measured by
satellite-based sensors can be approximated from the in-
water reflectance by the relationship between (5) and (6).
The model should be tested directly on true remote sensing
reflectance, the ratio of upward radiance to downward
irradiance, as opposed to the irradiance reflectance used
here. Such a test would allow direct comparison of L, with
the radiance signal detected by satellite or airborne sensors.
It would also remove the Q factor from the expression, as (5)
and not (6) is used to relate reflectance to the inherent optical
properties. As has been shown by Zaneveld [this issue],
constraints on the shape factors f, and f; are more rigorous
than those on Q. This will serve to remove the passage of
errors from Q to the estimates of phytoplankton absorption,
chl a fluorescence, and particle backscattering.

At present, it is difficult to obtain absolute radiances from
ocean color sensors; hence it is necessary to calculate
normalized water-leaving radiances. The reflectance model
presented here, applied to normalized radiance measure-
ments, would result in estimations of the relative proportions
of each component. The magnitudes of water absorption and
backscattering coefficients are known, and thus the absolute
concentration of the other components could be calculated
relative to the water optical coefficients. Application of this
approach to a multispectral radiance sensor such as the
sea-viewing wide field-of-view sensor (Sea WiFS) would
result in multispectral phytoplankton absorption coefficients
for use in bio-optical primary production models or for use in
resolving some taxonomic information, based upon pigment
absorption features, from space.
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effective area of the filter, cm?.

spectral absorption coefficients, where
subscript x = T, ¢, g, t, tg, or w, for
total, phytoplankton, gelbstoff, tripton,
tripton plus gelbstoff, or water,
respectively, m~!.

first-order modeled spectral phytoplankton
absorption coefficients, m~!.

second-order modeled spectral
phytoplankton absorption coefficient, m~!.
absorption basis vector for component i =
¢ or tg, dimensionless.

chl a-specific spectral phytoplankton
absorption coefficient, m? (mg chl a) ~!.
forward scattering coefficient averaged over
PAR, m .

spectral backscattering coefficient;
backscattering coefficient averaged over
PAR, where subscript x = T, p, or w for
total, particle, or water, respectively, m .
modeled spectral backscattering coefficient;
modeled backscattering coefficient averaged
over PAR for component j, where j = p,

1, or 2 for particle backscattering,
wavelength-independent backscattering, or
wavelength-dependent backscattering,
respectively, m~!.

backscattering basis vector for component
Jj, where j = 1 or 2, for wavelength-
independent backscattering or wavelength-
dependent backscattering, respectively,
dimensionless.

beam attenuation coefficient, m ~!.
chlorophyll a concentration, mg m 3.
equivalent spherical diameter of particles,
um.

measured; modeled downward quantum
vector irradiance, umol quanta m2 sl
measured; modeled upward quantum vector
irradiance, umol quanta m 2 s~

estimated upward quantum scalar
irradiance of solar-stimulated chl a
fluorescence, umol quanta m~2s7!,
equivalent spherical diameter, um.
estimated solar-stimulated volume chl a
fluorescence, umol quanta m73 s
coefficient scaling reflectance to the ratio of
backscattering to absorption.

shape factor for reflectance, the integrated
backscattered downward radiance scaled to
the backscattered downward scalar
irradiance, dimensionless.

shape factors for reflectance, the integrated
forward scattered upward radiance scaled
to the total forward scattered radiance,
dimensionless.

attenuation for nadir radiance, m~!.
attenuation coefficient for downward
irradiance, m~!.

attenuation coefficient for upward

irradiance, m~!.

L optical path length, cm ™.

L, upward radiance, umol quanta m 2 s~!
srl.

M;, M; magnitude of component optical
coefficients, where subscript i = ¢ or tg
for absorption, and j = b1 or b2 for
backscattering, m~!.

N particle concentration, particles mL L.

OD optical density, dimensionless.

PAR photosynthetically available radiation (400—
700 nm), pwmol quantam 2 s,

Q ratio of upward irradiance to upward

radiance, sr™!.

R()) in situ spectral irradiance reflectance,
dimensionless.

R(1) estimated spectral irradiance reflectance,
dimensionless.

Rp()) estimated spectral irradiance reflectance
due to solar-stimulated chl a fluorescence,
dimensionless.

S exponential slope of the tripton/gelbstoff
basis vector, nm ..

V  volume filtered, mL.

Y coefficient defining wavelength dependence
of particle backscattering basis vector (i.e.,
A~Y), dimensionless.

z depth, m.

Zo+ depth just above air/sea interface, m.
zg— depth just below air/sea interface, m.

B path length amplification factor for filter
pad absorption calculation, dimensionless.

® fluorescence quantum yield, quanta
fluoresced (quanta absorbed) -1

A wavelength, nm.

Ag chl a fluorescence wave band (660-730 nm),
nm.

AApin  30-nm wave band of minimal irradiance
attenuation in near-surface waters, nm.

i, average cosine, where subscript x = o, d,
u, and o« for incident, downward, upward,
and asymptotic irradiance fields,
respectively, dimensionless.

o total geometric cross-sectional area for
particles, um? mL ™.

T transmission across the air/sea interface,
dimensionless.
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