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Abstract. Optical oceanographymodels of attenuation and scattering properties often
contain simple spectral relationships. Electromagnetic theory, however, predicts
fluctuationsin the spectra of the attenuation coefficientsand scatteringproperties of
substancesat wavelengths near an absorption peak. We have modeled these effects for
phytoplankton using homogeneous,two-layered, and three-layered sphere models of
cell structure and using a wide range of plausible particle size distributions. The
magnitude of the scattering in backward directions is affected the most. The effect on
the beam attenuation spectrais relatively small comparedwith the effect on the
absorption and scattering coefficients. The backscattering coefficient shows large
variability, varying by almost a factor of 3 for some models. The results suggestthat
beam attenuation at any wavelength in the red shorter than the wavelength of the
chlorophyll absorption peak will be insensitive to the chlorophyll content of the
particles. Increases in the pigment content per unit volume of phytoplankton will
increase

the index of refraction

in the infrared

and therefore

increase

the attenuation

and scattering coefficients there.

Introduction

The spectral structure of the volume scattering function
together with the absorption coefficient (the inherent optical
properties (IOP)) and the radiance at the boundary determine the distribution

of radiance

in the interior

of the ocean

as well as the radiance that emerges from the ocean. Since
optical oceanographers tend to use simple wavelength dependencies (the wavelength dependence of the scattering
function is nearly always modeled as A-"), more complex
spectral dependenciesshould be investigated.
The upwelling radiance just above the sea surface is used
by means of remote sensingto determine various particulate
properties by inversion. Inversion of radiance data such as
obtained using remote sensinginvolves assumptionsregarding the spectral dependenceof the IOP on particulate properties.

Recent

studies have shown that the reflectance

as a

function of solar zenith angle is a strong function of the
angular shape of the volume scattering function [Gordon,
1989; Morel and Gentili, 1991, 1993]. Nevertheless, in the
studies cited and in others it is usually assumed that the
angular shapeof the particulate volume scatteringfunction is
not a function of wavelength. The study of the influence of
the particle size distribution and internal structure on the
spectraldependenceof the volume scatteringfunction shape
thus has bearing on the remote sensing reflectance. In
particular, if narrow bandwidth, full spectral radiance is
observed remotely, the spectral dependenceof the inherent
optical properties near an absorption peak could potentially
be inverted to obtain particulate properties.
It is now possibleto measure the absorption and attenuation spectra in situ [Zaneveld et al., 1992; Moore et al.,
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1992]. By subtraction we can thus also obtain the total
scattering spectrum in situ. Inversion of this parameter to
obtain particulate properties requires parameterization of
their interdependence. In addition, the scattering errors of
attenuation meters and reflecting tube absorption meters
depend on the angular shape of the volume scattering
function. Zaneveld et al. [1994] have proposed a method for
correcting the scattering error of reflecting tube absorption
meters.

This method

assumes that in the near infrared,

measured absorption values are due only to absorption by
water and to scattering error. The method will only work if
the angular shape of the scattering function is nearly constant as a function of wavelength. The structure of the light
scattering and absorption properties of oceanic particles can
be modeled using electromagnetic theory. We are interested
in finding the structure of these parameters near absorption
peaks, as the usual oceanographic models are most likely to
be incorrect in those regions.
The light-scatteringpropertiesof a particle are modifiedby
the presence of an absorbing substancewithin the particle.
For very large particles, light that is absorbedby the particle
is not available to be scattered, and thus scattering is
diminished an identical amount, resulting in no change in the
attenuation. For very small particles, scatteringand absorption are independent. In between the interactions are more
complex and increases in absorption can cause either an
increase or a decrease in attenuation, depending on the size
and index of refraction of the particle. These effects are
sometimes called "anomalous diffraction" because they can
result in an absorption peak producing an attenuation minimum. The term anomalous

diffraction

has also been used to

denotethe complex interferencepatternswhich are modified
when the concentration of absorbing material changes, producing diffraction rings with anomalous sizes and brightness
[van de Hulst, 1957, p. 134]. This process is important in
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particles larger than the wavelength of light with indices of
refraction close to that of the surrounding medium. A third
use of anomalousdiffraction is the approximation to scattering theory which is used for this class of particles. All three
meaningsrefer to roughly the same class of particles. In this
paper the first meaningwill apply, as we are not interestedin
diffraction rings per se and we are not using the anomalous
diffraction approximation in our calculations.
In the vicinity of the absorption band the index of refraction increases with wavelength, while in other regions it
decreases. This process has been called anomalous dispersion [Jenkins and White, 1957; Rossi, 1957; van de Hulst,
1957]. The combination of the anomalous dispersion and
anomalous

diffraction

effects will be the main focus of this

paper, since they cause fluctuations in the scattering properties in small intervals of the wavelength regime. In the
interest

of more

accurate

nomenclature

we will

call these

effects "absorption peak effects" and drop the adjective
"anomalous" when describing the dispersion relationships.
The pigment compositionand distribution within a particle
thus affect its scattering properties, especially near an absorption peak. In this paper we will addressthe questionof
how the angular shape of the volume scattering function
varies with wavelength near an absorption peak and how this
variation is related to the particle size distribution and the
internal distribution of pigment. We will also look at how
spectral variations of the volume scattering function affect
related properties such as backscattering, attenuation, and
reflectance spectra.

PROPERTIES

OF PHYTOPLANKTON
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Here esi is the molarextinctioncoefficient
for the ith
pigment, ct is the speed of light in a vacuum, No is
Avogadro's number, e is unit electron charge, and m e is the
mass of an electron. Given these parameters for the absorption bands in the region of interest, we can get n(9) from the
Lorentz-Lorenz equations [Ditchburn, 1963; Mueller, 1974]
by solving
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for the real part of the index of refraction. Taking the real
part of each side gives

Ne2

t/2(9)
--t/'2(9)
--1=

f•( -2

•

2)2

2)

2'
(2)

Introducing k oscillatorsin the visible region and no2 for the

component
of n2 dueto absorption
at remotewavelengths
and solving for n, we get

The Model

n(9) -

Volume scattering functions in the ocean are strongly
peaked in the forward direction due to diffraction by particles larger than the wavelength of light and to inhomogeneities in the refractive properties of water itself due to
fluctuationsin temperature and salinity. In general, particles
that are small relative to the wavelength of light have a more
symmetric volume scattering function (VSF) with less of a
forward peak in scattering and more backscattering relative
to total scattering [van de Hulst, 1957; Ditchburn, 1963].
Thus the VSF is influenced by the particle size distribution
(PSD). The size dependency carries over into the wavelength regime because the size parameter, p = •rD/A, is
relative to the wavelength which makes particles that are
only moderately larger than the wavelength of light scatter
more like a large particle in blue light than in red light.
Another parameter that influences the VSF is the index of
refraction of the particle. The index of refraction of a
substance

m as a function

of wavenumber

v can be ex-

pressed as a complex number, m(v) = n(v) - in'(v), where
n(v) is the real part of the index of refraction and n'(v) is the
imaginary part which can be derived directly from the

absorption spectrum as(v) of the substanceasn'(v) =
a•(v)/4•rv. Absorption bands can be characterized [Ditchburn, 1963; Mueller, 1974] by damped harmonic oscillators

with parameters
?j, fj, and •,j, where

is the oscillator wavenumber,
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to n2 by absorption
bandsfar
where no2 is the contribution
from the region of interest, and N is Avogadro's number x
10-3 '
Many models assume particles to be internally homogeneous. In reality, particles do not have uniform indices of
refraction and absorptionproperties. They have walls, membranes, and other structures, and their pigment content is
contained

in a fraction

of their

volume.

As

alternative

models for some of the structures of oceanic particles, we
have employed two- and three-layered spheres[Kitchen and
Zaneveld, 1992], with the outer shell representinga cell wall
or membrane. The middle layer of the three-layered model
represents the chloroplasts, and the core represents the
cytoplasm or, in the two-layered model, the cytoplasm and
chloroplasts.The spherical symmetry has allowed the use of
exact solutions [Mueller, 1974; after Kerker, 1969] of the
electromagnetic equations for light scattering. The results of
this modeling are in qualitative agreement with observed
volume scattering functions. While this model (or indeed any
model) is too simpleto exactly portray scatteringbehavior in
nature, it does approximate the gross angular distribution of
scattering [Mueller, 1974; Kitchen and Zaneveld, 1992;
Bricaud et al., 1992] and thus is appropriate for modeling
spectral changesin the overall angular shape of the VSF as
opposedto the details of the angular shape itself.
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1.11

Parameters

0.030

Phytoplankton Model

n

Mie theory calculations of volume scattering functions for
oceanic particle assemblageshave been used extensively in
the past [Pak et al., 1971; Morel, 1973; Brown and Gordon,
1973, 1974]. While it is obvious that details regarding particulate shape are ignored in these calculations, they have
nevertheless contributed significantly to our understanding
of ocean optics. Much of the accepted thinking about the
optical characteristics of phytoplankton is due to homogeneous sphere models [Bricaud and Morel, 1986; Stramski
and Kiefer, 1991]. The present study also suffers from the
assumption of sphericity of the particles, but as with the
studies before, there are some general trends that can be
deduced

and there are some conclusions

of refraction

1.10

0.020

1.09

0.010

that should direct

future experimental work.
We will use the following three different models of phytoplankton: (1) a three-layered concentric sphere model with a
high index of refraction outer shell; a high-index, absorbing
middle chloroplast layer; and a low index, nonabsorbing
core; (2) a two-layered concentric sphere model with a low
index outer layer representingthe membrane and cytoplasm;
and a high index, absorbing inner core representing the
central chloroplast; and (3) a homogeneous,medium index,
absorbing sphere. Both the real and imaginary components
of the index of refraction will be modified in such a way as to
make the volume average of both indices over the entire
sphere unchanging from model to model.
There is a great deal of natural variation in the relative
sizes and indices
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of the various

cell structures.

These variations change the details of the volume scattering
function in some ranges of angles [Kitchen and Zaneveld,
1992]. Here, however, we are interested only in changes of
the general angular shape of the volume scatteringfunction
across the visible light spectrum. Thus we have arbitrarily
chosen a set of parameters for our three-layered model that
produces a volume scattering function generally similar to
observed data [Petzold, 1972]. These data are widely used
for modeling remote sensingand other properties [Gordon,
1989; Morel and Gentili, 1991, 1993]. The outer shell,
representingthe cell wall, is assignedan index of refraction
of 1.09 (relative to water) with no absorption and a thickness
of 5% of the cell radius. The radius of the core is 76% of the

radius of the particle. The core is assignedan index of 1.02.
Between the core and the outer shell is the chloroplast layer
which is assigneda complex index of refraction based on the
dispersion calculations and the oscillator parameters given
by Mueller [1974] with the average real part of the index also
at 1.09. This real part will vary slightly spectrally due to the
dispersion effect. The oscillator strength has been adjusted
proportionally to the pigment concentrationper unit volume
of chloroplastto account for differencesbetween our model
and that of Mueller in structure and total pigment content per
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Figure 1. The real and imaginary parts of the index of
refraction for the chloroplast layer of a three-layered sphere
model of phytoplankton. Chlorophyll content is that inferred
from the chloropigmentto volume ratio found at the chlorophyll maximumin the Pacific Central Gyre. Wavelengthsare
differences from that of the absorption peak near 670 nm.

volume of the chloroplasts themselves, while we disperse
the chlorophyllover a larger volume within the cell which we
call the chloroplastlayer. After adjustingfor the changesin
pigment concentration, the resulting indices of refraction
(see (3)) of the chloroplast layer are as shown in Figure 1.
Note that the increase in the real part of the index of
refraction to the long-wavelength side of the peak remains
after the imaginary part has returned to zero. There is also a
local minimum in the real part from several nanometers to 20
nm short of the absorption peak.
Particle Size Distribution (PSD)

The size distributionof particlesin the oceancan generally
be describedby segmentedpower laws [Brown and Gordon,
1974; Kitchen and Zaneveld, 1990] of the form:

dN = NiD-S'dD,

di < D < di+1.

(4)

During ODEX, we found PSDs in the Pacific Central Gyre to
be characterized by two segments.Particles less than about
6/am in diameter had a lower exponent than those greater
than 6 /am. These exponents varied systematically with
depth. For our modelingwe will use two PSDs measuredin
the central gyre and two single-exponent PSDs. The two
measured PSDs are averages of the mixed layer PSDs and
the average PSD from the pigment maximum. As extreme
cases (less realistic), we will use single-exponent models
cell.
with s = 3 and s = 5. The former might be representative of
Using particle and pigment data collected at the chloro- a bloom dominated by large diatoms and the latter of a bloom
phyll maximum in the Pacific Central Gyre [Kitchen and of nanoplankton. These size distributions are shown in
Zaneveld, 1990] during the Optical Dynamics Experiment Figure 2. All the PSDs have been adjusted to produce the
(ODEX) [Pak et al., 1986], we computed the chlorophyll same total particulate volume concentration and thus the
concentrationwithin the model chloroplastlayer to be 29.4 g sametotal pigmentconcentrationfor the model in this paper.
We have performed the Mie calculationson a Macintosh
L -• which,followingMueller [1974],wouldyield a peak
value of n' = 0.024. Mueller used a chlorophyll concentra- Ilcx computer with limits of integration of 0.5 and 30 /am
tion of 50.4 g L -j, but he determinedthis valuefor the diameter. That range is all that was practical on that com-
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106

•

trationof 1.0tagL -1. All datapresented
in thispaperarefor
a chlorophyll
concentration
of 1.0tagL -1. FromFigure3 it

P•gment Maximum
s=3

would appear that the dispersion effect is small. However,
an enlargement showing the midangle scattering on a linear
scale (Figure 3, inset) reveals a significant change in magnitude and angular shape of the VSFs. The coefficient of
variation ranges from 4 to 16% at the various angles and
averages 9%. This region was shown because of its relative
flatness. Similar variability is found in other angular regions
(not shown), but it is harder to see because of the steepness
of the volume scattering function.
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Figure 2.

Particle

size distributions

OF PHYTOPLANKTON

obtained from our model of the PSD from the pigment
maximum layer are shown in Figure 3. The particle volume
concentration was increased to yield a chlorophyll concen-

M•xedLayer
--

PROPERTIES

for the four cases used

in the text.

examine

the

effect

of the

internal

structure

of the

particles on the spectral variability of the volume scattering
function, we have presented the results of using a homogeneous model (Figure 4) and a model with the chloroplast in
the center (Figure 5) surrounded by a low-index (1.02)
cytoplasm and membrane. In both of these models the real
and imaginary parts of the index of refraction were adjusted
to produce the same average indices over the entire particle.
Figures 3, 4, and 5 thus represent particle ensembleswith the
same size distribution and pigment content. We see that the
central chloroplast model produces much more variability as
a function of wavelength at the intermediate and large
angles. The coefficient of variation for this model ranges
from 6 to 71% and averages 24%. The homogeneousmodel
producesintermediate results. In nature a mixture of particle
structures would be found with the smaller organisms perhaps having simpler structures. Thus we have combined our
three structures (Figure 6) into one particle ensemble, with
the smaller particles consisting predominantly of homoge-

puter for the three-layered sphere FORTRAN code we were
using. Subsequently, we have implemented an improved
code

on a mainframe.

The

conclusions

we drew

from

an

initial test of the improved code were the following. (1)
While the small particles (0.2-0.5 tam) added about 20% to
the backscatteringin the 600- to 715-nm region, they did not
contribute significantly to the spectral variability of the
various scatteringproperties. They did, however, bring the
volume scattering functions even closer to those observed
by Petzold [1972] (2) Scattering at angles less than 3ø
continues to increase as larger and larger particles are
included even with the steeply sloped size distributionswe
were using for them. Thus we will not look closely at the
near-forward scattering. This also increases the agreement
with Petzold's model, but since particle size distributionsare
not known to infinity, the problem of near-forward scattering
is intractable by this approach. Thus, for the purposes of
studying the above described absorption peak effects, we
believe the range of 0.5 to 30 tamis adequateand will use the
data already generated by the Macintosh. Obviously, for
work on other aspects we will need to include the smaller
particles. Also, by increasing the total backscattering, the
contribution of small particles to backscatteringwill reduce
the effect of the absorption peak effects as a percentage of
backscattering.
Results

The volume scattering functions (VSF) at various wavelengths near the red chlorophyll absorptionpeak which were
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Figure 3. Variations in the volume scatteringfunction with
wavelengths from 29 nm short of the absorption peak to 26
nm beyond the absorption peak. The three-layered sphere
model of the particles in the chlorophyll maximum layer was

usedwith a totalchlorophyll
concentration
of 1.0 tagL -1.
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function in the 60ø to 140ø range of scattering angles.
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volume scatteringfunctionsare similar in variability (7-28%)
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Figure 6. (top) Variations in the volume scatteringfunction with wavelengths from 29 nm short of the absorption
peakto 26 nm beyondthe absorptionpeak. A combinationof
the three models (see bottom diagramfor the proportionsof
each model) was used, with a total chlorophyll concentration

of 1.0tagL -1.
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lower in absolute magnitude. Changes in the particle size
distribution would cause larger changes (Figure 7) in the
shapeof the volume scatteringfunction at all angles.
•,E 10_
1
Variations in internal structure do not appear to result in
significantchangesin the spectraof the attenuation, scattering, or absorptioncoefficients(Figure 8), but they do cause
•o 10-2
significantchangesin the overall magnitudeof attenuation
and scattering. There is, however, a significant effect of
internal structure on the backscattering spectrum (Figure
• 10-3
9a). The absolute value of the backscattering at a given
>
wavelengthfor the three-layeredspheremodel is seento be
more than three times the backscattering for the homoge10-4
neoussphere.The magnitudeof the backscatteringcoeffiCentralChloroplast
cient is obviously also strongly influenced by the relative
concentrationof small particles. This is seen in Figure 9b,
10-5
,
,
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where the s = 5 size distribution has b0 values approxiScattering
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mately two and a half times those of the s = 3 model. The
range for the two observed size distributions is much
Figure 5. Variations in the volume scatteringfunctionwith
wavelengthsfrom 29 nm short of the absorption peak to 26 smaller. It thus appears that for the naturally occurring
nm beyond the absorption peak. The central chloroplast particle ensemblesthe internal structure has potentially a
model of the particlesin the chlorophyllmaximum layer was larger influenceon the backscatteringthan the size distribu.,-,

used,witha totalchlorophyll
concentration
of 1.0tagL -1.

tion.
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Figure 7. The computed volume scatteringfunctions at the
chlorophyll absorptionpeak for four different particle size
distributionsusing the combination of models.

We also calculatedthe changein the coefficientswhen the
chlorophyllconcentrationis increased.The changein attenuation, scattering,and absorptionper unit changein chlorophyll concentrationwithin the cell varies very little with cell
structure (Figure 10a) except for some self-shadingin the
absorption spectrum of the central chloroplastmodel. For

PROPERTIES

OF PHYTOPLANKTON

wavelengths shorter than the absorption peak the attenuation changesnegligibly with chlorophyll. These changesin
attenuation would not be discernible from the sample to
sample variation for in situ measurements, so that attenuation measurementsat wavelengths shorter than 20 nm below
the absorption peak are not a function of the pigment
concentration. The change in scatteringis almost the mirror
image of the absorption,but the changein scatteringis less
dependent on particle structure. However, when the size
distributionsare changed (Figure 10b), we see much variation in the changesin the coefficientsper unit chlorophyll,
and the variation is slightly larger for scattering than for
absorption. The two observed size distributions produce
nearly identical changes in absorption, while the limiting
cases of s = 3 and s = 5 vary by more than a factor of 2.
The spectraof b/a and bo/a for the particlesare shownin
Figures 1la and 1lb. There is a close agreementbetween b/a
for the two measuredsize distribution models. The limiting
size distributions = 3 and s = 5 models show a significant
variation in b/a and bo/a, however. The observed size
distributionsproducethe lowest b/a, sincea large portion of
the particulate scattering cross section is in the first maximumof the efficiencycurve. Here bo/a variesinverselywith
the number of small particles due to their high backscattering.
Figures 12a and 12b show spectra of bo/a with water
added. This is approximately three times the irradiance
reflectance [Gordon et al., 1975]. Figure 12a indicates that
b o/a increasesby approximately 25% when the internal
structure of the particles is changedfrom homogeneousto
three-layered. It is seen in Figure 12b that the parameter
bo/a doesnot vary muchas a functionof naturally occurring
size distributions but that increasing the number of small
particles(s = 5) increasesbt,/a.
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Figure 9. Backscatteringspectra for (a) the three models of phytoplankton using the chlorophyll
maximum size distribution and (b) the four different size distributions using the three-layered model.

Many optical problems require the portion of scattering Discussion
that is within some angular range,

and Conclusions

Angular Shape of the Volume Scattering Function

b fo2
/3(0,•) sin0 dO.
2rr
1

For example, the error in absorption measurements [Kirk,
1992; Zaneveld et al., 1992] for water samples contained in
glass cells (spectrophotometers or in situ reflective tube
absorption meters) is largely due to scattering between some
intermediate angle (between 30 and 50ø) and 180ø. Figure 13
compares the scattering from 30-180øand from 40-180 ø. The
presence of the absorption peak causes variations in the
portion of scattering in these ranges of about -+1% of total
scattering. The particle size distribution potentially makes a
much larger difference if the s = 5 limiting case is included.
The measured PSDs showed a potential error in the absorption measurements of less than 1% of the total scattering
coefficient if the average scattering error is known.
Various integrated ranges of the volume scattering function in the backward direction may be of interest for different
remote sensingapplications. The particle size distribution is
definitely a larger factor in the spectralvariation of backscattering (Figure 14) in the ranges of 120-180øand 160-180øthan
the absorptionpeak effectsif one includesthe limiting PSDs.
If the particles are predominantly large (s - 3), absorption
peak effects can cause considerablespectral variation in near
180ø scattering.

Major variations in the angular and spectral shape of the
volume scatteringfunction are due to the size distribution,
shape, and internal structure of the particulate population
[Kitchen and Zaneveld, 1992]. The calculations presented
here show that while the particle size distribution has a
major influence on the angular shape of the volume scattering function,the influenceof the internal structurecannotbe
ignored.
The effect on remote sensing is due to the large-angle

scattering.Both the shapeof the scatteringfunction and the
magnitude directly affect the reflectance [Gordon, 1989;
Morel and Gentili, 1991; Zaneveld, this issue]. At a given
angle and a given wavelength the internal structure is seen to
causechangesof up to a factor of 3. Sincethe remote sensing
reflectance is proportional to the scattering function at a
given angle to within a few percent [Zaneveld, this issue],

0.015

this factor must be taken into account, as we have kept the

size distributionand pigment concentrationconstant in this
comparison.The structure and shape of the particles used
here are, by definition, not natural. Real phytoplankton are
far more complex than we can model. They are, however,
highly variable in their internal structure, and some of the
effects obtained here are bound to influence real scattering
functions. In the backward direction the contribution of the

very smallparticlesis important, so that the effectsseenhere
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are softened considerably. Experimental work that examines
the effect of internal structure on the shape of the volume
scattering function is called for.

perhaps even a reverse general trend for this range of
wavelengths.

Influence on Spectral Attenuation and Absorption
Local absorption maxima produce spectral perturbations
in the scattering function, with the magnitude of these
perturbations dependent on the size distribution of the
largest for the model with the central chloroplast(Figure 5).
particles. If we look at the term within the summation of (3),
The scattering around 175ø is seen to vary by an order of
we see that as the wavenumber approaches infinity (wavemagnitude, depending on wavelength. Scattering at other
length decreasestoward zero), the contribution to the index
anglesin the backward region still vary by at least a factor of
of refraction goes to zero. However, as the wavenumber
3. Again, we note that these are models only, but the
goes to zero (wavelength increases to infinity), the contribumessage is once more that measurementsof the scattering
tion to the index of refraction squared approachesa positive
function on one side of an absorptionpeak cannot necessar- number [Rossi, 1957]
In addition to the effect of internal structure, there is also
a spectral effect due to the presence of an absorption peak
beyond that due to the absorption alone. This effect was

ily be transferred to the other side, without paying some
attention to the absorption peak effects.
The near-forward and near-backward scattering seem to
have a very strongspectral changein the shape,with greater
scattering in those angular regions for shorter wavelengths.
The shape of the VSF for intermediate angles has little or

lim

Ne2fj

/2•->
0Ajtt
2=•meC2•j2
'
The sum of these contributionsfor all absorptionbands over
the entire electromagnetic spectrum is the dielectric constant
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of the substance [Jenkins and White, 1957]. Thus an increase

peak appears not to be influenced by the internal structure. The shapes of the attenuation and scattering spectra
were not affected significantly by internal structure, but
the magnitudes were. Beam attenuation values for the
inside chloroplast model were about 15% lower than for
the three-layered sphere model. The homogeneousmodel
had magnitudes only about 5% below the three-layered
sphere model. The shape of the beam attenuation spectra
showed a step increase of about 10% when going from the
short- to the long-wavelength side of the absorption peak,
whereas the scattering coefficient showed a 15% increase.
Use of homogeneousspheresfor modeling will thus result
in errors of +10% in beam attenuation, which would
appear to be acceptable, given the natural variability in the
particle concentration of the oceans. A further result is
that the inversion of beam attenuation spectra to obtain
the particle size distribution [Shifrin, 1988], which is
based on homogeneous spheres, would appear to be

in the internal concentrationof pigment suchas could be due
to light adaptation can produce an increasein the particulate
index of refraction at all longer wavelengths and thus affect
the magnitude and angular shape of the scattering and
attenuation spectra. This implies that an increase in the
pigmentcontent of the cellswill result in increasedscattering
and attenuation in the green due to the blue peak and in the
infrared due to the red absorption peak. The magnitude of
this change will, however, depend on the size distribution,
and thus the use or removal

of this effect to obtain the index

of refraction will not be straightforward.
The spectrum of the absorption coefficient was very
little influenced by the internal structure (Figure 8), there
being only a slight self-shading effect for the inside chloroplast model at the absorption maximum. The absorption
spectrum can thus be modeled adequately using homogeneous spheres. In addition, determination of the chlorophyll concentration from the shape of the red absorption

reasonable.
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The backscatteringspectra(Figure9a) are far more sen- vary by about 20%, depending on the internal structure of
sitive to internal structure. The three-layered sphere model
gives backscattering coefficients that are about three times
as large as the homogeneousspheres. In addition, the shapes
of the spectra also vary. Homogeneous sphere models are
thus inadequate for the determination of backscattering
coefficients [Bohren and Singham, 1991]. If one also considers the influence of the geometric shape of the particles, it
seems that adequate modeling of backscattering coefficients based on electromagnetic theory is nearly impossible. This emphasizes the need for measurements of this
parameter.

Changing the chlorophyll concentration affects the attenuation, scatteringand abs•orptionspectraby nearly the same
amount, independentof internal structure(Figure 10). The
increase in absorption is almost balanced by the decrease in
scattering. There is still an effect on the attenuation coefficient. The models seem to indicate that given a size distribution, the step increase in beam attenuation will be proportional to the pigment content. Observations of attenuation
(660 nm) per total particle volume concentration and chlorophyll per total particle volume concentration from various
coastal and open Ocean regions [Kitchen and Zaneveld,
1990] have failed to reveal any sensitivity of beam attenuation at 660 nm to the internal chlorophyll content of the
particles. This is borne out by the models presentedhere, in
that the change in beam attenuation per unit chlorophyll at
wavelengths less than the absorption peak is nearly zero. We
have long wondered if this insensitivity to chlorophyll content of the 660-nm

transmissometer

was due to a fortuitous

choice of wavelength, presumably in the scatteringminimum
of the dispersion curve. However, this effect is only a
secondary contributor. The apparent messageof Figure 10a
is that the insensitivity of the 660-nm transmissometer to
chlorophyll concentration is due chiefly to the diffraction
effect, and therefore the choice of wavelength is not critical
except that wavelengths shorter than the chlorophyll peak
will be less sensitive to absorption than those longer than the

peakwavelength.
InfluenCe on Remote SensingReflectance

In the following discussionwe speculate on the influence
of the effects calculated here on some remote sensing
observations.

The reader should once more bear in mind that

spherical particle models tend to be unrealistic in a quantitative sense but that the spectral variations calculated here
may well exist in nature.
In the vicinity of an absorption peak a fairly large change
in the apportionment of attenuation into scattering and
absorption can occur. This can produce a change in the
reflectance due to phytoplankton alone. The reflectance R is
often given as R = 0.33 bb/a [Gordon et al., 1975]. Figure

11 showsthat the ratio of bbp/acanvary by a factorof 6
when going fr9 m 60 nm less than the absorptionpeak to the
wavelength of the absorption peak. This effect is not due
only to variations in the absorption coefficient, but, rather,
the ratio tends to magnify the opposing spectral variations of

the particles. The measured size distributions produce

very similar b•/a spectra, but the s = 5 case produces
significantly higher values due to the larger proportion of
small particles.

Theminimum
in b•/a at theabsorption
peakresults
in
apparent maxima at about 10 nm past the absorption peak.
Similar maxima in both shape and magnitude are found in
observed reflectance spectra [Gordon, 1974; Roesler and
Perry, this issue]. These peaks are normally attributed to
fluorescence.It is interestingthat the absorptionpeak effects
described above give very similar looking maxima. Natural

fluorescence
[Gordon,1979]hasbeendiscussed
as an indicator of chlorophyll and productivity [Falkowski and Kiefer,
1985], and this method for determination of chlorophyll and
productivity has been patented [Booth and Kiefer, 1989].
However, natural fluorescence at the surface of the ocean
shows a surprisingly poor relationship with chlorophyll;
especially when a given location is considered [Roesler and
Perry, this issue]. Natural fluorescence at the surface is not
a pure measurement,but it also includes effects of backscattering. As we have seen, there are therefore large effects due
to internal structureand size distribution of the particles. We
hypothesize that some of the signal attributed to natural
fluorescence is due to these absorption peak effects, weakening the direct correlation between chlorophyll and in situ
radiance at an absorption peak. This effect needs to be
further investigated.
One further result of the potentially increased reflectance
due to the effects studied here is that the amount of light

emanatingfrom the oceanin the red regionof the spectrum
may be relatively large. Use of a red channel as a reference
for atmospheric corrections in remote sensingmust thus be
handled with considerable

care.

There are some interesting implications of the calculations
on the question of the contribution of phytoplankton to the
remote sensing reflectance. The water-leaving radiance is
proportional to the backscattering [Gordon and Morel, 1983;
Zaneveld, 1982]. The backscattering, at least in case 1
waters, is assumed to be a function of the chlorophyll
concentration [Morel, 1988], but the phytoplankton are
thought to not contribute significantly to the backscattering

[MorelandAhn,1991;Stramksi
andKiefer,1991].In a way,
this is a contradiction,always requiring the nonphytoplankton concentration to be closely related to the chlorophyll
concentration. Over large time periods this could be the
case, but instantaneously,for example, in plankton blooms,
this cannot be true.

Morel and Prieur [1977] noted that absorption spectra
computed from remotely sensed data were often below the
correspondingabsorption spectra calculated from the pigment content and that this discrepancy could be due to a

reductionof backscatteringby particlesin the spectralrange
where they absorb. This implies that absorbing particles
contribute to backscattering. Subsequentpapers [Morel and

Ahn, 1990; Stramksi and Kiefer, 1991] have discounted the
above contention. In an earlier paper [Kitchen and Zanscattering
andabsorption
intheneighborhood
ofanabsorp- eveld, 1990] we noted that the thickness of the outer layer in
tion peak. The effect of the particlesis obviouslymuted by the three-layered model has a large influence on the magnithe molecular scattering. It would be further reduced by tude of the backscattering. In the results described here we
including smaller particles than those covered in this note againthat the three-layered model gave three times the
study. If we include molecular scattering in the bb/a ratio backscatteringof the homogeneousmodel. We arbitrarily
(Figures 12a and 12b), we note that the reflectance can assigneda thickness of 5% of the cell radius to this layer.
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M. Orellana and C. Roesler (personal communication, 1993)
have discovered that diatoms and dinoflagellates in nature
usually have far thicker cell walls than those cultured in the
laboratory. They believe this to be the result of environmental stress. If this is the case, the backscattering by phytoplankton could be yet larger than the present three-layered
model indicates. A study of the dependenceof the thickness
of the cell wall on environmental parameters is thus warranted, so that the issue of the contribution of phytoplankton
to backscattering can be reexamined.
Applications to Instrumentation

As we have seen, electromagnetic theory produces
changesin the shape of the volume scattering function near
an absorpt:,onpeak. As mentionedpreviously, for calibration
of reflecting tube absorption meters we need to know the
spectral dependence of the proportion of the scattered light
not measured by the absorption meter detector. This proportion for 30 and 40øis shown on Figure 13. The proportion
is spectrally far less sensitive than the absolute value of the
volume scattering function in the backward direction. We
see a variation of about 15% in the proportion, representing
less than 1% of the scattering coefficient. Using a nearinfrared wavelength to correct for scattering effects in reflecting tube absorption meters should thus lead to error in
absorptionmeasurementsof the order of 1% of the scattering
coefficient.

Except at near-backward angles, changesin the portion of
total scatteringin any angular range seem to be about 10% of
that portion (Figure 14). Most of this observed change
occurs at the absorption peak itself. Whether this change is
like a step function or an oscillation depends on the size
distribution. Farther away, the effect of wavelength on the
optical size of the particle might produce larger changes.
Experimental Verification

The actual measurement of/3(0, A) in the field is quite
difficult, and when done at all, it is usually at only one
wavelength [van de Hulst, 1957; Petzold, 1972; Tucker, 1973]
or, at best, a few wavelengths not measured simultaneously
[Pegau et al., this issue]. There are thus no measurements of
oceanic particle ensembles that we are aware of that could
provide us with information regarding the spectral dependence of the angular shape of the volume scattering function
close to the chlorophyll absorption peak. We do have
experimental information, however, on the spectral shape of
the beam attenuation coefficient. Voss [1992] described a
simple linear equation for the beam attenuation spectra in
the open ocean. Upon examination of his table of regressions
it is seen, however, that the beam attenuation at 670 nm is,
on average, 5.5% higher than the beam attenuation at 630
nm. The 670-nm observations thus contradict the general
linear trend. This result makes sense in light of the theoretical scattering calculations. Similar results were obtained by
D. A. Siegel (personal communication, 1994) off Bermuda.
The beam attenuation spectrum shows a local maximum at
676 nm.

We conclude that these absorption peak effects in the
ocean, while in general small, should nevertheless not be
ignored. They influence all the IOP to a greater or lesser
extent and so must be taken into account if we are to fully
understand experimental aspects of ocean optics.
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Notation

/3 thevolumescattering
function,m-• st-• .
es molar extinction coefficientfor a pigment, cm
mol -• '

-1

•, electromagnetic
damping
coefficient,
cm-•.
A wavelength of light, nm.

v wavenumber,cm-1.
0 angle of light scattering, degrees.
p particle size parameter, nondimensional.

a
b
bb
c

absorption
coefficient,
m-•.
scattering
coefficient,
m-•.
backscattering,
m-•.
beamattenuation
coefficient,m-•.

Cl
D

speedof light in a vacuum, cm/s.
diameter of a particle, tzm.
the charge of an electron, C.
oscillator strength of a pigment absorption band,

e
f

nondimensional.

m

index of refraction, nondimensional.

m e mass of an electron, g.
n
n'

real part of index of refraction, nondimensional.
imaginary part of index of refraction,
nondimensional.

no contribution to index of refraction by absorption
bands that are remote from the region of interest,
nondimensional.

No Avogadro's
number,mol-•.
R

reflectance, nondimensional.

s exponent of power law fit to particle size
distribution, nondimensional.
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