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Abstract

Computation of the light scattering properties of marine particles has typically been effected using Mie theory
(i.e.,, modeling the particles as homogeneous or layered spheres). Because scattering by irregularly shaped particles
is significantly different from that of spheres, particularly in backscattering directions, it is of interest to examine
the efficacy of using more complex formulations of light scattering that are not limited to spherically symmetric
particles. We applied the discrete dipole approximation (DDA) to the computation of the scattering properties of
detached calcium carbonate coccoliths from the coccolithophorid Emiliania huxleyi. Three distinct models of E.
huxleyi coccoliths were studied: thin disks with a diameter of approximately 2.75 wm, washers with a 1.38-um
hole in the disk, and two paralel disks joined by a hollow tube (a “‘fishing reel””). The model coccoliths all had
the same volume (mass =~ 0.19 pg carbon) and disk diameter and a refractive index of 1.20 relative to water. DDA
computations for randomly oriented model coccoliths showed that the total scattering cross section and its spectral
variation are similar for each of the three particle shapes and agree well with measurements made in natura E.
huxleyi blooms both on a per-coccolith and per-calcite concentration basis. The backscattering cross section and its
spectral variation was found to be strongly dependent on particle morphology. This dependence was shown to be
due to multiple reflections within the particle. Scattering and backscattering coefficients for volume-equivalent

spheres were within a factor of two of those for the disklike models.

Since the mid-1950s, when Burt (1956) produced his fa-
mous light scattering diagram, relating the scattering effi-
ciency of spherical particles to their size and refractive in-
dex, many researchers have attempted to use Mie theory
(van de Hulst, 1957) to explain the light scattering properties
of suspended particulate matter in natural waters. Studies in
the 1960s and 1970s combined measurements of the particle
size distribution with Mie theory to explain the observed
scattering coefficient and volume scattering function in terms
of the particle refractive index (Beardsley et al. 1970; Gor-
don and Brown 1972; Morel 1973; Kullenberg 1974). Even
though few marine particles even remotely resemble ho-
mogeneous spheres, these studies were reasonably successful
in explaining the shape of the forward lobe of the volume
scattering function (scattering angle ® less than 90°), and in
relating the total scattering and absorption coefficients to the
particle concentration and size distribution. Gordon and
Brown (1972) found that this required using refractive in-
dices(m = m, — im, where the real part describes refraction
and the imaginary part describes absorption) with m, in the
range 1.01-1.05 (relative to water) and m, = 0.01. The near-
ness of m, to that of water suggested that much of the ob-
served scattering was due to organic matter (e.g., phyto-
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plankton) (Carder et a. 1972). However, in the backward
scattering direction (® > 90°), these efforts were less suc-
cessful. Brown and Gordon (1974) showed that the only way
to explain the backscattering, based on the part of the size
distribution that they were able to measure (diameters, D,
for volume-equivalent spheres = 0.65 um), was for all par-
ticles in the size range 1.25 = D = 3.75 wm to be high-
index minerals (m = 1.15 — i0). This seemed somewhat
unlikely, although alternative explanations required rather
drastic assumptions regarding the then-unobservable parti-
cleswith D = 0.65 um.

Following the seminal work of Morel and Bricaud (1981)
in applying the anomalous diffraction approximation of Mie
theory (van de Hulst 1957) to understanding the optics of
phytoplankton, many investigators in the 1980s began to use
Mie theory to explain the observed spectrum of phytoplank-
ton absorption and scattering coefficients in terms of the
their size and the spectrum of m (see Morel 1994 for are-
view).

Recently, Volten et a. (1998) presented measurements of
volume scattering functions (20° = ® = 160°) for several
different species of phytoplankton, with (more or less) spher-
ical and cylindrical shapes. Using size distributions for vol-
ume-equivalent spheres (determined by Coulter Counter or
microscope) and refractive indices (following Bricaud and
Morel 1986), they employed Mie theory to compute volume
scattering functions for comparison with the measurements.
They found that the Mie calculations differed ** significantly
from the measured data”” (p. 1193) in both the backscattering
and the forward-scattering regions and that particles with
similar morphologies can produce dissimilar scattering func-
tions. In addition, internal structures such as gas vacuoles
were seen to significantly affect scattering. They suggest it
is time to apply computational methods that better address
particle morphology.
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Scattering by nonspherical particles

The advent of ocean color remote sensing with the Coastal
Zone Color Scanner rekindled interest in backscattering by
suspended particles because the remotely sensed water-leav-
ing radiance is proportiona to the total backscattering co-
efficient divided by the total absorption coefficient (Gordon
and Morel 1983). Thus, the backscattering coefficient is a
key constituent property in remote sensing. This backscat-
tering co-varies with the phytoplankton concentration (ac-
tually with chlorophyll @) but cannot be due to phytoplank-
ton because Mie theory studies showed that they must have
very low backscattering efficiencies. Suggestions for aug-
menting phytoplankton backscattering ranged from micro-
scopic particles (bacteria and viruses) co-varying with phy-
toplankton (Stramski and Kiefer 1991), to submerged air
bubbles (Zhang et al. 1998), to suspended calcite (Balch et
a. 2001); however, no study has been able to explain suc-
cessfully the backscattering of particles suspended in sea-
water. Thus, investigators working with ocean color remote
sensing data are in the somewhat embarrassing position of
not really knowing the source of their ““signal.”

In al of the work described above, the marine particles
were modeled as spheres. Usually the spheres were homo-
geneous. Some recent studies modeled particles as concen-
tric spheres in which m was alowed to vary in the radia
direction within the particle (usually assuming two values).
Examples include a model for scattering from cells with a
nucleus (Zaneveld and Kitchen 1995) and a model for scat-
tering from submerged bubbles coated with a surfactant
(Zhang et al. 1998). However, it iswell known that scattering
by irregularly shaped particles (even deviating only moder-
ately from spheres) is significantly different from that of
spheres, particularly in backscattering directions (Mishchen-
ko and Travis 1994). In fact, in an early study of light scat-
tering by nonspheres, Mugnai and Wiscombe (1989) sug-
gested that in the context of light scattering, spheres are ** the
most unrepresentative shape possible—almost a singularity
if you will”” (p. 3071). Although Aas (1984) has developed
formulas in the anomalous diffraction approximation for the
scattering and absorption cross sections of randomly oriented
long cylinders and thin disks that are valid when the index
of refraction is close to unity, to our knowledge virtualy no
computations have been attempted for marine particles with
more realistic shapes using rigorous electromagnetic scatter-
ing theory.

In this paper, we take the next logical step in marine light
scattering studies by applying to marine particles a version
of electromagnetic scattering theory that is capable of treat-
ing particles of arbitrary shape. The goal of the study is to
see if including the additional complexity of shape in marine
particle light scattering studies provides significant addition-
a information over and above that obtained by modeling the
particles as spheres. Knowing full well that it is impossible
to completely capture the complex shapes of marine parti-
cles, we only examine the efficacy of modeling them with
simple shapes that more closely resemble their actual ap-
pearance than spheres. A secondary goal is to examine the
influence of particle morphology on light scattering.

We focus on computing the scattering properties of cal-
cium carbonate coccoliths detached from the coccolitho-
phorid Emiliania huxleyi. These detached coccoliths are well
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suited for our study because (1) they have a reasonably well-
defined shape that in the first approximation resembles a disk
of known diameter; (2) their composition is known (calcium
carbonate) so m is provided and not a free parameter, and
(3) measurements of coccolith scattering and backscattering
are available; thus, they are almost ideal objects with which
to examine the possibility of modeling scattering by irreg-
ularly shaped marine particles with simple nonspherical
shapes. In addition, E. huxleyi blooms are known to turn the
water a milky white color that is easily observed from space
by ocean color sensors (Holligan et a. 1983). The interpre-
tation of this remotely sensed color change in E. huxleyi
blooms requires knowing their backscattering properties in
the visible (Gordon et al. 1988, 2001) and, especialy, the
red and near infrared regions of the spectrum. However, the
backscattering properties have been measured only in the
visible. If we can successfully model the backscattering
properties in the visible, then we can reliably extrapolate the
computations into the near infrared.

First, we describe our model for coccoliths. Then, we de-
scribe and validate the method we use for solving the elec-
tromagnetic scattering problem for these models. Next, we
present the scattering computations for the modeled coccol-
iths and develop a simple interpretation of the spectral de-
pendence of their backscattering. Finaly, we compare the
modeled scattering with field data.

Physical model used for detached coccoliths

A physical model of a coccolith consists of a particle size
and shape (morphology) and a refractive index, m. A shape
that roughly approximates a coccolith is a disk of diameter
D (~2.75 um). Estimates of the mass of an individual coc-
colith have varied over a wide range. Balch et a. (1991)
review the estimates that range from 0.065 (Linschooten et
a. 1991) to 0.6 (Holligan et a. 1983) pg C coccolith-2, and
adopt a value of 0.2 pg C coccolith-* for E. huxleyi. The
density of calcite is 2.71 g cm~3, which suggests a volume
of 0.616 um?. We adopted this as the volume of our model
coccolith; however, because of a computational error, a coc-
colith volume of 0.587 um? was actually used. This corre-
sponds to a mass of 0.191 pg C coccolith1, still well within
the range of the estimates. Using this volume, the thickness
of the model coccolith is 0.098 um. This is the simplest
approximation to the coccoliths of E. huxleyi.

Examination of Fig. 1 suggests that somewhat more com-
plex morphologies may better approximate coccoliths. First,
the coccoliths have a circular portion at the center that is
very thin, suggesting that a more appropriate shape may be
a disk with a circular hole centered on the disk (i.e, a
“washer’’). Most coccoliths appear to resemble two disks
parallel to one another joined at the center (in the vicinity
of the hole in the washer). This geometry looks like afishing
reel. We modeled coccoliths using these three shapes in the
dimensions shown in Fig. 2. In each case, the diameter of
the disk and the hole was determined by visually examining
the electron microscope images. The thickness of the disk(s)
was then chosen to make the coccolith volume 0.587 um?,
except for the fishing reel, where the disks were chosen to
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of W. M. Balch.)

be 0.05 um thick and separated by 0.10 um. The volume
was then forced to be 0.587 um? by choosing the appropriate
thickness of the reel joining the two disks. Thus, al three
particle morphologies yielded a model coccolith with the
same diameter and volume (mass).

Calcite is a birefringent (uniaxial) crystal; that is, its re-
fractive index depends on the direction (and polarization) of
propagation of light relative to a unique crystal direction,
the optic axis. Young et a. (1992) studied the crystal assem-
bly of coccoliths and concluded that the individual E. huxleyi
coccoliths are composed of calcite crystals with their optic
axis (the c-axis) in the radia direction. For the individua
coccolithsin Fig. 1, the optic axisis parallel to the structures
that resemble the spokes of a wheel. Thus, our model coc-
coliths—disk (D), washer (W), and fishing reel—should be
birefringent with the optic axis in the radial direction. How-
ever, athough some formulations of the electromagnetic
scattering problem are applicable to birefringent particles
(Bohren and Huffman 1983), none are available for dealing
with anisotropies as complex as this. An approximation is
necessary to make the model tractable. We approximate the
refractive properties by the mean refractive index (defined

Fig. 1. Photograph of E. huxleyi detached coccoliths. The individual coccoliths are approximately 2.75 um in diameter. (Photo courtesy
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as the speed of light in vacuum divided by the speed of light
in the crystal) averaged over all directions of propagation
(and all polarizations) relative to the optic axis. This turns
out to be %5 of the *ordinary” index plus % of the ** extraor-
dinary” index (Aas 1981). For vacuum wavelengths from
400 to 700 nm, this yielded m = 1.214 to 1.197 relative to
water, with an average of 1.203. Our model assumes that the
index is 1.20 and independent of wavelength. This is close
to the value of 1.19 given by Aas (1981).

The electromagnetic scattering problem

Van de Hulst (1957) and Bohren and Huffman (1983) dis-
cuss methods of light scattering computations for spherical
particles in detail. Reviews of recent work in light scattering
by nonspherical particles are presented in Mishchenko et al.
(2000).

Traditionally, the scattering by irregularly shaped particles
has been approximated by the scattering by spherical parti-
cles having the same volume or surface area. However even
for smooth particles, such as ellipsoids with aspect ratios less
than two, the scattering by area-equivalent spheres is signif-
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Fig. 2. Schematic of the three models for coccoliths: top is the disk, middle is the washer, and
bottom is the small fishing reel. All dimensions are in wm.

icantly different from that of the actual particle (see, eg., method as formulated by Mishchenko and Travis (1994).
Mishchenko and Travis 1994). For particles with ssmple  This method is similar to Mie theory in that it provides an
shapes such as ellipsoids and cylinders, the most successful exact solution; however, computational difficulties prevent
approach to light scattering is the so-caled *T-Matrix” its application to arbitrarily large particles. An important fea-
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ture of the Mishchenko and Travis computer code is that it
analytically averages over particle orientation. This allows
straightforward computation of scattering from suspensions
of randomly oriented particles. The code is described in de-
tall (along with limitations) in Mishchenko and Travis
(1998). Unfortunately, it has not been formulated for the
more complex shapes employed here (the washer and the
fishing reel). The only method to compute electromagnetic
scattering from arbitrarily shaped particles is the so-called
discrete dipole approximation (DDA) formulated by Purcell
and Pennypacker (1973).

The physical basis of the DDA can be understood by con-
sidering the light scattering process, beginning with scatter-
ing from a small dielectric sphere. When such a sphere is
illuminated by an electromagnetic (EM) wave with A > the
diameter, al portions of the sphere essentially will be sub-
jected to the same oscillating electric field. (There will be
no spatial variation of the field over the particle, only a tem-
pora variation.) This field will induce a dipole moment in
the sphere that is proportional to the electric field (a process
called polarization). The induced dipole moment will oscil-
late in phase with the field and radiate EM waves in all
directions with the same frequency and phase as the incident
wave. This field viewed at a great distance from the sphere
(the “far field'") isthe scattered radiation. Thisis called Ray-
leigh scattering.

As the sphere’s size increases relative to A, individual por-
tions of the particle will no longer be subjected to the same
field at any instant of time (a spatial variation of the field
will exist over the sphere). This field induces a dipole mo-
ment that varies with position and oscillation phase within
the sphere. The EM far field induced by the oscillating di-
pole moments of the various portions of the sphere will in-
terfere in the far field constituting the scattered radiation.
Because the dipole moments of the individual portions are
no longer in phase (as they are for a very small particle),
the scattering will differ from Rayleigh scattering. If the EM
field, to which each portion of the particle is subjected, is
approximated by the incident EM field alone, the result is
termed Rayleigh—Gans scattering (van de Hulst 1957). Con-
versely, if each portion of the particle is subjected to the true
EM field (the incident field plus the field generated by all
other portions of the sphere), the resulting far field provides
an exact solution to the scattering problem. The DDA is a
discrete formulation of this exact solution in which the par-
ticle is composed of a cubic lattice of N polarizable dipoles
with the lattice boundaries approximating the boundary of
the particle. The dipoles represent the individual portions of
the particle in the preceding discussion. Clearly, particles of
any shape can be represented in this manner with a suffi-
ciently large N. This method was further developed by
Draine (1988) and Draine and Flatau (1994), resulting in the
freely distributed program DDSCAT (http://www.astro.
princeton.edu/~draine/DDSCAT.html). We used this code
for the computations described here.

The DDA provides the differential scattering cross section
do(0)/dQ), where () is the solid angle and O is the scattering
angle. The total scattering cross section, o, and the back-
scattering cross section, o, are given by
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respectively. The scattering phase function is defined by
P(®) = do(0)/odV, and the usual volume scattering func-
tion of marine optics, B(0®), is the differentia scattering
cross section per unit volume of scattering medium. Thus,
the contribution that particles of a given size and shape make
to the total scattering coefficient (b) and backscattering co-
efficient (b,) isb = no and b, = noy, where n is the number
density of such particles.

Of the three wavelengths in the scattering problem, we
will consider the vacuum wavelength A first. This is the
wavelength of the radiation measured in a vacuum (or in
practice, in air) and is the wavelength usually reported in
scattering experiments. Next is the wavelength in the me-
dium surrounding the particle, A, IN our case, the medium
is water, and Ay = MMy, Where m,,.. is the refractive
index of water (~1.334). Finaly, there is the wavelength of
the radiation within the particle, Ap,.. This is used later in
the analysis and is given by Apyy = MMy = AyedMyaer/Mpart-
In our computations, My,e/Mp.: = (1.20)7%. We will also use
the term wavelength or the symbol A when the distinction
regarding the medium is unimportant.

There are several important parameters in the DDA: d, the
lattice spacing between the individua dipoles; k, the wave
number (k = 27/\,); &, the radius of a spherical particle
having the same volume V (V = 4ma2/3); and N, the total
number of dipoles used to represent the particle. A criterion
for accurate computation of the scattering properties is mkd
< 1 (M= My /Myae), With the computations improving as
mkd decreases below unity. For a simply shaped object (e.g.,
a cube) this implies that N > (mk)3V. The quantity ka, is a
convenient dimensionless measure of the particle size. It is
similar to the size parameter in Mie theory. The DDA has
been shown to provide accurate scattering cross sections (er-
ror of <2%) for values of ka, as high as 20, with mkd = 1
(Draine 2000). However, with mkd = 1 the error in the scat-
tering phase function can be large, particularly at scattering
angles where the phase function itself is small. For most of
our computations of model coccoliths, V = 0.587 um, for
which a, = 0.52 um, and A = 0.4 um (Ayy = 0.3 um).
These parameters yield ka, = 10.9, and mk = 25.2 um-1.
Following Draine (2000), we expect that application of the
DDA with mkd = 1 to the models proposed here should
yield excellent values for the total scattering cross section,
but there may be significant error in the phase function in
the backward direction, where it is small. Increasing accu-
racy requires decreasing d. Unfortunately, the computation
time rapidly increases with decreasing d; thus, there is a
trade-off between computational effort and accuracy.

The Draine (2000) examples refer to a single orientation
of the particle. Here we assume the coccoliths are in random
orientation. This requires orientational averaging of the as-
sociated cross sections. In the DDA, the orientationa aver-
aging is carried out by computing o and o, for a large num-
ber (N,) of orientations and averaging them. Thus, in
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Fig. 3. Comparison of the scattering phase function at 700 nm for a disk with diameter 2.704 um, thickness 0.1352 um, and refractive
index 1.20 relative to water computed using the T-Matrix method and the DDA with N, = 5,049. This shows the convergence of the DDA

as the value of mkd decreases.

addition to requiring that mkd be sufficiently small, N, must
be sufficiently large to provide accurate orientationaly av-
eraged cross sections. The computational burden is directly
proportional to N,.

In fact, for a given particle shape and value of ka,, ac-
ceptable values of d (or equivalently mkd) and N, must be
determined by studying the convergence as a function of
these parameters. That is, a set of computations must be
carried out for a given particle in which mkd is decreased
and N, is increased until the desired accuracy is achieved.
In our cases, thisis not practical because of the intense com-
putational time associated with the DDA. However, for our
simplest model (the disk) the T-Matrix method is available
to test the DDA convergence. Mishchenko and Travis (1998)
indicate that for m = 1.311, the T-Matrix method is capable
of handling disks with an aspect ratio (diameter over thick-
ness) up to 20 and a size parameter (x, = kr,, wherer,isthe
radius of the area-equivalent sphere) of seven. For smaller
m, it is expected that larger cylinders can be treated. Thus,
the T-Matrix can provide accurate cross sections for disks

sized similar to those of interest and can be used to deter-
mine acceptable values of mkd and N,.

Mishchenko kindly agreed to run the T-Matrix code at 0.7
um for a disk with an index of 1.20, a diameter of 2.704
um, and athickness of 0.1352 um. Thisdisk is ~35% thick-
er than our disk model for the E. huxleyi coccolith and has
ka, = 10.94. We compared this computation with our op-
eration of the DDA code for the same parameter values. In
the comparison, orientational averaging in the DDA was car-
ried out using N, = 5,049. This corresponds to (1) the angle
between the normal to the disk and the incident beam as-
suming 51 values between 0 and 90° and (2) the azimuth of
the normal around the incident beam assuming 99 values
between 0 and 180°. Because of the symmetry of the disk,
these angular ranges are all that is required for a complete
orientational average.

The results of the T-Matrix-DDA comparison are provid-
ed in Figs. 3-5. Figure 3 compares the scattering phase func-
tion P(®) as a function of mkd for the DDA and the T-
Matrix. The figure shows that P(®) computed by the DDA
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Fig. 4. Comparison of the scattering phase function at 700 nm for a disk with diameter 2.704 um, thickness 0.1352 um, and refractive
index 1.20 relative to water computed using the T-Matrix method and the DDA with mkd = 0.647 and two values of N,. This shows the

effect of varying N, in the DDA.

agrees well with the T-Matrix for scattering angles <90°.
For larger angles, departures are seen, but as mkd decreases,
the agreement improves. The large departure seen for ® >
155° is due to orientational averaging in the DDA. If the
number of orientations is increased by letting the angle be-
tween the normal and the incident beam assume 102 values
between 0 and 90°, better agreement is seen in the backward
direction (Fig. 4). Figure 5 compares the DDA (as a function
of mkd with N,, = 5,049) and T-Matrix computations of o
and ;. It shows that for mkd =~ 0.65, the errors for o and
o, are ~2% and <10%, respectively. For mkd = 0.4, the
error in both is significantly smaller. Clearly, the orienta-
tional averaging error for ® = 155° produces little error in
o and o,. This owes to the sin ® factor in the integrals for
o and o, This factor reduces the importance of scattering at
large angles. Because the test disk is actualy larger (~30%
in terms of volume) than our model coccoliths, we can ex-
pect that with similar values of mkd we can achieve similar
accuracy in our DDA computations. A word of caution,
however: the scattering phase functions computed using

these parameters cannot be accurate for ® > 155° because
N, is too small.

In the case of the fishing reel, computation time requires
that we use mkd no smaller than ~0.63 at the shortest wave-
length considered. Although the values of the parameters are
close to those for which the error in o and o;, are ~2% and
<10%, respectively, we wondered if the complex interna
structure would influence the accuracy of the DDA. It is not
feasible to reduce mkd further and carry out accurate ori-
entational averaging; thus, to examine the accuracy in this
case, we considered a single orientation: the plane of the
fishing reel perpendicular to the incident (unpolarized) beam.
Table 1 and Fig. 6 provide the results of this computation.
Table 1 suggests that the errors in o and o, will be similar
to the error in the T-Matrix example described above. We
see that the scattering phase function is not significantly dif-
ferent for mkd between 0.316 and 0.633, except in the near-
backward direction. As discussed earlier, this region (©@ >
160°) contributes very little to o or to o,

In sum, this analysis suggests that we can expect that for
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Fig. 5. DDA-computed scattering coefficient o and backscattering coefficient o, as a function of mkd (with N, = 5,049) showing the
convergence of these quantities to the T-Matrix value (dashed lines) as mkd decreases.

the size of particle we are studying and the values of mkd
(~<0.6) and N, (5,049) we are using, the DDA will yield
o and o, with an errors <2% and <10%, respectively. The
error in P(O) is likely to be large only for ® > 155°,

Results of the scattering computations for model
coccoliths

We computed the scattering by the model coccoliths in
random orientation for the three shapes provided in Fig. 2
a A = 04 05, 06, 0.7, 0.8, and 0.9 um. In addition, we
examined two larger fishing reels for which the separation
between the two disks was increased from 0.1 (SR) to 0.2
(MR) to 0.3 um (BR), with the volume held constant by
narrowing the thickness of the “reel” appropriately. The
computational burden was intense: 58 d of CPU time on a
DEC Server 2100 (200 MHz) were required for the first four

wavelengths of the small fishing reel (SR). For most of the
computations, mkd ranged from ~0.28 at A = 900 nm to
0.62 at A = 400 nm.

The total scattering cross section—The computed total
scattering cross section of individual particles as a function
of A for the various models are provided in Fig. 7. We note
that, for the disklike models, o is only weakly dependent on
the shape of the particle. Fig. 7 also shows that the spectral
variation (500-900 nm) of ¢ is amost proportional to A2,
which is close to the dependence found by Voss et al. (1998)
for detached coccoliths from E. huxleyi grown in cultures.

In addition to the four disklike shapes described above,
we carried out computations for two spherical approxima-
tions to coccoaliths: (1) a sphere with a volume equal to that
of the model coccolith (radius a, = 0.519 um) and (2) a
sphere with the same mean projected area as a disk with

Table 1. DDA results for the fishing reel oriented with the plane of the disk normal to the incident unpolarized beam.

N 4,736 37,600

mkd 1.253 0.6328

o (um?) 14.439 14.479

o, (um?) 0.008658 0.006742

126,888 300,832
0.4189 0.3164
14.445 14.429
0.006069 0.006383
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Fig. 6. Same as Fig. 3 for the small fishing reel oriented with the disk normal to the incident beam. This shows the convergence of

the DDA as the value of mkd decreases.

diameter 2.75 um (radius a, = 0.972 um). In both cases, a
narrow distribution of radii was used to smooth out the rapid
oscillations present in Mie computations for monodisperse
size distributions. The computations for the volume-equiv-
adent sphere are included in Fig. 7. They show a weaker
dependence on wavelength than the four model coccoliths
(o = A% from 600 to 900 nm) and larger scattering at all
wavelengths. The computations for the mean projected area—
equivalent sphere are not shown. This model leads to a much
larger scattering cross section, with o increasing from the
blue to the red rather than decreasing (5.34 um? at 400 nm
and 11.06 um? at 800 nm). Clearly, the volume-equivalent
sphere provides a better approximation to the scattering cross
section of the disklike model coccoliths than the mean pro-
jected area—equivalent sphere. A sphere with the equivalent
total area of the model coccoliths would yield an even larger
scattering cross section.

The backscattering cross section—The computed back-
scattering cross sections g, are provided in Fig. 8. With the
caveat that the computations in the blue (400 nm) may be

in error by approximately +10% (because the smallest, mkd
~ 0.62, may be too large), they show a significant depen-
dence on particle morphology—even in the very nature of
the spectral dependence. The fishing reel models SR and BR
show an increasing backscattering with decreasing wave-
length for A = 600 nm, whereas MR shows the reverse trend.
Three of the five disklike models (D, W, BR) have similar
behavior for A > 700 nm, but a completely different behav-
ior is seen for SR and MR. Within the context of the com-
putations described, we are able to offer no explanation for
this complex spectral behavior. There are no measurements
in the near infrared to see which of the predicted spectral
variations are realistic.

Additional model computations

The models described thus far were selected for their
gross resemblance to coccoliths, subject to the constraint that
their diameter be 2.75 um and their mass 0.191 pg C. How-
ever, because we are unable to explain the complex behavior
of a,(A) shown in Fig. 8 for these models, we performed
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Fig. 7. Spectral variation of ¢. D, disk model; W, washer model; SR, MR, and BR, the small, medium, and large fishing reels,
respectively; S, volume-equivalent sphere. The two straight lines at the bottom are included for reference because they indicate a spectral

variation o = A" with n = 1 (dotted) and n = 2 (solid).

additional computations to try to develop an understanding
of the spectral nature of the backscattering for these disklike
objects. We believed that a reasonable starting point would
be to try to understand a,(A) for disks and washers, the ssim-
plest of the shapes. We computed o, for disks and washers,
where the thickness (t) was varied keeping the other dimen-
sions as provided in Fig. 2. For disks, the results showed
(Fig. 9) that for the various thicknesses, o, appeared to be
very nearly a function of t/A,, aone; that is, disks of dif-
ferent thicknesses but with the same t/\,,, had nearly the
same o,. A similar result was obtained for the washer (Fig.
10). (Note that, were o, plotted as functions of t/A.,, or t/A,
the scale on the x-axis would simply be stretched by a con-
stant factor.) In addition, a set of computations for a smaller
washer (an outer diameter of 2.50 um but the same hole
diameter of 1.38 um) showed that, at least qualitatively, this
behavior is not dependent on D. The fact that o, (A) appears
to reach a maximum near t/A,q = 0.21 or t/Ap,, = 0.25
(disk thickness ¥ of a wavelength of light within the disk)
suggested that multiple reflections within the disk might play

a significant role in determining the spectral form of the
backscattering.

To test the significance of interna reflections, we consid-
ered the reflection from an infinite flat plate of thickness t.
Let r(y) be the fraction of irradiance reflected from the plate
when the radiation is incident at an angle i with respect to
the normal to the plate. This reflected irradiance would have
a scattering angle ® = 180° — 24, and the irradiance would
be scattered into directions with ® = 90° as long as ¢ =
45°, When ¢y = 0, r () displays a series of maxima occurring
when t is % of the wavelength (in the plate), % of the wave-
length, and so on, and of minima when t is % of the wave-
length, one wavelength, and so on (Born and Wolf 1980).
Thus, the first maximum in r (i) occurs near the same value
of t/Apy, as the first maximum in o,

We now model the backscattering from a disk by assum-
ing that it reflects light in a manner similar to an infinite
plate (i.e., according to r(y) and ©® above); however, we
ignore diffraction. This simply means that the individual
light rays travel in straight lines within media and follow
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Fig. 8. Spectra variation of ¢,. Symbols are the same as Fig. 7.

Snell’s law of refraction on striking either surface of the disk
and that the various rays multiply reflected within the disk
interfere on exiting. For a disk of area A = #D?/4, the ori-
entationally averaged backscattering cross section, 3,,, is giv-
en by

3, = Afw r ($)cos ¢ sin ¢ dif.

3, is thus the geometrical optics (with interference) approx-
imation to the rigorously computed o,

We computed %, for a plate of thickness t and refractive
index 1.2 relative to water as a function of t/A,,, using the
equations for r (i) developed in Born and Wolf (1980). The
results of this exercise are the solid lines in Figs. 9 and 10
(labeled ““Plate’’). (For the Fig. 10 computations, A = (D?
— D,d/4, where D,, is the diameter of the hole.) The excel-
lent agreement between 3, and o, shows that, within the size
ranges we are considering, backscattering from (thin) disks
and washers can be almost completely explained by multiple
reflections within their structures. It should not be surprising
that reflection from a disk with t/D <« 1 would be similar
to reflection from an infinite plate. However, when t becomes

a significant fraction of D, departures from the infinite plate
model must occur, as seen in Figs. 9 and 10.

The success of this simple infinite plate model in explain-
ing the spectral variation of oy, for disks and washers sug-
gests that we should try to model the more complex fishing
reels in the same manner. We applied the Born and Wolf
(1980) equations to compute 2, for an assembly consisting
of two parallel plates of thickness 0.05 um separated by 0.1,
0.2, and 0.3 um to simulate the small, medium, and large
fishing reels, respectively. The area A was chosen in the
same manner as the washer. These computations are pre-
sented in Fig. 11. Comparison with Fig. 8 shows that mul-
tiple reflections between and within the plates of the fishing
reels explain the peculiar spectral variation of their back-
scattering. In addition, it is seen that where g, is large (e.g.,
400 nm for the small and medium fishing reels), X, and o,
are in quantitative agreement (within =13% at the largest
o). In contrast, when o, is small (e.g., A > 600 nm for the
small fishing regl), X, is significantly smaller than o,. We
attribute this behavior to the scattering contribution from the
structure (Fig. 2) holding the two disks in place (confirmed
by additional computations not presented). Such scattering
is apparently of minor importance when o, is large.
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Fig. 9. Comparison between o, (symbols) and 3, (line) for disks with D = 2.75 um as a function of the thickness (t, um) of the disk.

It is remarkable that such a ssmple model can explain the
backscattering properties of such complex structures.

Influence of polydispersion

The computations thus far apply to systems in which the
particles are monodisperse (i.e., all have the same shape and
dimensions). Although, Fig. 1 suggests the dispersion in size
and shape is actually small, it is certainly present. The main
barrier to examining polydispersion is the heavy computa-
tional burden required. The success of the relatively simple
model for g, (i.e., 3, for the size of disks and washers that
we have been examining) alows us to overcome the com-
putational barrier in the case of backscattering (at least for
the disk and washer).

Consider disks or washers in which all of the dimensions
are distributed in size. Let dN(D, D,, t) be the number of
particles in a volume V with D between D and D + dD, D,
between D, and D, + dD,, and so on. The size frequency
distribution is defined by

dN(D, D,, )/N;
dDdD,dt

where N; = f{f dN(D, D,, t) is the total number of particles
in V. Then the backscattering cross section is

n(D, D, t) =

op(A) = ffj n(D, Dy, t)%,(D, D,, t, ) dD dD,, dt,

and the backscattering coefficient is b,(A) = o ,(A)N;/V.
These equations should provide reasonable estimates for o,
and b, as long as the distributions in D and D,, are not too
wide (i.e., so the plate model is still valid).

We have applied this to a distribution of disks with D, =
0; D and t uniformly distributed around means of 2.75 and
0.10 um, respectively; and distribution widths of 0.5 and
0.05 for D and t, respectively. These are wider than would
be suggested by Fig. 1. The resulting o(A) is practicaly
indistinguishable from that for a monodisperse distribution
with the mean sizes. Thus, we do not think that limiting our
discussion to monodisperse suspensions of disks and wash-
ers leads to significant error.

We can also consider polydispersion in the fishing reels
by adding the spacing between the plates, t.,, to the argu-
ment list in dN and integrating over this variable. Figure 11
suggests that this would have a profound influence on the
spectral dependence of o,. However, because the approxi-
mation 3, for ¢, considerably underestimates o, when %, is
small, we can expect that such results would provide only a
qualitative estimate of the influence of dispersion in tg,,.

The influence of polydispersion on the total scattering
cross section will be discussed |ater.

Comparison with measurements

The disklike models appear to perform well in capturing
the spectral variation of o (i.e., o = A~?); however, the spec-
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tral variation of ¢, is strongly dependent on morphology.
There are sufficient measurements of ¢ and ¢, both as func-
tions of coccolith concentration and calcite concentration, for
a quantitative comparison with our computations, and we
make such a comparison in this section.

The total scattering coefficient—Table 2 compares o at
550 nm with measurements. Note that the Balch et al. (1991)
measurements were from a natural bloom (in the Gulf of
Maine), whereas the Voss et a. (1998) measurements were
on cultures. Unfortunately, the E. huxleyi measurements by
Volten et a. (1998) are not applicable in this context, be-
cause the coccoliths were attached to the cells. Although the
agreement with the natural bloom measurementsis excellent,
there is significant disagreement with the cultures. It is pos-
sible that the disagreement with Voss et a. (1998) for de-
tached coccoliths of E. huxleyi grown in cultures could be
due to the coccolith mass we used (0.191 pg C). Table 3
provides estimates of the mass of individual coccoliths made
by several investigators. We note that the estimated mass
varies by a factor of ~10 from low to high. For a limited
number of cases, we varied the volume of the modeled coc-
coliths by varying the thickness of the disk(s) and diameter
of the washer’s hole. Figure 12 shows the resulting o values
at 700 nm as a function of the volume of the modeled coc-
colith. It suggests that, for the shapes we have employed, o
is roughly a linear function of the coccolith volume and,
therefore, the coccolith mass. We converted the mass esti-
mates in Table 3 to volume estimates using V = 3.07m,

where V is the volume (um?3) and mis the mass (pg C). Then
using Fig. 12, we estimated the corresponding o at 700 nm
and converted it to o at 550 nm assuming o ~ A2 (Fig. 7;
Voss et al. 1998). The resulting range in o a 550 nm was
~0.3-6.5 um?, which covers the range of measurements
summarized in Table 2. Thus, the disagreement with Voss et
al. (1998) could be due to our choice of 0.587 um? for the
coccolith volume.

Figure 12 also compares the DDA-derived os with those
computed for thin disks of varying thickness (t) and fixed
diameter (2.75 wm) using the approximate anomalous dif-
fraction first-order expression derived by Aas (1984). The
Aas formula, which should be valid when the parameter p
= (m — 1)kt < 1, dightly underestimates o for disks up to
a volume of approximately 1 um?® and overestimates it for
larger volumes. This simple formula also works reasonably
well over the same range for the other shapes used in this
study. These calculations show that for D = 2.75 um, the
Aas formula can be used to accurately compute o up to t =
0.2 umor p = 0.5, unexpectedly close to unity. The validity
of this formula explains the observed spectral dependence
of o (i.e, o o p? o« k? o« A=2. Unfortunately, the anomalous
diffraction approximation cannot be extended to estimate o.

The Aas formula can also be used to examine the influ-
ence of polydispersion on ¢ in a manner similar to the plate
models for o, It is clear that for the small polydispersion to
be expected for E. huxleyi coccoliths (Fig. 1), the spectra
dependence of o will not be altered from A2, and the mag-
nitude will be a weak function of polydispersion.
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Some measurements relate coccolith scattering to calcite
concentration [CaCQO;] providing the calcite-specific scatter-
ing cross section o* = ¢/[CaCO;] and backscattering cross
section of = 0,/[CaCO,]. These are compared with the disk-
like and spherelike models in Table 4. The Balch et al.
(1996) measurements correspond to a natural bloom (North
Atlantic 1991) at the highest concentrations of coccoliths
compared to plated coccolithophores, so nearly al of the
scattering was due to coccoliths. Clearly, the disklike models
of coccoliths agree well with the measurements and provide
a better approximation to o* at 550 nm than the sphere mod-
els. In sum, for both o and o*, the disklike models agree
with field measurements better that the sphere models.

Table 2. Computed and measured individual coccolith total scat-
tering and backscattering cross sections at 550 nm.

Study o (um?) o, (um?)
Disklike models 14-18 0.03-0.07
Sphere (equal volume) 2.8 0.036
Sphere (equal mean projected area) 7.6 0.24
Balch et al. (1991) 16 01
Balch et al. (1996) — 0.135
Voss et al. (1998) 53 0.13-0.16

The backscattering coefficient—The magnitude and spec-
tral variation of the computed o, and o are compared with
measurements in Tables 2, 4, and 5, respectively. The com-
puted magnitudes of ¢, at 550 nm on a per-coccolith basis
(Table 2) for the disklike models are a factor of two to four
lower than the measurements. Figures 9 and 10 for the 3,
approximation to o, suggest that in contrast to o, increasing
the volume above 0.587 um? for disks and washers with
diameters near 2.75 um will not increase a,. In fact, dou-
bling the volume (by doubling t) will decrease o, signifi-
cantly. The mean projected area-equivalent sphere model
yields g, about a factor of two too large, and the volume-
equivalent sphere is similar to the disklike models. On a per-
calcite basis (Table 4) most models are satisfactory; however,
they all provide too much backscattering.

Table 3. Estimates of coccolith mass.

Study Mass (pg C)
Paasche (1962) 0.176
Linschooten et al. (1991) 0.065-0.078
Balch et al. (1991) 0.20
Balch et al. (1996) 0.47
Holligan et al. (1983) 0.6
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Perhaps the most unsatisfactory part of this study is the
poor performance of the disklike models in reproducing the
spectral variation of ¢;,. Disk and washer models with t <
~0.05 um (volume < ~0.3 um?) would provide nearly the
correct spectral variation and correct values of o* and o} at
550 nm. However, for these dimensions, the values of ¢ and
o, a 550 nm for individual coccoliths would be a factor of
about two or three, or more, smaller than measured by Balch
et a. (1991).

Table 4. The calcite-specific scattering and backscattering co-
efficients at 550 nm.

a* o

A possibility for matching the spectral dependence and
the values of the backscattering cross sections at 550 nm is
to increase the disk diameter while simultaneously decreas-
ing the thickness. We explored this for the disk (because of
the simple dependence of o, as approximated by ,, on t
and D). Noting that 3} = 3,/[CaCO,] depends only on the
thickness of the disk (because both 3, and [CaCO,] are pro-
portional to D?), t = 0.017 um is required to provide %} =
1.6 m? mol ! at 550 nm (Table 4). Keeping t fixed at this
value, we varied D until 3, = 0.1 um? (Table 2). This re-

Table 5. Computed spectral variation in backscattering cross
section for modeled coccoliths.

b
Study (m2mol-1) (m2? mol %) Study oy, spectral variation
Disklike models 88-113 19-4.4 Present study Very shape dependent
Sphere (equal volume) 170 23 Balch et al. (1991) AL
Sphere (equal mean projected area) 73 22 Balch et al. (1996) AL
Balch et a. (1996) 101 16 Voss et a. (1998) A1
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quired D = 13 um. Thus, we found that it was impossible
to simultaneously match the field measurements of o, and
oF (and their spectral dependence) with a single disk of re-
alistic diameter. A similar result was obtained with the wash-
er.

Considering the complex o;, spectra seen for the fishing
reel models, it is clear that the spectral dependence cannot
be matched with a monodisperse suspension of any size reel.
However, polydispersion of the fishing reel models could
lead to spectra with the observed spectral variation. There-
fore, polydispersion in t.,, was also investigated as another
possibility for reproducing the spectral variation of o,. Using
the plate model (%) starting with the medium reel (tc,, =
0.2 um) and allowing t,, to be uniformly distributed over
arange At.,, it was found that the spectral behavior of o,
did not even decrease monotonically with increasing A until
Atg,, =~ 0.18 um. This large value of Atg,, is not supported
by Fig. 1.

It is interesting to observe that, for particles of the volume
we have considered, the calcite-specific quantities show
much less model-to-model variability in both o and o, than
the particle- or coccolith-specific quantities. Balch et al.
(1999) aso observed this behavior. They found that the spe-
ciesto-species variability of oy, for coccoliths formed by cal-
cifying algae was approximately an order of magnitude less
in the calcite-specific backscattering than in the coccolith-
specific backscattering. In addition, our observation shows
that approximating the particles by volume-equivalent or
mean projected area—equivalent spheres can often lead to the
correct order of magnitude for the mass-specific scattering
quantities.

Concluding remarks

We have applied the DDA to compute the light scattering
from disklike structures dimensioned to model E. huxleyi
detached coccoliths. T-Matrix computations were used to
validate our application of the DDA. Our results suggest that
the total scattering coefficient of mineral marine particles can
be adequately modeled by the DDA or any method that is
capable of treating scattering from particles that approximate
the shape of the particle in question. In fact, for the size
range examined here, the first order of the anomalous dif-
fraction approximation (Aas 1984) can be used to compute
the total scattering coefficient and its spectral dependence.
Furthermore, for o, the precise shape of the particle is not
necessary; however, approximating the disklike coccoliths as
spheres is unsatisfactory. The volume-equivalent sphere
yields at least 50% more scattering (per particle) than disk-
like particles, and the mean projected area—equivalent sphere
yields as much as a factor of 10 too much scattering near
800 nm.

In regard to backscattering, although we can capture the
observed o*(A) and o () of coccoliths using simple disks
and/or washers with volume < ~0.3 um?® (mass < ~0.1 pg
C) and redlistic diameters, the associated o(A) and o,(A) are
more than a factor of two and three too small, respectively.
To match field data for the spectral dependence of o, and
o as well as their magnitude at 550 nm requires unreason-
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ably large disk diameters. The strong dependence of o, (A)
on morphology shown in the computations, even for the sm-
ple disklike models, implies to us that modeling backscat-
tering from marine particles, with their complex shapes, will
be very difficult, if not impossible. Indeed, when structures
such as those shown in Fig. 1 are approximated by smooth
shapes (i.e., disks, washers, and so on), one must wonder
about the importance of having filled the small voids with
material. This could be particularly important when the voids
are not randomly distributed. The strong dependence on
morphology further suggests that, for backscattering, mod-
eling disklike particles as spheres is not a realistic exercise.
The volume-equivalent sphere model does not capture the
spectral variation of backscattering of any of the disklike
models. However, because it does provide the correct order
of magnitude for o and oy, particle morphology will likely
not resolve the question concerning the origin of the ob-
served backscattering in natural waters.

The primary goal of this paper, studying the efficacy of
nonsphere models, and the secondary goal, studying the in-
fluence of particle morphology, have been accomplished. A
simple computation of o, from disklike structures (i.e., ap-
proximating it with X,) was developed. It performed well
and was used to understand and to extend the DDA com-
putations. The goal of using these models to extrapolate the
measurements of ¢, from the visible into the red—near infra-
red for remote sensing has not been realized. None of our
models have been able to reproduce the observed spectral
dependence of both ¢, and ¢¥ in the visible, and remain
consistent with estimates of coccolith diameter and mass.
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