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A Systematic Survey of the Modeled Optical Properties of

Nonspherical Marine-Like Particles

INTRODUCTION

Most methods for computing the inherent optical properties (scattering,

absorption, attenuation) of marine particles assume the particles are spherical

regardless of their actual shape. However, there is ample evidence suggesting the

particles themselves are not spherical.

Observations of assemblages of natural particles suggest that the particles

become more aspherical as they become larger. Jonasz observes that in

samples of water taken from the Gulf Stream and off the coast of Halifax,

very small particles tend to be spherical, or nearly so, but the degree of

asphericity increases hyperbolically as a function of particle size.

Comparison of shapes for a wide range of sizes and species indicates that

spherical phytoplankton are uncommon. As part of proposed standardized

system for classifying phytoplankton shapes, Hildebrand et al. consider

the shapes of over 850 species of phytoplankton.2 Examination of this

scheme indicates that ellipsoids, prolate spheroids (a special case of an

ellipsoid in which two semi-axes are equal), and cylinders together



comprise approximately 50% of classified species while spheres

composed 10-15% of the classified species.

3) Measurements of the polarization of light by marine particles indicate

they are nonspherical. The light scattered by a particle can be described

using a vector that specifies the intensity and polarization state of a

particle in terms of the intensity, I, and the degree of horizontal, vertical

and circular polarization, U, Q and V respectively.

I-
Q

The elements of this vector are also called the Stokes parameters.

Using this formalism, a photon's state can be described after interaction

with a particle using a 4x4 matrix, called a Mueller matrix, S that

describes how the particle affects photon intensity and polarization:

13' =

2
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Note that the Mueller matrix elements are also inherent optical properties

of the particles. For the case of homogeneous, randomly oriented

particles, the Mueller matrix has the form3,4

IS11 S12 0 0 \

S= S12 S22 0 0

0 0 S33 S34

0 0 534 S441

In addition, for spherical particles, the equalities S11=S22 and S33=S44

hold.5 Therefore, the Mueller matrix for spherical particles should be:

(S11 S12 0 0

s= S12 Sll 0 0

0 0 S33 S34

0 0 -534 S33)

Based on the above, careful measurement of the intensity and

polarization states of seawater should yield information about the shapes

of particles suspended in the water.

In measurements of the Mueller matrix of seawater and suspended

material, S11 and S22 are not equal, which would not be the case if the
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suspended particles were sphencal.6 Results similar to those seen by Voss

and Fry have been produced by Schulz et al. using distributions of prolate

spheroids, confirming that the Mueller matrix elements are sensitive to

particle shape.7

Some work has already been done on the effects of particle shape on the optical

properties of marine particles. Experimental comparisons between measured optical

properties of particles known to be aspherical and modeled results have indicated

that spheres with equivalent optical properties may not exist. Gordon and Du

examined the scattering of light by coccoliths detached from the phytoplankton

species Emiliania huxleyi, and concluded that both equal volume and equal surface

area spheres are unsatisfactory shapes for modeling the optical properties of the

detached coccoh
8

ths. Aas9considers the optical properties of randomly oriented

cylinders, particularly in the RGD region, and found that spheres will overestimate

the optical properties of cylinders by several percent. Mugnai and Wiscombe10 study

the optical properties of Chebychev particles. A Chebychev particle is a concave

particle created by deforming a circle using r(0)=ro{ 1+ETn(cos0)}, where ro is the

radius of the undeformed circle, £ is the deformation parameter and Tn is the

Chebychev polynomial of degree n. This deformed curve is then rotated about the

axis 0=0. They suggest that the average percent difference between spheres and the
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particles they modeled were as high as 5% for scattering, absorption and the phase

function.

At present, we are aware of no work on how particle shape affects the

backscattering properties of marine particles. Backscattering is an important optical

property for remote sensing because the amount of light leaving the water and

measured by a remote sensor is proportional to the backscattering by the particles in

the ocean.

The purpose of this work is to present the results of computations of inherent

optical properties of nonspherical particles and compare them to the inherent optical

properties of equal volume spheres. Using the possible error estimates presented in

this work along with a survey of computational methods (for example, Mishchenko

et al. 2000 and references therein5 investigatorsnvestigators should be able to make more fully

informed decisions about what types of models are appropriate to their uses.



METHODS

SINGLE-PARTICLE METHODS

Spheroids are the solids formed by rotating an ellipse around one of its axes.

Rotating the ellipse about the major (long) axis creates a prolate spheroid while

rotation around the minor (short) axis yields an oblate spheroid (Fig. 1). The ratio of

the two axes is referred to as the aspect ratio (alb). In this work, the aspect ratios are

expressed as the ratio of the nonrotational axis (a) to the rotational axis, (b). For

prolate spheroids, the aspect ratio is less than 1.0 while for oblate spheroids the

aspect ratio is greater than 1.0. Note that some references in this paper may use

different conventions for the aspect ratio. Aspect ratios modeled here range from

.001 to 10, including spheres (aspect ratio=1.0).

The interaction between particles and light leads to either scattering, defined

as light redirected by the particle in some direction, or absorption, the annihilation of

the photon. Scattering and absorption are strongly influenced by the refractive index

of the particle relative to that of the medium surrounding it. The complex, relative

refractive index (m) is defined by m=n+in'. The real component (n) governs the

6



scattering of light by a particle. The imaginary component (n') governs absorption

(see, for example, Bohren and Huffman, 1983).

Figure 1 Prolate spheroid (left) and oblate spheroid (right). The aspect ratio is
defined as the ratio of the nonrotational to rotational axes. A prolate spheroid has an
aspect ratio< 1 while an oblate spheroid has an aspect ratio >1

The real refractive indices used are in this work are: 1.02, 1.035, 1.05, 1.075,

1.1, 1.15, and 1.2. This range is typical of marine particles, ranging from

phytoplankton at the lower values to sediments and detrital particles at the largest

values.9,11 The imaginary parts of the refractive indices (n') used are 0.0, 0.001,

0.0015, 0.003, 0.005, 0.007, 0.01, and 0.15. Except for the extreme value, these are

consistent with those seen in the literature for phytoplankton.12 The case of n'= 0.15

is not physically realistic but is used here for illustrative purposes.

7
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A useful quantity for comparing optical properties of different particles is the

amount of phase shift experienced by an incident photon after interaction with the

particle. If two waves are initially in phase prior to one of them interacting with a

particle, the phase of the wave interacting with the particle will be shifted or retarded

in some way by the interaction (can be accelerated in the case of bubbles). The

amount of the phase shift is proportional to both the distance the wave traveled

through the particle and the speed of light in the particle. Since the speed of light in

the particle is determined by the refractive index, the phase shift parameter, p is

defined in terms of the refractive index as:4

=
2m(n-1)D

x

where n is the real refractive index, D is the diameter of the equal volume

sphere and A is the wavelength of the incident light. The utility of the phase shift

parameter is that it facilitates classification of particles into four optical regions,

9
based on the behavior of the optical properties within each (Appendix 1). For

example, for a given phase shift, optically softer particles (i.e. smaller relative

refractive index) are physically larger than optically harder particles. Using Eq. 1 we

can show that, at the lower bound of the van de Hulst (vdH) region where p= 1.0, a

particle with n=1.02 and an incident wavelength of 600 nm has a diameter of

approximately 2.4ium. Likewise, a particle with n=1.2 will must have a diameter of

D=0.48tim, all other things being equal. As will be shown later, this interaction of

(1)



particle size and refractive index can have considerable effects on optical properties

of collections of particles.

Three methods were used to compute optical properties in this work: Mie

theory, Mishchenko's advanced T-matrix method and the eikonal approximation

developed by Fournier and Evans. 41314Each of these methods will be described

below.

Mie theory is based on a solution to Maxwell's equations published by

Gustav Mie in 1908.15 In this method, the scatterer is assumed to be both spherical

and homogeneous. By making this assumption, the equations describing the outgoing

wave can be expanded using spherical functions. In 1983, Bohren and Huffman

published BIIMIE.3 BHMIE is a FORTRAN code for computing the optical

properties of homogeneous particles using Mie theory. BHMIE or a variant of it is

among the most commonly used codes for computing optical properties. This work

uses a version of BHMIE ported to MATLAB by Emmanuel Boss.

The T-matrix method is the most computationally complex method used in

this work. In the T-matrix method, the incident and scattered electromagnetic waves

(Einc and Ewa) are expanded in vector spherical wave functions. Mathematically, the

T-matrix method can be expressed as:

9



ka(ii) = [p + q ff,(ki?)]mn
n-1 m---n

and:

n r

kinc(M=E E [a mRgifl mn(ki?) + b,Rgg ffin(ICR)1
n=1

where M and N are functions expanding the electromagnetic waves, R is the distance

from the center of the particle and k is the wave number. The coefficients a, b, p and

q are related by a transition matrix, (T-matrix) by

[qP1

where T is the T-matrix containing the physical information about the particle.

This work uses M.I. Mishchenko's FORTAN implementation of the T-matrix

method.13 The T-matrix method has been checked by several authors, hence its

capabilities and limitations are fairly well documented. 5,13Mishchenko's

implementation of the T-matrix method provides the attenuation and scattering cross

sections, along with all of the Mueller matrix elements described above. The primary

limitation of the T-matrix method is that as the particles become larger, more

aspherical and/or have a higher relative refractive index, the size of the T-matrix

becomes computationally unwieldy. In practical terms, the limitation is an issue of

memory resources and speed. The main advantage to using the T-matrix method was

that it provided optical properties that had angularly dependent aspects to them (e.g.

10
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the backscattering cross-section). Because of the above limitations, we have chosen

to use the eikonal approximation to compute the attenuation cross section as well.

The eikonal approximation described by Fournier and Evans is a geometric-

14
type solution to the problem of attenuation by nonspherical particles. In this

method, it is assumed that, to first order, the only effect of the scatterer is to locally

retard the phase of the incident wave and attenuate its amplitude. The scatterer is

treated as an irregular disk oriented normal to the incident wave. In addition, the

wave possesses a spatially dependent phase and amplitude. It is also assumed that the

central ray passing through the particle will suffer some minor, but not negligible,

degree of deviation. When combined with Rayleigh theory, the attenuation cross

14
section can be computed. This method was used to compute attenuation for

particles outside the range where the T-matrix method results could be obtained

using the computational resources we had available, and in cases where the desired

particle size resolution would require large numbers of T-matrix calculations."

The optical properties of all particles with aspect ratios larger than 3.0 or

smaller than 1/3 were computed using the eikonal method. Likewise, the optical

properties of any particles with equal-volume sphere radii larger than 6.0 gm were

computed using the eikonal method. Agreement between the eikonal approximation

and the T-matrix method is to within 12% or better throughout the overlapping range

of particle sizes used, with the maximum deviation being at the transition between



the Rayleigh-Gans-Debye (RGD) and van de Hu1st (vdH) regions. Fournier and

Evans observe similar results, noting that the method may have problems in

transition regions, particularly between the Rayleigh region and the first diffraction

peak.14 While methods exist for computing attenuation for spheroids quickly, no such

methods exist for backscattering. We use large values of the imaginary refractive

index, n'= 0.15 in order to damp out any oscillations in the backscattering curves.

This allows us to determine what backscattering will be in the very large particle

4
limit.

METHODS FOR COMPUTING THE IOPs OF COI ECTIONS OF PARTICLES

Up to this point, we have only discussed the computation of optical

properties of single particles. In this work, the attenuation coefficient of collections

of marine particles will also be considered. The attenuation coefficient describes how

much light is lost from the forward beam due to either scattering or absorption.

Mathematically,

1(r) = I oe-er

where I is the intensity of the incident beam as a function of distance, r and c

is the attenuation coefficient [m-1] and equals the sum of the absorption and

scattering coefficients.

12



(3)

13

Treatments of the optical properties of collections of spheroids have been

limited. In particular, it is there has been little work that considers how particle shape

would be distributed in a collection of particles such as a sample taken from the sea.

Notably, Jonasz provides a description of how particle shapes may be distributed in

natural waters based on observations. In that work, Jonasz uses microscopy to

provide an empirical estimate of how the particle shape is distributed with respect to

size. The relationship found is

Gspheroid=Gsphere 1 .28D°22 (2)

where G is the geometric cross section averaged over all orientations and D is

the diameter of the equal volume sphere. By assuming that the particles are prolate

spheroids, and using the equations for the geometric cross section given in Appendix

2, Eq.2 can be rewritten as:

sin-1 .111 a )22

)a3
= 2.56D 22

)
L 111 a)21

where a/b is the aspect ratio and D is the diameter of the equal volume

sphere. The simplifying assumption of particle shape (i.e. prolate) was necessary in
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order to write an equation that will specify a unique particle axis ratio (Eq.3). This

formulation enables us to compute the attenuation coefficient for a collection of

particles distributed with respect to both size and shape. The next step in this process

is to compute the attenuation cross sections for this group of particle. The attenuation

cross section defines the amount of light removed from the forward beam. It may be

said that a particle casts a shadow of area Can, noting that it is possible for the

particle to cast a much larger shadow than the geometric cross sectional area, G, of

the particle due to diffraction effects. The attenuation cross section can be

normalized by the geometric cross section to give the attenuation efficiency Qat.

Using the description of the attenuation cross section described above, the

attenuation efficiency may then be thought of as the size of the shadow cast by a

particle per unit particle area. For particles with relatively weak or no absorption, the

first peak in the attenuation efficiency plotted as a function of particle size can be as

high as Qatt=4. This demonstrates the significant role diffraction plays in the optical

properties of small particles.

The particle size and aspect ratio determined using Eq.3 is used in the eikonal

approximation to compute the attenuation cross section. Using these computed data,

the attenuation coefficient, distributed with respect to both size and shape, c is

computed using the equation:

Dmax

c= f Gait D cID (4)
Dmin



where is the slope size distribution. Note that this size distribution is differential

(as opposed to cumulative). The size bins for D chosen here were:

0.01 D < 0.99
1.0 <D<9

10./..) 200

where AD is given in pm. In this work, Dm11=0.01 gm and Dmax=200 1,1M. In

oceanic waters, the slope of the size distribution is generally taken to be between 3

and 5. 1,16The constants in Eq. 2 were determined for a relatively restricted range of

water types, so their applicability for other types of water is uncertain. However, for

a particle with an equal volume sphere radius of 150 gm, the a and b axes of the

resulting spheroid are 30 gm and approximately 3500 gm respectively. Kirk models

diatoms such as Melosira granulata, which has semiaxes of 4.5 gm and 500 pm, and

filaments of Oscillatoria rubescens with semi-axes of 6pm and 3537 gm, so the

1

aspect ratios used in the present work seem realistic.7

It has been shown that, in natural distributions, small particles generally

consist of very fine sediments and other optically hard particles whereas larger

particles are generally optically soft particles such as flocculent particles." Zaneveld

et al. note that the distribution consists of particles with n=1.15 at the small end and

15

0.01

D

0.1

1
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n=1.02-1.05 at the large end. To simulate this, a distribution was constructed using

the following limits:

1.2 0.01_ D<1.0
1.1 1.05.D<3.0

1.075 3.0 D<10
1.05 10 /)<200

Note that these limits are somewhat arbitrary. The two middle refractive

indices smooth the jumps made from one refractive index to another. This now gives

a distribution in which particle are distributed with respect to size, shape and, in a

very crude sense, refractive index. To study the effects of absorption, the particles are

also given two n'; a weak imaginary component (n'=0.0015i) and a strong imaginary

component (n'=0.01i). In natural particle distributions, the imaginary component of

the refractive index depends on the particle type. Detrital and sedimentary particles

will have smaller imaginary refractive indices than biogenous particles (see, for

example, Stramski et al., 2001). In addition, viruses and small heterotrophic bacteria

have imaginary components that are orders of magnitude smaller in the case of the

18
former, than other components one may expect to find in the water column.

Kirk describes a geometric optics-type method for determining the average

absorption cross section of randomly oriented spheroids, which we attempted to

17
implement this method as part of this work Using Kirk's data, we were able to

=



(5)
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replicate his results. However, this method involves a triple integral that must be

solved numerically and is very sensitive to the number of intervals used in each

integration. The results often showed signs of severe numerical instability and were

not generally satisfactory.

The optical properties will be compared using the optical bias. The optical

bias is defined as the ratio of the optical cross section of a spheroid to that of the

equal volume sphere:

S =
C(spheroid)
C(sphere)



RESULTS

The agreement between Mie theory and the T-matrix method for spheres was

in all cases computed here better than 0.1%. The T-matrix method is often treated as

the most accurate method for computing the optical properties of spheroids, but we

are not aware of any instances in which it has been rigorously tested against

measurements made of the optical properties of spheroids whose sizes and aspect

ratios were carefully controlled.19 This may be due to the difficulty of obtaining

nonspherical particles of uniform, known dimensions. The primary difficulty with

the T-matrix method is that the computer memory requirements due to the number of

terms required to reach convergence for large and/or extremely aspherical particles

within the T-matrix program can be considerable, often outside the range of most

13
computers.

The single particle optical properties will be presented as a function of the

phase shift parameter.

RAYLEIGH REGION (p«1)

The only geometric consideration in Rayleigh theory is the volume of the

particle, so two Rayleigh particles of equal volume should have equal optical

properties. Figs. 2, 3 and 4 show the attenuation, absorption and backscattering

biases, respectively for prolate and oblate spheroids. In the case of absorption and

18
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Figure 2. Attenuation bias for prolate spheroid with an aspect ratio of 0.5 (left) and
2.0 (right) for a range of the imaginary component (n') of the refractive index. The
real component of the refractive index is n=1.2 for all cases.

attenuation, the biases in the Rayleigh region are slightly more than 1.0, but given the

very small magnitude of the overshoot (less than 1%) we attribute this to round-off

error. In general, the behavior is consistent with theoretical predictions made about

9
optical properties in this region (Appendix 1).

np=.001i
np=.003i

005i
np=.007i

10 15

19
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Phase shift parameter, p

np.=.001i
- np=.003i

np=.005i
np=.007i

10 15

Figure 3 Absorption bias for prolate spheroid with an aspect ratio of 0.5 (left) and 2.0
(right) for a range of the imaginary component (n') of the refractive index. The real
component of the refractive index is n=1.2 for all cases.

RGD REGION (pr-z1)

Scattering in the RGD region is theoretically similar to that in the Rayleigh

region. The primary difference is that in RGD theory, each volume element of a

particle is treated as a dipole rather than the entire particle as in Rayleigh theory.

20

Aspect ratio=0.5 Aspect ratio=2.0



This is accomplished by including a shape factor to the equations for Rayleigh

4,9 4
scattering. This shape factor is of the form

F(u)=1 97-1- J (u)
21,13

2

where u is some function that depends on the shape of the particle, and J312(u) is the

Bessel function of the second kind. This shape factor is equal to 1.0 for spheres and

is less than 1.0 for all other shapes. This implies that the scattering biases should

always be less than 1 for Rayleigh particles. Figs. 2, 3 and 4, show that the biases

drop rather sharply in this region, reach a minimum and begin to increase again.

Close examination of Fig. 3 shows that the absorption bias is approximately equal to

unity (within 1-2%) for small particles, suggesting that shape affects scattering more

4
than absorption in the RGD region as was observed by van de Hulst.

vdH REGION (1<p<100)

In the vdH region, the biases vary considerably as a function of p. They

typically reach the first maximum at values of p on the order of 5, and begin to

converge to the limits predicted by geometric optics thereafter (see below).

Comparison of the plots in Figs. 2, 3 and 4 shows that the height of the peak depends

21



on whether the spheroid is prolate or oblate. Backscattering is unique in that the

height of the first bias peak can be higher for prolates than the oblates. The

magnitudes of the oscillations are more extreme for oblate spheroids than prolates

generated from the same ellipse.

Differences between prolates and oblates generated from the same ellipse (i.e.

same major : minor axis ratio) are due to differences in particle geometries. The

differences between a prolate and an oblate spheroid generated by the same ellipse

are the surface area and the average geometric cross section, which are proportional

to the surface area for spheroids. Since the scattering mechanisms are dependent

upon the surface area, this suggests that differences in attenuation among shapes are

driven by scattering effects rather than absorption in the vdH region. Absorption,

which depends primarily on the volume of the particle, is less of a factor in

attenuation than scattering. Figure 3 shows that the magnitude of the biases is less

than 3% at the most extreme values in this region. This supports our hypothesis that

scattering is the dominant mechanism for attenuation in the vdH region for marine

particles.

22
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Aspect ratio=2.0

5

np=.001
np=_003i
np=.0051
np= 007i

10 15

23

1.

cp 1 2

C.)

0 1_



GEOMETRIC OPTICS REGION (p>100)

This region includes the region where the particles are the largest compared

to the wavelength of the incident light. The attenuation bias can be shown to

converge to the ratio of the geometric cross sections. The relationships for the

limiting values of the attenuation cross sections as the particles get very large are3,4:

Catt =2G (6)

and, for absorbing particles

Ccsa=Cabs=G (7)

where G is the geometric cross sectional area as defined in Appendix 2.

Eqs. 5 can be combined with Eqs. 6 and 7, giving:

Catt(spheroid) G(spheroid)
Jatt = Catt(sphere) G(sphere)

Csca abs(Spheroid) G(spheroid)
Ssca abs

Csca abs (sphere) G(sphere)

Eqs. 6a and 7a say that as the particles get very large, all the attenuation,

scattering and absorption biases all converge to the same value.

In Fig. 5, the attenuation biases are plotted on the same axes is the ratio of the

geometric cross sections for a variety of aspect ratios. This plot was made using the

T-matrix method with m=1.02+0.15i. The large value of the imaginary component of
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the refractive index allows one to see that the biases are converging toward the

values given in Eq. 6a.
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Figure 5 Attenuation bias in the GO limit vs. phase shift parameter. The
complex refractive index is m=1.02+0.15i. The horizontal lines are the ratio of the
geometric cross sections.
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BACKSCATTERING

Backscattering is defined as energy redirected back toward the direction of

the incident beam. Theoretically, backscattering is simplest in the Rayleigh region.

The distribution of scattered energy in the Rayleigh region is symmetric about 0=Tc/2

where 0 is the direction that light is scattered with respect to the particle. Thus, one-

half of the light is backscattered. As the particles get larger, scattering in the forward

direction begins to dominate.3,4 Figure 4 suggests that even for moderately absorbing

particles, the backscattering bias begins to converge to the geometric optics limit

quickly, more so than for the other optical properties. In Fig. 6, the backscattering

bias is shown for strongly absorbing particles. It can be seen that the backscattering

bias is nearly at the GO limit for a phase shift parameter as small as 0.5. This

suggests that the backscattering coefficient could be estimated using Mie results if

the axes lengths were known. This also demonstrates that the phase shift parameter

does not have the same physical meaning for backscattering as it does for the other

optical properties. Figure 6 also shows that backscattering converges to the same

limits in the large particle limit as the other optical properties. This makes intuitive

sense because it says that as the particles get large, cross sectional area for

backscattering is equal to the geometric cross sectional area. The difference between

scattering and backscattering is that scattering can be caused by reflection, refraction

or diffraction. However, backscattering is due to reflection or refraction only.
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Figure 6 Backscattering in the GO limit. This plot was computed using
m=1.02+0.15i. This combination of refractive index quickly damps out the
oscillations in the backscattering bias curves to show how the particles will act in the
GO limit.
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ATTENUATION FOR PARTICLES WITH SIZE, SHAPE DEPENDANCE

In the following sections, the optical properties of collections of particles

distributed with respect to size, shape and refractive index. To aid the reader in

connecting the single particle optical properties discussed above to the properties for

collections of particles discussed below, the single-particle optical properties will be

presented for all particles that are used in the following calculations.

Based on the single particle results, a few conclusions can be drawn about

this group of particles.

Equation 3 predicts that the smallest particles should be nearly spherical.

Since these particles are also in the Rayleigh region, the attenuation

biases for these particles should be approximately equal to 1.0

In the RGD region, the attenuation bias depends on the aspect ratio. As

the particles become more aspherical, the attenuation biases should

become smaller than 1.

Past the RGD region, oscillations and subsequent convergence to the GO

limits can be expected. However, since the particles are becoming more

aspherical as they get larger, the ratio of the geometric cross sections is

also increasing. Therefore, the curves will not converge to a single value.

Instead, the curves will simply reach a point where the value of the

attenuation bias increases smoothly.
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4) When the bias curves begin to increase smoothly, the GO limit has been

reached and the attenuation bias is greater than 1.
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Figure 7. Attenuation bias for strongly absorbing (n'=0.01) particles distributed
with respect to size and shape for a variety of refractive indices. Shape distributions
were computed using Eq. 3. The left-hand plot shows more detail in the smaller
particle regions. The heavy solid lines are the composite distributions showing the
jumps between refractive indices.
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The attenuation biases are shown in Figs. 7 and 8. In the left-hand plot of Fig.

7, the attenuation biases for particles in the first three regions (Rayleigh, RGD and

vdH) regions are shown for strongly absorbing particles (n'=0.01i).

Figure 8 is the same as Fig. 7, but for particles with a weaker absorption

(n'=0.0015i). In the Rayleigh and RGD region, the biases are qualitatively identical

to those seen in Fig. 2. The biases in Fig. 7 and 8 are lower in the RGD region

because the particles are more aspherical than shown in Fig. 2. However, as the

particles enter the vdH region, the curves begin to look less like their counterparts in

Fig. 2 due to the constantly increasing aspect ratio. In the right-hand plots of Fig. 7

and 8, it can be seen that the GO limits are reached. In fact, for the more strongly

absorbing particles, the GO limit has been reached by a phase shift parameter of

around 20.

The effect of changing the refractive index on the optical properties also

warrants discussion. All three transitions (i.e. from n=1.2 to 1.1, from 1.1 to 1.075

and 1.075 to 1.05) occur in the vdH region. The first two transitions cause a sudden

increase in the attenuation bias while the third transition causes a sudden decrease in

the attenuation bias. The net effect of these transitions is that the attenuation bias

curve for the composite refractive index curves is smoothed out compared to the

single refractive index curves. This can be seen in Figs. 7 and 8.
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Figure 8. Attenuation bias for weakly absorbing (n'=0.0015) particles distributed
with respect to size and shape for a variety of refractive indices. Shape distributions
were computed using Eq. 3. The right-hand plot shows more detail in the smaller
particles regions.

IOPs FOR COLLECTIONS OF PARTICLES

We have examined the attenuation coefficient, c, for collections of particles

in two ways. First, the attenuation coefficient was computed for particles

hyperbolically distributed with respect to both size and shape using Jonasz's

hyperbolic distribution. Second, the attenuation coefficient has been computed for

- - m=1.2+0,00151
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m=1 ,075+0.0015i
m=1.05+0,00151
composite
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particles distributed with respect to size, shape and refractive index. The latter case

is, we believe the most physically realistic model presented in this work. Discussion

will be restricted to the ecologically likely range of PSD slopes (3.5<4.6).20

Based on the single particle attenuation bias curves, intuition suggest that the

flatter PSD (i.e. smaller slope) should have higher attenuation coefficient biases

because they have more of the large, highly aspherical particles. Likewise, the

steeper PSDs (larger slope) should have lower attenuation coefficient biases because

they have more of the small, more spherical particles. Our results agree with these

hypotheses. Figure 9 shows that, as predicted above, the collections of particles with

flatter PSDs have attenuation biases that can be double those of collections of

particles with steeper PSDs. Jonasz's results provide empirical support to our results.

For his scattering coefficients using a segmented size distribution, the total

calculated scattering coefficient biases in his Appendix 2 is 1.62.1 If the slope of the

particle size distribution is taken to be around 4, then we obtain an attenuation bias

coefficient of around 1.5 (Fig. 9). While this is not proof of the success of our

method, it does provide some measure of confidence in our methods in that the two

results (ours and Jonasz's) are of similar magnitudes. The results are different

enough that drawing any more conclusions about the efficacy of our methods is

unwarranted. In particular, Jonasz does not specify whether the particles he modeled

are absorbing or not,



Slope of particle size distribution

Figure 9. Attenuation coefficient biases for weakly and strongly absorbing
particles for collections distributed with respect to shape and refractive index.

whereas all the particles we model here are. Also, as mentioned previously, Jonasz

uses a segmented size distribution.

Another key point of Fig. 9 is that the number of cases in which spheres are

an adequate (defined as providing attenuation coefficients with errors of less than

25%) are relatively few. In all cases, the attenuation coefficient bias is greater than

n=0.01i
n=0.0015i

2 3 4 3.6 3.8 4 4.2 4.4 4.6 4,8
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1.0, indicating that if the attenuation coefficients of natural distributions were

estimated using spheres, the results would be an underestimate, i.e. the actual

attenuation coefficient will be higher for the collections than calculations based on

spheres would predict. The attenuation biases are as high as 1.7 for collections with a

PSD slope of 3.5, low refractive indices and weak absorption to as low as 1.1 for

particles with a PSD slope of 4.5. As the PSD slope becomes steeper (more small

particles), the differences among imaginary refractive indices become more evident.

Absorption does not have nearly as strong of an influence on the attenuation

coefficient bias as scattering does. Increasing the imaginary component of the

refractive index by a factor of 7 (from 0.0015 to 0.01) causes a maximum change of

around 15-20% in the attenuation coefficient bias. This suggests that when modeling

the optical properties of things like phytoplankton, knowing the size and shape is

more important than knowing the physiological state (e.g. degree of

photoadaptation).



CONCLUSIONS

This work has investigated what differences exist between the scattering,

attenuation and absorption of spheroids compared to those of equal-volume spheres.

Due to size particle limitations, attenuation was the only optical property examined

for large particles.

In the Rayleigh region, the optical properties are insensitive to shape, as

anticipated from theory. In the RGD region, spheres overestimate the optical

properties of equal-volume spheroids by as much as 5% for the cases shown. Since

attenuation is the algebraic sum of scattering and absorption, and since shape seems

to have little effect on the absorption bias, we conclude that, for RGD particles,

shape will have the most influence on scattering.

The differences between spheres and equal-volume spheroids are not easily

characterized in the vdH region due to differences in the positions of the resonances.

In general however, the optical properties will increase as the particles get larger.

The bias in this region may be as low as 0.8 or as high as 1.5 for the attenuation bias.

In the geometric optics limit, the optical biases will be equal to the ratio of the

geometric cross sections, which can lead to biases of on the order of several

hundreds of percent for physically realistic particles.
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Particle shape affects backscattering differently than other single-particle

optical properties (See also Bricaud and Morel, 1986). Specifically, backscattering

biases go through similar regions as the other single-particle optical properties, but

do so at physically smaller particle sizes because of the lack of diffraction effects.

Thus, the classification system used in this paper is not particularly meaningful for

backscattering.

These results are consistent with those seen in other comparisons of the

optical properties of nonspherical particles, suggesting they are properties of all

nonspherical particles, even those that are only moderately deformed spheres.

The errors induced through the use of spheres for estimating single particle

optical properties are dependent on size, shape and the refractive index. These

magnitudes are not bounded since the errors are dependent on the ratio of the

geometric cross sections. For physically realistic particles with equal-volume sphere

with diameters of 150gm, the errors are on the order of hundreds of percents. For

smaller particles however, the errors are generally on the order of tens of percents.

In all cases considered in this paper, collections of spheres will underestimate

the optical properties of natural distributions of marine particles. The bias depends

primarily on the slope of the particle size distribution. Optical properties computed

for collections with flat PSD slopes (relatively more big, aspherical particles) can

have errors as high as 170%. The optical properties for collections with steep PSD

9,10
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slopes (relatively more small spherical particles) are on the order of 10%. This means

that if the attenuation coefficient of natural collections of marine particles is modeled

using spheres, the attenuation coefficient will be overestimated by as much as 60%.

These results are consistent with results obtained by Jonasz.

For collections with flat PSD slopes, the imaginary refractive index is not a

significant factor in the attenuation coefficient bias Absorption does not appear to

affect the attenuation coefficient bias as strongly as scattering. Absorption tends to

decrease the attenuation coefficient bias most strongly for collections with steep

slopes, but only by several percent. This result suggests that when modeling the

optical properties of collections of marine particles, the slope of the particle size

distribution and the types of particles are the most important. Since absorption has

been shown to be less of a factor, physiological factors such as degree of

photoadaptation should not significantly alter the attenuation coefficient bias.

This work has shown that particle shape does significantly affect the optical

properties of marine particles, and has attempted to provide, at a minimum, order of

magnitude estimates for shape effects as function of other factors which influence the

optical properties of oceanic particles such as refractive index, particle shape and

slope of particle size distribution.
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Appendix A

Definitions of optical regions

* This name was suggested by Aas and will be used here also

42

Region
name

13 Example Comments

Rayleigh p«1 proteins, viruses Optical properties depend on
particle volume, not shape.

Rayleigh-Gans-
Debye

(RGD)

p<1 bacteria, small
phytoplankton (e.g.
Prochlorococcus)
fine sediments

Theoretically similar to
Rayleigh region, but includes

shape factor.4

Spheres always have higher
attenuation than equal-

volume spheroids.
Absorption may be modeled

9
using Rayleigh theory.

van de Hu1st*

(vdH)

1<p<100 Most phytoplankton Scattering and attenuation
curves dominated by

resonances.

Geometric
Optics

(GO)

p>100 Very large
phytoplankton (e.g.
Ethmodiscus rex)

Optical properties converge
to well-known limits.



Appendix B

Definitions of Parameters

Particle nonrotational axis a

particle rotational axis b

a
particle aspect ratio

equal volume sphere diameter D

wavelength of incident light A

qb2_ a2
eccentricity (prolate) E= b

qa2_ b2
eccentricity (oblate) E= a

n ab
geometric shadow area (prolate) G= [a2 asin(c)]

c

TE2 b2 1-FE
geometric shadow area (oblate) G= Ti [2a +E ln(-1,_e )1

x =
TED

size parameter
X

real refractive index n

imaginary refractive index

complex refractive index m=n+in'

4nr(n-1)
phase shift parameter A= x

attenuation cross section Catt

scattering cross section Csca

absorption cross section Cabs
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backscattering cross section

attenuation bias

scattering bias

absorption bias

backscattering bias

attenuation coefficient

slope of differential size distribution

Appendix 2

(Continued)

Cback

Satt

Ssca

Sabs

Sback

C
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