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The ocean color spectrum R. is defined as the ratio of the

spectrum of light upwelled from the sea to the spectrum of light mci-

dent on the sea surface. A simple !!twoflowhI radiative transfer model

is derived to provide a first-look description of the relationships

between ocean color and certain oceanographic parameters. That

model is then used to derive a depth weighted average of pigment con-

centrations called Net Equivalent Color Concentration (NECC) which is

more directly related to the ocean color spectrum than either surface

concentration or any simple average of concentrations over depth.

A field experiment is described in which 31 mean ocean color

spectra observed from an airplane are compared with measurements

of phytoplankton pigment concentrations and water transparency made

simultaneously from a research vessel. Data processing and
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smoothing procedures are described. After smoothing each observed

R.-spectrum (j 1,2,.. . ,55) is transformed into its first four

principal components Y. (i = 1,2,3,4). The principal components

are the projections of the observed spectrum on the coordinate

axes defined by the first four orthonormal eigenvectors e,. of the

sample covariance matrix. Together, Y. (i = 1,2,3,4) account for

99% of total sample variance, and 95% of sample variance is contained

within the y1,y2 plane. Procedures for recovering the original

observations from the principal component representation are

described.

The two-flow radiative transfer equations are transformed into

observed eigenvector space, and contributions to the model due to the

commonly accepted extinction and scattering spectra of pure water,

non-absorbing particles, and yellow substance are determined. How-

every the popular assumption that the contribution to ocean color by

marine phytoplankton may be expressed as white scattering super-

imposed on wavelength dependent absorption by the pigments is chal-

lenged and refuted. First, empirical evidence is cited from the

literature to demonstrate the wavelength dependence of light scattered

by phytoplankton. Then, the theoretical scattering, absorption and

extinction properties of phytoplankton populations are modelled by

those of polydispersions of a stratified three-layered cell model.

The pigments are assumed to reside in the middle shell, a



pseudo-chloroplast. The spectrum of complex refractive indices of

the pseudochloroplast is calculated using molecular optics theory and

data from the literature. Finally, extinction, scattering and absorp-

tion cross sections, and angular spectral scattering functions are

calculated for polydispers ions of the stratified cells using rigorous

Mie theory. The results exhibit pronounced wavelength dependence.

Correlations between ocean color spectra and oceanographic

parameters are analyzed empirically and theoretically. Multiple

linear regression equations are given which allow estimation of NECC

of total pigments (residual standard deviation 1.6 mg/rn3) and Secchi-

depth (residual standard deviation 2. 5 m) from the principal compo-

nents of the ocean color spectrum.

Theoretical correlations between oceanographic parameters and

ocean color are examined by independently varying pigment concentra-

tion, phytoplankton size distribution, non-absorbing particle concen-

tration, yellow substance concentration, and scattering angle (due to

solar elevation) in the "two-flow' model. All of the parameters con-

sidered except scattering angle are shown to significantly influence

the ocean color spectrum. The distributions of variance among Y.

(i = 1,2,3,4) calculated with the "two-flow" model for randomly

generated samples of the above parameters are shown to be similar

to the distribution of variance in the observed sample of ocean color

spectra, provided that concentrations of non-absorbing particles and



yellow substance are constrained beneath certain limits. We conclude

that the simple two-flow model provides a plausible description of the

main physical processes which influence ocean color spectra, but that

further analyses should be based on a model which accounts for mci-

dent skylight and multiple scattering of light within the sea.
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THE INFLUENCE OF PHYTOPLANKTON ON
OCEAN COLOR SPECTRA

1. AN INTRODUCTION TO THE OCEAN COLOR PROBLEM

Most modern research on ocean color is motivated by the hope

of linking color to phytoplankton pigment concentrations, thereby

obtaining a useful biological index that may be measured from

satellites or airplanes. Synoptic areal distributions of phytoplankton

concentrations would be especially useful for fisheries, or investiga-

tions of oceanic ecosystems, etc.

In this dissertation we will empirically examine the variational

structure of ocean color spectra observed off the coast of Oregon.

After briefly considering the several known substances which may

affect the color of sea water, we will carefully analyze the mechan-

isms by which phytoplankton are assumed to influence the ocean color

spectrum. We will apply Mie theory to show that the scattering

spectra of inhomogeneous, pigment-bearing cells are highly

wavelength-selective functions of scattering angle and cell size dis -

tribution. This result contradicts the currently popular assumption

that wavelength dependent absorption by pigments may be superim-

posed on white (i. e. , non-selective) scattering by the cells themselves.

Finally, we will examine empirical and theoretical correlations

between variations in ocean color spectra and relevant oceanographic

parameters



a

One important result of this analysis is the disturbing suggestion

that the number of independent oceanographic parameters which are

capable of influencing the ocean color spectrum may exceed the num-

ber of significant, independent modes in which that spectrum may

vary. If that suggestion is correct, we cannot hope to completely

distinguish color changes associated with phytoplankton concentrations

from those associated with, e.g. , concentrations of dissolved organic

substances. Additional field experiments afford the only means of

resolving this question.

1. 1 The Ocean Color Spectrum

If strictly defined, the word color pertains to the visual sensa-

tion resulting when the human eye is stimulated by light of a given

spectral distribution. The color associated with a given spectrum may

be expressed quantitatively using standard CIE color coordinates

(Wright, 1969; Wyszecki and Stiles, 1967). Unfortunately, two sig-

nificantly different light spectra may have identical CIE coordinates

and be indistinguishable in terms of human color perception; this

phenomenon is called metamerism. This potential ambiguity pre-

cludes any attempt to analyze the ocean color phenomenon in terms of

human color perception.

We will investigate ocean color variations within the domain of

spectral radiometry. By color spectrum we shall mean a distribution



of radiant energy as a function of wavelength. Two color spectra are

equal if, and only if, they have equal radiant energies at every wave-

length, within the limits of averages over specified bandwidths.

The ocean color spectrum is defined as the ratio of normalized

spectra of daylight upwelled from the sea to that incident on the sea,

i.e.

3

U0
R. ; j = 1,2,,. . ,N (1. 1)

3

where L. is upwelled radiance observed in the jth wavelength

band, is incident irradiance in the same band, and the respective

averages of these quantities over all N wavelength bands are L

oand I

The upwelled color spectrum L. is critically dependent on the

angle of observation. In this dissertation, U. will always be taken

to be observed with a radiometer directed away from the local solar

azimuth at a nadir angle of 15°.

The normalizations of L. and I with respect to averages

over wavelength are done to compensate for variations in overall

incident light levels, e. g. , as due to variations in cloud cover (Sec.

2. 1).

Throughout this dissertation, the subscript "j is used

exclusively to index properties associated with discrete wavelength

bands. When reference is made to 'standard' wavelength bands,
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these are the j 1,2, . . . , 55 bands, each 5 nm wide, between 420

and 695 rim. When other sets of bands are considered, these will be

explicitly defined in the text.

1. 2 Review of Previous Research on Ocean Color

The earliest direct antecedent of the present investigation is the

work of Kalle (1938, 1939), who proved that molecular scattering is

important in creating the blue color of pure sea water and introduced

the idea that absorption by yellow substance, a mixture of dissolved

organic compounds strongly influences the color of coastal waters.

Hulburt (1943, 1945) derived simple equations describing daylight

upwelled from the sea. He used these equations, together with meas

ured absorption and scattering spectra, to calculate semi-theoretical

color spectra of distilled and natural ocean waters. Hulburt did not

compare his calculated water color spectra with quantitative field

observations.

Stamm and Langel (1961) measured ocean color spectra from an

aircraft and compared some of their results with Hulburt's (1945)

calculations for the same general water types. Agreement was fair.

Duntley (1963) compared spectral observations of radiance upwelled

from the sea as measured from both a glass bottomed boat and an air-

plane at the same locations. Both these sets of field observations

showed that spectra measured from higher altitudes contain more
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light scattered upward by the atmosphere, and that in shallow waters,

bottom reflection tends to shift the color spectrum markedly towards

the green. Neither Stamm and Langel nor Duntley combined optical

or biological ground truth measurements with their ocean color

spectra observations.

Atkins and Pool (1958) and Yentsch and Ryther (1959) suggested

the role of marine phytoplankton in altering the color of ocean water.

Then, Yentsch (1960) used a special technique to 'enhance" the

extinction spectrum of living phytoplankton, thus showing that the

cell's absorption spectrum contains a strong band in the blue region

(Figure 3.3). He then proposed that spectral absorption of light by

phytoplankton could shift the ocean color spectrum towards the green

in exactly the same way as absorption of light by yellow substance.

Spectral absorption of light by phytoplankton may influence

Thcean color in the manner suggested by Yentsch only if the light

scattering and absorption processes associated with the plant cells are

independent mechanisms. Duntley (1963) implicitly made this assump-

tion and suggested that since phytoplankton are much larger than the

wavelength of light, they are white scatterers, i.e., non-selective

with respect to wavelength. Therefore, it would seem to follow that

any spectral modification of the daylight field of phytoplankton must be

attributed to a purely absorptive and therefore a beam extinction,

process. The "white Mie scattering by plankton cells" assumption has



never been confirmed either empirically or theoretically. And

proponents of this theory have ignored the fact that Yentsch (1960) used

a special observational technique, which minimizes scattering and

does not approximate conditions in the sea, to enhance" the spectral

detail of his extinction measurements. These deficiencies notwith-

standing, the simple theory of spectral absorption superimposed on

white scattering has pervaded much of the modern literature on ocean

color spectra, either explicitly or implicitly (Ramsey, 1968; Clarke

etal., 1970; White, 1969; Arvesonetal., 1971; Mueller, 1972;

Curran, 1972).

Jerlov (1968, p. 40-41) clearly recognized that the absorptive

properties of a particle are inextricably associated with its scattering

properties, and he pointed out that wavelength dependent scattering of

light may therefore be caused by particles much larger than the wave-

length of light. In Chapters 3 and 4 we will prove the theory of white

scattering superimposed on wavelength dependent absorption false and

rigorously confirm that wavelength dependent Mie scattering by

partially absorbing particles does in fact occur. But at this point we

must further trace the history of the ocean color problem.

Ramsey (1968) put Yentsch's (1960) phytoplankton absorption

spectrum and the white scattering assumption into Hulburt's (1943)

equations and used them to calculate theoretical ocean color spectra

associated with several concentrations of chlorophyll (Figure 1. 1).
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Figure 1. 1. Spectral reflectance of sea water for several different
concentrations of chlorophyll (mg/rn3), as calculated
with Hulburts (1943) equations (after Ramsey, 1968).



White (1969) and Clarke etal. (1970) reported paired field observa-

tions of surface chlorophyll concentrations measured from a ship and

ocean color spectra measured from an airplane (Figure 1. 2). Their

paired observations were few, and those. simultaneously observed

were even fewer; nevertheless, they were able to demonstrate the

existence of a strong positive correlation between chlorophyll concen-

tration and the slope of the blue-green region of the ocean color

spectrum. Arveson etal. (1971) made several simultaneous paired

observations of chlorophyll concentrations and the ratio of blue /green

(443 nm and 525 nm) radiances upwelled from the sea, again qualita-

tively demonstrating the existence of a strong correlation. The first

quantitative statistical results on the correlation between the ocean

color spectrum and chlorophyll concentration originated with the pre-

sent study. These results are presented here in Chapter 5 and were

previously reported, in slightly different form, by Mueller (1972).

All published field observations are qualitatively consistent with

Ramsey's calculations (Figure 1. 1). Undoubtedly, this apparent

agreement has perpetuated faith in the spectral absorption plus white

scattering theory, diverting efforts to explain discrepancies towards

the possibilities of effects due to neglected substances in the water,

etc.

The literature is vague about what sort of "chlorophyll concen-

tration" should be compared with ocean color spectra. Small (1969)
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Clarke etal. , 1970).
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observed that since chlorophyll concentrations vary markedly over

depth1 a marine biologist cannot attach much significance to a

Hchlorophyll concentrationU estimated from the ocean color spectrum

unless he knows what sort of average is implied. Clarke etal. (1970)

measured surface concentration, citing evidence subsequently pub-.

lished by one of the authors (Lorenzen, 1970) to support their asser-

tion that surface concentration is a useful index of biological produc-

tivity. They did not, however, address the question of whether ocean

color is directly related to surface concentration. In our opinion,

some sort of average concentration taken over the upper water column

seems more plausibly related to ocean color. In our earlier work

(Mueller, 1972) we used the average concentration over Secchi-depth

(the depth at which a white disk, viewed from above the sea surface,

just disappears from sight). There is a better average, which we will

call Net Equivalent Color Concentration (NECC)I which is more

directly related to ocean color than either of the previously mentioned

measures. We will derive NECC in Section 1.4 and express pigment

concentrations in that way throughout this dissertation.

The ocean color spectrum is also correlated with water trans -

parency. We will examine the correlation between Secchi-depth and

the ocean color spectrum and show statistical significance. These

findings are preceded, in part, by Semenchenko (1967) who calculated

a non-linear regression equation, and its associated 90% confidence



11

limits, giving Secchi-depth as a function of the quantity

X Z[r(500 nm) r(540 nm)] + r(600 nm) r(580 nm)

where r is the luminance (a measure of radiant intensity) of the

sea, at the wavelengths indicated, as measured from an airplane.

This review has been limited to literature directly relating to

the particular aspects of the ocean color problem which are considered

in this thesis. We have excluded, for example, many references

pertaining to in situ ocean color. A reader desiring a more compre-

hens ive history should refer to reviews of the ocean color problem in

Jerlov (1968, Ch. 13) and Ramsey (1968).

1.3 A Simple UTwoFlowhI Radiative Transfer Model
of Ocean Color

Daylight enters the sea, is scattered about and absorbed, and a

small part of it flows upward and back across the sea surface.

Because some of the scattering and absorption processes vary as

functions of wavelength, the spectral distribution of upwelled light is

distinctively different from that of incident light. We have defined the

ocean color spectrum to be expressed as the ratio of upwelled to mci-

dent spectral radiance distributions (Sec. 1. 1).

The ocean color spectrum is a phenomenon within the scope of

radiative transfer theory, which is concerned with the scattering and
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absorption of radiation transmitted along a path in a material medium.

It has been necessary to confine the present investigation to a formu-

lation of the ocean color problem within the framework of only the

most elementary radiative transfer concepts. Two very important

elements of the problem are neglected: incident skylight and multiple

scattering of light within the sea. This simplification is regrettable,

but a direct attack on the general equation of radiative transfer, e.g.

numerical solution by the natural method (Preisendorfer, 1965,

p. 69 ff), would require time and resources which were not available,

Jerlov (1968, Ch. 7) gives a brief, elementary review of the

theory of radiative transfer in the sea. Preisendorfer (1965) reviews

radiative transfer theory at a highly sophisticated level. There are

several other well-known references which we. will leave for the

interested reader to find on his own. Jerlov's presentation is an

adequate background for the present disucssion.

Three assumptions reduce the complexity of the radiative trans -

fer problem to a simple integration of scattered light.

1) We assume that the sea is optically homogeneous on local

scales, i.e., at the site of any observation, the volume

scattering function 1.(e, 4; 0, 4) and the beam extinction

coefficient a, are independent of vertical and horizontal

location.
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2) We assume that we may neglect light which has been scat-

tered more than once. This assumption is a good one for

optically thin media, but it is made so frequently in the

literature that it is easy to forget that the sea is an optically

infinite medium in which multiple scattering is certain to be

important. We shall critically reconsider this assumption

in later discussions, but for the present, it is instructive to

see what can be explained in terms of primary scattering

alone.

3) We assume that incident skylight may be neglected, so that

the incident radiance field may be conceived as consisting

everywhere of parallel beams of collimated sunlight. This

assumption, like the previous one, is justifiable only on

grounds of conceptual expediency. It too must be examined

more critically at a later point.

Under the foregoing assumptions, irradiance incident on a plane

parallel to, and just below, the sea surface may be expressed as

0I. sec 0
3 0

where is incident solar irradiance on a plane perpendicular to its

direction of propagation, and 0 is the sun's zenith angle adjusted

for refraction at the sea surface. The subscript "j," as usual,
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denotes wavelength. Following the more detailed development in

Jerlov (1968, p. 82ff), irradiance incident at source point Q (Fig-

ure 1.3) at depth zT is obtained from the Beer-Lambert law as

I sec B exp(-a.z' sec 0
3 0 3 0

where ci. is the beam extinction1 coefficient of sea water. It then
3

follows easily that the incremental radiance incident on field point P

(Figure 1.3) in direction (0,4)) which originated at source point Q

is

dL.(O, z'; 0,4))
3 -

dz' P(e 4); 04) )I. sec B sec 0 exp -a.zt(sec B + sec 003 0 3 0

(1.2)

where 13.(e, 4); 0, 4)) is the volume scattering function for light

scattered from incident angle (0,4)) to angle (0,4)). We may

replace this cumbersome nomenclature with the scattering angle 0,
which is defined in general by the equation

Cos 0 CosOCosO +Sin0Sjn0 Cos(4)-4) ).
S 0 0 0

'A better name for would be the attenuation coefficient, but
the literature on Mie scattering theory expresses attenuation of light
by scattering particles in terms of extinction cross sections. We
have therefore chosen to follow that usage and call what is really
attenuation "extinction." In some references is loosely called an
absorption coefficient, but the attenuation which it expresses may
arise from both scattering and true absorption.
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+ nii (n integer), then
Os

is simply the difference

between 9 and 0 in the vertical plane of the sun's azimuth, i. e.,

Cos 9 Cos(O+9 ) . (1.3)
S 0

Fortunately, all of our ocean color observations satisfy this simpli-

fying constraint.

Figure 1.3. Geometry of the "two-flow" ocean color model.

Integrating (1.2) from the surface to infinite depths, we obtain

for total radiance in the vertical plane of the sun's azimuth incident at

zenith angle 0 on field point P the result

3,(0 ) sec 0 sec 0
L.(0) = i0 ° (1.4)

j a. secO-secO
0
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If we now move above the sea surface, and redefine i? to
3

mean solar irradiance on a plane normal to the direction of propaga-

tion, but incident on, rather than just beneath, the sea surface, we

must make two modifications to (1.4):

1) We must account for reflection of about 5% of at the sea
3

surface (Jerlov, 1968, p. 73). This light is not seen by the

spectrometer. Therefore, we must replace I in (1.4)

by 0.95I.

2) Although we have neglected skylight in our formulation, it is

nevertheless present, and a small portion of it is always

specularly reflected, at the surface, into the view of the

spectrometer. The reflectivity of the sea surface is, for an

angle of incidence of 15°, about 2% (Jerlov, 1968, p. 70).

Because we encountered several days of cloudy skies during

our experiment, we assume that skylight is, on the average,

about 1/3 of total incident irradiance. Therefore, the

specularly reflected skylight seen by the spectrometer

regardless of water color is of the order 0. 02
6ir 3

With these two modifications to the rhs of (1.4) we have, for

L,(0) observed above the sea surface, the equation

(sec 0 sec 0 )13.(00.02 + 0.951? 0 3 S (1.5)L.(0) = 6ir j (secO-secO )cioj
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If we now divide (1.5) by i? and multiply by (I°/L) we obtain the

equation

oL I o (sec 0 secO ).(O ) 0.02 T (1.6)035i =(L-)
0 L (secO-secO ) + 6rLI. 03
3

The lhs of (1.6) is immediately recognizable as the ocean color

spectrum R.. On the rhs, (I°/L) is the inverse of the average

(over wavelength) albedo of the sea, which is estimated to be of the

order 4% (Sec. 2.3.3), so that

0.104 = 25.

If we define a new function

sec 0 sec 0
0G(0, 0 ) = 0,95 x 25 x

0 secO-secO
0

we may rewrite (1.6) as

R. = G(e, 0 ) + 0.02653 i.; j = 1, 2, . . . , N, (1.7)
3 0 a 3

where .. is a vector of 'ones," i.e.,
3

1 (Nxl)
1

3

1



p1:]

1. 4 Net Equivalent Color Concentration (NECC) of Pigment

When a phytoplankton pigment is distributed inhomogeneously

over depth, its effect on the ocean color spectrum is not closely

related to any straightforward measure of concentration. The color

spectrum may not, for instance, be predicted from the surface con-

centration alone for some portion of incident daylight is known to

penetrate to considerable depths before being scattered back out of

the water. Neither can we relate color to a simple average of pigment

concentrations over some optically significant depth (e. g. , Secchi-

depth) for we recognize that a given near-surface concentration

perturbs the daylight spectrum more than an equal concentration at

any greater depth. Obviously, some depth-weighted average of con-

entrations is required.

The nItwo.flowtT radiative transfer model (Sec. 1.3) provides a

basis for a rough approximation to an appropriately weighted average.

Equation (1.4) expresses the upwelled radiance spectrum for the case

when optical properties, and therefore pigment concentrations, are

homogeneous throughout the water column. Denoting this constant

pigment concentration by <C> we may express the beam extinction

coefficient as

= A. + E .<C> (1.8)
3 3 p3
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where is the specific absorption coefficient (i. e. , absorption

coefficient per unit concentration) of the pigment at the jth wave-

length band, and A. is the summed contributions to extinction of

pure water and whatever else besides the pigment may be present.

For convenience, we will assume that A. is constant over depth,

even when pigment concentrations are assumed to vary as a function

of depth.

Substituting from (1.8) into (1.4) we obtain for Case 1,111 i.e.,
homogeneous pigment distribution, the result

I?p.(e )(sec 0 sec 0
L S

lj (A.+E .<C>)(sec 0 - sec 0 )
(1.9)

3 p3 0

In Case "2" where pigment concentration varies as a function of

depth, i. e., C = C(z), the beam extinction coefficient also becomes

a function of depth

a.(z) = A. + E .C(z) . (1. 10)
3 3 p3

When we substitute (1. 10) into Equation (1.2) it follows that

L2. I.(0) sec0 secO Sexp[-(A.+E.C(z))(sece+secO)z]dz
(1. 11)

which may not, in general, be directly integrated. However, we may
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approximate C(z) by a discrete series C, n 1, 2, . . . , N, of

average concentrations in N thin layers of thickness tz, down

to some depth Nz below which C may be assumed constant. If

we do this, then Equation (1. ii) may be approximated by

L . I.(0 ) sec 0 sec 02j 3Js 0

I N-i
I (n-i)z

(A +E .0 )(sec 0 + sex exp[- n+l cO )z]dz
0

n0
roo

+ \ exp[-(A +E C )(secO + secO )z]dz}

(1. 12)

pjN o

Carrying out the integrations in (1. 12), and setting Ez = 1.0 m we

obtain for L . the summation

secO sec0
L .I?P.(0 )2j j 3 S secO-secO

0

(N
.11

P3Z 0
.0 )(sec 0 + sec 0)(z-i)J
A.+E .0

z=i 3 p3 Z

(1. 13)

j pjz 0
exp[-(A +E C )(sec0 + seco)zJ

)A.+ .0
3 3 z

j pjNexp[-(A +E C )(sec0 + sec0)N]

}

+
A.+E C

j pj N
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where to emphasize the physical significance of the depth index, we

have made the substitution z n+l and where z is depth in

meters.

It is not possible to exactly duplicate, with any homogeneous

pigment mixture, the water color spectrum produced by a depth-

varying distribution of pigment concentrations. The best approxima-

tion we could make would be to find the value of <C which mini-

mizes the sum

(L1.-L2.)2 (1. 14)

j

where the radiances L1. and L2. are, for each jth wavelength

band, given by Equations (1.8) and (1. 13) respectively. Unfortunately,

in the present study at least, we do not know the beam extinction

spectrum2 a. well enough to minimize (1. 14). However, the con-

centrations obtained by substituting averages over wavelength for L,

A, c, f3, and I in (1.8) and (1. 13) and equating L1 and L2

will be approximately equal to the <C' which would minimize

2When we refer to c1 which is a function of wavelength, as an
extinction coefficient the context will be a consideration of the extinc-
tion process at a fixed, but arbitrary wavelength. On the other hand,
we will refer to a as an extinction spectrum when we want to con-
sider the collective set of a5 values characteristic of a medium at all
wavelengths of interest. A similar usage pertains to the volume
scattering function 13(0) and to other quantities of a similar nature
which will be introduced in Chapter 4.
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(1. 14). Both estimates of <C> must, after all, be intermediate

between the pigmentts surface concentration and the average of its

concentrations over Secchi -depth.

Denoting averages over wavelength by omitting the subscript

we may set L2 and solve Equations (1.8) and (1. 13) for

<C> to obtain what we will define to be the net equivalent color con-

centration (NECC) as

= E

N exp[-(A+E C )(secB +secO)(z-1)J
pz A+EC

z1 p z
exp[-(A+E C )(sec 0 + sec 0)z]p z (1.15)A+ECpN

-1pN oexp{-(A+ C )(sec0 +sec0)N]

}

-1+
pp A+ECN

We will use NECC as the appropriate measure of pigment concentra-

tions to compare with the ocean color spectrum.

1. 5 Experimental Observations of Ocean Color Spectra,
Phytoplankton Pigment Concentrations, and Sea Water

Transparency

During August 1970 we conducted a field experiment offshore of

Oregon in order to examine the variational structure of the ocean

color spectrum and its correlations with water transparency and

phytoplankton pigment concentrations. The observational procedure
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was straightforward. Ocean color spectra were measured aboard an

airplane while it flew back and forth over a research vessel. Mean-

while aboard the research vessel, measurements were made of water

transparency, vertical extinction of daylight, and phytoplankton pig-

ment concentrations. Some additional parameters were measured

aboard the aircraft and ships, but they are not relevant to this

dis sertation.

Aircraft support was provided by the National Aeronautics and

Space Administration (NASA). The airplane was a NP3A operated by

Earth Resources Aircraft Project personnel from NASA Manned

Spacecraft Center, Houston, Texas. A complete summary of data

collected by sensors aboard the aircraft, together with aircraft

navigational data, is reported in NASA (1970) and will not be repeated

here.

Ground truth data were collected aboard Oregon State University

R/V CAYUSE and the chartered R/V JUDY K. Because the data col-

lected by these vessels during this experiment have not been reported

elsewhere, they are tabled here in Appendix A.

1.5. 1 Experimental Methods and Instrumentation

Ocean color spectra were measured with a blazed diffraction-

grating spectrometer. This instrument, which was designed and built

by TRW Inc. , is described by Gore (1968). The spectral resolution of
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the TRW spectrometer is between 5 and 7.5 nm. Approximately 1 sec

is required to observe one spectrum between 750 and 420 nm, and

approximately 3 sec elapse between the beginnings of two successive

spectra. The output signal from the spectrometer was recorded both

on analog magnetic tape and on a Sanborn strip chart recorder.

The TRW spectrometer was aligned at a nadir angle of 15° and

directed away from the solar azimuth. Because the upwelled daylight

spectrum is critically dependent on the viewing angle, we have

excluded data from a few stations where the spectrometer was not

suitably aligned.

Neither the aircraft nor either ship was equipped to measure the

spectrum of incident daylight at the sites of the ocean color observa-

tions. Since an estimate of the incident daylight spectrum is essential,

we have made estimates from observations at Portland Airport before

and after each flight (Sec. 2. 2).

Water transparency was estimated by noting the depth at which a

white Secchi-disk, lowered into the water, just disappeared from the

view of an observer on the deck of the research vessel, This is a

standard oceanographic parameter known as Sec chi-depth and is

usually denoted with the symbol D.

At the same time, a submersible photometer was lowered into

the water and readings of light intensity were noted at the surface and

at several depths. From these readings we computed the vertical
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diffuse extinction coefficient k for the path from the surface to a

depth of z meters as

k = z1 ln(I/I) m' (1.J6)

where I and I are the photometer readings at the surface and

depth z (in meters) respectively. In Table A. 3 (Appendix A) only

the coefficient corresponding to Secchi-depth, i.e. , kD is

reported.

At a few stations photometer readings were recorded, but

Sec chi-disk observations were not made; at a few other stations the

reverse occurred. In such cases, whichever of the two parameters

or D was missing has been estimated with the empirical rela-

tionship (Appendix B)

1.6 D' m'. (1. 17)

Water samples were collected with van Dorn type bottles at

several depths between the surface and 50 m. One-liter aliquots from

each bottle were passed through a millipore filter to extract particu-

late matter. The filters were then stored, and subsequently processed

and analyzed for concentrations of chlorophylls (a, b and c) and

carotenoids using the method of Strickland and Parsons (1965). The

measured phytoplankton pigment concentrations are compiled in Table

A. 4.
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1.5. 2 The Oceanographic Environment

The experiment just described was conducted off the coast of

Oregon during the period 6 through 14 August 1970. The ocean here

is generally included in the California Current system (Reid, Roden

and Wyllie, 1958), but the California Current is usually found approxi-

mately 200 to 300 miles offshore of Oregon. In the region where the

experiment was located, i. e , within approximately 150 Km of the

shore, currents quickly respond to prevailing wind conditions and

surface waters are significantly diluted by fresh Columbia River

water.

During most of the summer and early fall a large high pressure

cell over the North Pacific Ocean combines with a low pressure cell

extending over much of California to cause prevailing winds to blow

from the north to northwest (Reid, Roden and Wyllie, 1958). The

northerly component of the prevailing wind combines with the earth's

rotation to produce a nearshore surface current flowing to the south-

west, carrying water away from the shore. Therefore, the effluent

from the Columbia River streams far to the southwest as a broad,

shallow plume of noticeably fresh water (Barnes, Duxbury and Morse,

1972). Another important oceanographic phenomenon which results

from the prevailing northerly wind is that cold, relatively salty water

is brought from depths up to a few hundred meters into the surface



27

layer to replace surface water transported away from the shoreline by

the wind-driven surface current; this process is called coastal

upwelling (Smith, 1968; Smith etal. , 1971).

We must emphasize that the foregoing description pertains only

to average summertime conditions. The winds on 6 and 7 August 1970

were southerly and had been so for several days preceding. As a

result, the effluent discharged from the Columbia River was shoved

northward along the Washington coast, and of course, upwelling condi-

tions did not exist. Huyer, Smith and Pillsbury (1973) describe the

physical oceanography of the upwelling regime off Oregon when sub-

jected to the onset of southerly winds.

On 8 August 1970 the wind backed and begn blowing strongly

from the north. "New," i. e. , recently discharged, Columbia plume

water which had been shoved north during the previous few days came

south, And water in the near shore region began to take on properties

indicative of coastal upwelling. This redistribution of surface water,

together with upwell ing induced phytoplankton blooms, created an

intricate pattern of widely varying water colors.

Upwelling conditions continued uninterrupted throughout the

remainder of the experiment.

All the stations occupied by the JUDY K. were located within a

few miles of the mouth of the Columbia River (Figure 1.4). The sur-

face waters here are strongly diluted by river effluent and are
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characterized by relatively warm temperatures, low salinities, and

extremely low transparency. We may attribute the high optical density

of the river effluent to:

1) High concentrations of suspended organic detritus, zooplank-

ton, and silt and clay particles (Conomos and Gross, 1972).

2) A high concentration of yellow substance (Sec. 3.2.3), which

in this case is likely to be mostly humus compounds of

terrestial origin.

3) Persistent blooms of phytoplankton induced by the high nutri-

ent content of the combined river effluent and entrained sub-

surface ocean water (Conomos and Gross, 1972) coupled with

lengthy daylight periods.

The relatively high turbidity of the Columbia plume extends far

down its axis, but most of the river-borne particle load settles out so

quickly that the particle densities in the water within a few Km of the

river mouth are many times higher than anywhere else in the region

(Pak, Beardsley and Park, 1970).

The oceanographic regime in which CAYUSE operated was very

different from that just described, and conditions were certainly more

varied at her stations. Her first stations on 7 August 1970 (C01-0O3,

Figure 1.4) were in "old" Columbia plume waters, which are low in

pigment content and relatively clear (Appendix A). Stations C05-007

(Figure 1.4) were occupied on 8 August 1970 in moretypically oceanic



30

waters, but with pigment concentrations and transparency comparable

to those observed at the nearshore stations (C01-0O3) on the previous

day.

Stations C08-Cl0 were made on 9 August 1970 in very clear,

blue offshore water containing no measurable chlorophyll. On 10

August 1970, stations C1Z-C15 were taken, alternatingly, on both

sides of a sharp color front which, judging from temperature and

salinity data, appears to have marked the boundary between Columbia

plume and oceanic water types (Appendix A). Stations C17-C19 were

occupied on 14 August 1970 relatively close to shore; low temperatures

and high salinities observed here indicate the influence of upwelling,

which explains the increase in pigment concentrations over observa-

tions at nearby stations C01-0O3 only a week earlier.

These oceanographic conditions were well suited to the purpose

of our experiment. We were able to measure the variety of ocean

color spectra corresponding to wide ranges of pigment concentrations

(0 to 10 mg/rn3) and Secchi-depth (Z. S to ZO m); we will attempt to

correlated these parameters with ocean color. We have, however,

no guarantee that the variational structure of our ocean color observa-

tions is typical, nor were we able to measure certain oceanographic

parameters (volume scattering, beam transmission, and particle

number densities) which are important to the problem.
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1. 5.3 Summary of Observational Results

Usable data were collected at a total of 3 1 ocean color stations.

The locations of these stations and the ground truth data collected at

each are tabled in Appendix A. Observed ocean color spectra are

analyzed and discussed in Chapter 2. Correlations between ocean

color spectra and ground truth data are examined in Chapter 5.

Net equivalent color concentrations (NECCs) were estimated, for

each station, from the data in Appendix A using the following proce-

dure. Values of E (Table 1. 1) were obtained by averaging pub-

lished absorption spectra for each pigment (Sec. 4.2.2) over visible

wave numbers. Discrete profiles of pigment concentrations C

were estimates at 1 m depth intervals by assuming a linear trend

between depths at which concentrations were actually measured (Table

A. 4). In order to roughly estimate the contributions by pigment

absorption to the extinction coefficient, the mean concentration over

Secchi-depth was stimated as

C = D' C . (1. 18)

Then from results in Appendix B, we estimated the residual extinction

coefficient 'A' from the empirical equation

A = 4.32D' + 0. 197 C (1. 19)
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where all symbols have been previously defined. Substituting the above

estimates in Equation (1. 15), we obtained the NECC value for each

pigment at each station (Table 1. 2).

Table 1. 1. Average specific absorption coefficients of
phytoplankton pigments in m3 mg 'm

chl-a chl-b chl-c Fucoxanthin

E = 0.007676 0.007192 0.009005 0.011989
p
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Table 1.2. Observed net equivalent color concentrations of
marine phytoplankton pigments in mg m3.

Station chl-a chl-b chl-c Carot TotalIndex Nr.*

1 1.116 0.044 0.953 0.267 2.380
2 0.559 0.003 0. 174 0. 134 0. 870
3 0.333 0.052 0.233 0.088 0.706
4 0.483 0.000 0.000 0.087 0.570
5 0.000 0.000 0.000 0.090 0.090
6 0.000 0.000 0.000 0.048 0.048
7 0.001 0.000 0.000 0.028 0.029
8 0.000 0.000 0.000 0.056 0.056
9 0.634 0.000 0.344 0.211 1.189

10 0.379 0.283 1.144 0.304 2. 110
11 0.363 0.126 0.000 0.118 0.607
12 0.173 0.060 0.234 0.090 0.557
13 1.498 0.102 1.005 0.380 2.985
14 2.666 0.000 1.707 0.618 4.991
15 2.837 0.013 2.095 0.696 5.641
16 3.494 1.102 4.344 0.158 9.098
17 6.008 0.000 0.000 0. 168 6. 176
18 0.511 0.000 0.077 0.108 0.696
19 4.875 0.063 1.979 0.645 7.562
20 5.723 0.000 1.073 0.689 7.485
21 6.203 0.037 1.351 0.537 8.128
22 5.774 0.028 2.042 0.518 8.362
23 5.270 0.368 1.101 0.508 7.247
24 5.880 0.000 1.450 0.340 7.670
25 3.685 0.247 1.143 0.449 5.524
26 3.644 0.943 1.178 0.398 6.163
27 3.403 0.000 0.600 0.412 4.415
28 2.059 0. 119 0.026 0.292 2.496
29 4.197 0.714 2.878 0.400 8. 189
30 3.663 0.028 0.153 0.354 4.198
31 4.454 0.000 1.242 0.435 6.131

*See Table A. 1.
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2. OBSERVED OCEAN COLOR SPECTRA

One of the primary objectives of this study is to empirically

examine the variational structure of the sample of ocean color spectra

observed off Oregon in 1970 (Sec. 1.5). But before beginning that

task, it was necessary to prepare the data for analysis. The

observed upwelled radiance spectra were digitized, calibrated,

smoothed to reduce whitecap-induced noise (Sec. 2. 1), and the result-

ing mean spectrum for each station was divided by the estimated

spectrum of incident daylight (Sec. 2. 3) to obtain the ocean color

spectrum R. (j = 1,2, . . ,55). Finally, the sample of R.-spectra

was subjected to a principal component analysis, in order to both

parametrize the data and examine the variational structure of the

sample (Sec. 2.2 and 2.4).

2. 1 Processing and Smoothing Observed Spectra

The strip chart records of data from the TRW spectrometer

were digitized on-line to a CDC-3300 computer. Each digitized

spectrum was band averaged into a vector of 70 radiance components,

each representing a 5 nm wide band of wavelengths between 400 and

750 nm. At this point the data were adjusted to account for system

errors, amplifier gain settings, volts -to -radiance conversion, etc.

The spectra were then smoothed to minimize white-cap induced

radiance fluctuations.
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During the 1 sec required to observe a single spectrum, the

aircraft s forward motion caused the spectrometer to scan a strip of

water about 100 m long. This phenomenon caused each component

of each spectrum to represent a distinctly different area on the oceans

surface. If whitecaps were randomly distributed on the sea surface,

radiance fluctuations therefore occurred at random wavelengths in the

observed upwelled light spectra (Figure 2. 1). A similar noise

phenomenon was associated with small-scale fluctuations in cloud

density.

Random fluctuations in cloud density also occurred on scales

larger than 100 m. Large scale cloud fluctuations did not contaminate

individual spectra internally, but resulting variations in overall mci-

dent irradiance precluded direct comparison of different spectra.

This difficulty is usually circumvented by normalizing each spectrum

with respect to radiance observed at a reference wavelength. Unfor-

tunately, when small-scale noise was also present, there could be no

assurance that the reference wavelength was not contaminated in some

non-average way. Because of that uncertainty, each spectrum was

normalized with respect to its own mean radiance, rather than by the

customary method.

Small-scale whitecap and cloud induced noise is not so easily

smoothed over. If we average within each wavelength band over

several spectra, each component of the average spectrum should
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Figure 2. 1. A schematic illustration of the random mapping of white-
cap reflections into wavelengths in ocean color spectra
observed with an airborne TRW Ocean Color Spectrom-
eter. The aircraft moved approximately 100 m during
the one sec required to observe a single spectrum.
Therefore, positions A and B, together with the corres-
ponding positions viewed on the sea surface, are
equivalent to wavelengths of 700 nm and 400 nm respec-
tively. A similar equivalence exists over the intervening
100 m in distance and 300 nm in wavelength. Since
whitecaps may be assumed to occur at random intervals
beneath the aircraft's flightline, the associated reflec-
tions of radiance may be seen to be observed at random
wavelengths in any observed spectrum.
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contain an average amount of small-scale noise. But occasionally the

spectrometer viewed an unusually large whitecap or a ship. Any such

occurrence caused an anomalously large radiance fluctuation that was

not representative of the average conditions for the set of spectra

being considered. The problem was to distinguish between anomalous

and acceptable random radiance fluctuations, and then to remove the

effects of the anomalous ones. A solution was to assume radiance

fluctuations to be normally distributed, assume anomalous fluctuations

to be statistical outliers (i. e. , observations determined by some

statistical criterion to belong to a population different from that to

which the rest of the observations in the sample belong), and smooth

the data in the following iterative routine:

1) Each wavelength component was expressed as a fraction of

the mean radiance for that spectrum. Then natural

logarithms were taken of the data to improve the normality

of distribution. After the logarithmic transformation, the

variance within wavelength bands behaved linearly as a func-

tion of wavelength over the two regions 415-580 nm and 580-

700 nm (Figure 2.2).

2) Two or three data runs, each containing 8 to 16 spectra,

were typically made at each ground truth station. The van-

ances from all data runs for a given station were pooled for

each of the 57 wavelength bands. Next, least squares linear
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Figure 2. 2. Spectra of pooled sample variance for a set of ocean
color spectra observed at a single station before (- -)
and after ( ) taking natural logarithms of the data.
The log transform allowed variance to be expressed as
a linear regression function of wavelength (-). The
example shown contains no outliers; had one been
presents the dotted curve would contain a spiked
deviation from the solid regression line at the wavelength
affected.
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regressions were performed to relate variance to wavelength

over the two spectral regions indicated above. The resulting

regression estimate of s2 (sample variance) at each wave-

length was thus a weighted function of all of the radiance

observations in about half of the observed wavelength bands

over the entire pooled sample. This weighting ensured that

the presence of an outlier in any particular wavelength band

would not significantly affect the regression estimate of sam-

ple variance for that band.

3) For each of the 57 wavelength bands in each data run, the

stat is tic

MaxjW.-W.0= I
± 5.

3

was computed where

W. = ln(L,/L)
3 3

and W. is the mean value for the jth wavelength band

taken over all spectra in the data run. L. is upwelled

radiance observed in the jth wavelength band, L is the

mean radiance over all wavelengths in a particular spectrum,

and s. is the square root of the regression estimate of

sample variance for the jth wavelength band. Critical

values for the statistic 0 are tabulated in Halperin et al.
±
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(1955). We used their 5% significance level tables. For

simplicity, we have assumed 25 degrees of freedom for s.

Since each regression involved at least 25 pooled sample

variances, each in itself having between 15 and 30 degrees of

freedom, the true number of degrees of freedom may be con-

siderably larger than 25. However, the means of determin-

ing the true, or equivalent, degrees of freedom for this case

were not immediately apparent. The conservative choice of

25 degrees of freedom served to avoid the risk of editing too

many apparent outliers from the data and accept the possibil-

ity that a few outliers might not be detected.

4) When 0± for any band exceeded the tabulated critical value

at 25 degrees of freedom, the rejected component was

examined in the original untransformed data matrix. The

anomalous fluctuation was then removed by substituting num-

bers which made that spectrum behave locally in a manner

consistent with the behavior of the rest of the spectra in the

sample. The substitution procedure frequently involved

adjustment of a few unrejected components near the outlier,

i.e., when these appeared to be influenced by whatever noise

feature culminated in the outlier itself.

5) The entire process was reiterated until no outliers were

detected. This successive smoothing of background noise
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allowed discovery, in secondary iterations, of outliers which

were undetectable against the background noise of earlier

iterations.

After all outlier radiance values were thus adjusted, each data

run was examined for linear trends which might be attributable to

horizontal gradients of optical properties, e. g. , pigment concentra-

tions. For each data run, least squares regression coefficients were

calculated to relate W at each wavelength to distance along the

flight path. These coefficients were then smoothed by taking a simple

moving average over wavelength. The smoothed regression coeffi-

cients were used, finally, to adjust the smoothed mean spectrum to

correspond to the position in the data run occupied by the research

vessel.

In final form, each trend-adjusted and smoothed mean

W.-spectrum contains 55 components between 420 nm and 695 nm.

From these spectra were computed the corresponding smoothed mean

upwelled radiance spectra

L./L = exp(W.)
3 3

for each station.
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2. 2 Parametrization of Observed Ocean Color Spectra

Even qualitative comparisons like those discussed in Section 1.2

suggest that the shapes of ocean color spectra are significantly cor-

related with pigment concentrations. Smoothed mean W.-spectra from

three randomly selected stations, when compared with their paired

NECC (total pigment) values, illustrate this very well (Figure 2.3).

But though graphs like Figures 1.2 and 2, 3 are intuitively useful,

quantitative analysis of relationships between ocean color spectra and

oceanographic parameters demands that each spectrum be numeri-

cally parametrized in some way.

Several alternative spectrum parametrization schemes have

been advanced in recent literature. Semenchenko (1967) showed that

the linear combination of observed radiances

X 2[L(500 nm)- L(540 nm)} + L(600 nm) - L(580 nm)

correlates well with Secchi-depth. Clarke etal. (1970) observed that

the slopes of ocean color spectra appear to be correlated with

chlorophyll concentrations. Arveson etal. (1971) presented data

which suggest a significant correlation between chlorophyll concentra-

tion and the ratio of radiances upwelled from the sea at wavelengths of

443 and 525 nm.

A fault common to all of the preceding methods is that an
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Figure 2. 3. Spectra of radiance upwelled from sea water containing
different measured concentrations of phytoplankton
pigments.



44

indeterminable amount of spectral information is lost in the process of

parametrization. Eigenvector analysis provides a better method which

frequently leads to simplified parametrization of data recorded in the

form of a curve, while retaining a large, and known, proportion of the

total sample variance. In the case at hand, Mueller (1972) demon-

strated that an eigenvector analysis leads to a simple and effective

parametrization of observed ocean color spectra, with only negligible

loss of spectral information.

For any sample of N-component vector observations, the N

N-component eigenvectors of the sample covariance matrix form the

bases of an orthogonal coordinate system into which the original

observations may be transformed without any loss of information.

When extracted, this eigensystem will always be aligned so that the

fir$t eigenvector, e1. (j . . ,N), defines the direction of

maximum sample variance. Further, e2. defines the direction of

the next largest amount of sample variance orthogonal to e1.. And

each successive eigenvector represents a direction of lesser variance

than any of its predecessors. Because of this property, if the original

N variables change together in definable modes, then each spectrum

in the sample may be satisfactorily represented in terms of only the

first few eigenvectors.

An original observation vector, X. (j 1, 2, . . . , N), may be

transformed into its eigensystem representation through the k
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N

Y. e. (X.-M.); i 1,2,..., k and j = 1,2,..., N (2. 1)L1J 3

j= 1

where M. is the sample mean vector, e., is the ith eigenvec-

tor, and Y. is called the ith principal component of X. Thus,
we effect the transformation

where k is selected less than or equal to N to retain the desired

proportion of sample variance. When k is much less than N, the

number of variables is significantly reduced in exchange for a defined,

and presumably acceptable, loss of sample variance. Any original

vector, X, may be recovered from its principal component repre-

sentation Y. through the N equations

k
X. M. +Y.e..; i = 1,2,...,k and j 1,2,...,N. (2.2)

3 3 L 113
i= 1

Morrison (1967) gives a thorough, yet readable, introduction to

principal component analysis. Simonds (1963) and Church (1966)

discuss examples similar to the present application, i.e. , analysis of

data recorded in the form of a curve.
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2. 3 Estimates of Incident Daylight Spectra

In order to calculate the ocean color spectrum (R.) with

equation (1. 1), we must know both the incident daylight spectrum

(E./E) and the upwelled radiance spectrum (L./L). We measured

the latter spectra during our field experiment (Sec. 1.5), but unfor-

tunately, neither research vessel nor the aircraft was equipped to

measure E. at the ocean color stations. It is therefore necessary

to estimate (E. /E) for each station on the basis of observations
.3

made at Portland Airport before and after each flight. But Portland

is 80 miles inland behind a range of coastal mountains, and cloud

cover over the airport was seldom similar to that over the research

vessels. This complication precludes simply dividing each ocean

color spectrum by the same day's observations of the incident daylight

spectrum, a procedure employed by Clarke etal. (1970), and a differ-

ent approach is required.

2. 3. 1 The Eigenstructure of Daylight Spectra Reflected From
a Horizontal Kodak "Grey Card"

Before and after each flight (Sec. 1. 5), a Kodak "Grey Card,"

which has a reflectance of approximately 18% at all wavelengths

(Ramsey, 1969), was laid flat on the ground and observed with the

TRW spectrometer. Care was taken not to shade the card while sev-

eral reflected spectra were recorded. A sample of 12 sets of such
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spectra was collected and subsequently processed and smoothed by the

methods of Section 2. 1.

In order to distinguish them from similar quantities associated

with ocean color spectra, we shall denote all variables and constants

associated with the Portland "Grey Card" observations by primed

symbols. For example, the spectrum of radiance reflected from the

"Grey Card" is denoted L.
An eigenvector analysis (Sec. 2. 2) was conducted on the sample

of "Grey Card" spectra expressed in the form ln(L/L'). The mean

vector M and first four eigenvectors e. (i = 1,2,3,4;
J Ii

j = 1,2, . . , 55) of the observed incident daylight spectra are illus-

trated in Figure 2.4 and given numerically in Table C. 2. The

principal components Y (i 1,2,3,4) of each "Grey Card"

observation are listed in Table C. 3. In Table 2. 1 are itemized the

proportion of sample variance associated with each of the first four

eigenvectors. Note that less than 1% of total observed variance is

neglected when each observed "Grey Card" spectrum, ln(L/L'), is

expressed in the form



Figure 2.4. The mean of 12 spectra of incident daylight reflected
from a horizontal Kodak "Grey Card" and the first four
eigenvectors of the sample covariance matrix (see text).
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Table 2. 1. Percent of sample variance accounted for by
each of the first four eigenvectors e. of inci-
dent daylight spectra observed at Porland,
Oregon on 7-14 August 1970.

Eigenvector %-Variance
Cumulative
%-Variance

lj 91.58% 91.58%
e Zj

6.03% 97.61%
e'.3j

0.99% 98.60%

e. 0.63% 99.23%

2. 3. 2 Least Squares Estimates of the Principal Components of
Incident Daylight Spectra

Irradiance I illuminating the horizontal grey card may be

expressed, for each jth wavelength band, as

i I sec e exp(-k.m) + (2.3)° 2r3
wh e r e

I - is solar irradiance incident, above the earthTs atmosphere,

on a plane normal to its direction of propagation.

0 - is the local zenith angle of the sun.

k. - is the extinction coefficient of the atmosphere for unit

airmass.
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m - is airmass, i.e., the optical pathlength through the atmos -

phere, primarily a function of 0. Airmass3 corresponding

to each "Grey Card" observation is given in Table C. 2.

L - is diffuse radiance (skylight) incident on the grey card in

the solid angle 2.

d2 is the incremental solid angle sin 0 dO d4, where 0 and

are zenith and azimuth angles.

It is consistent with (2.3) to express the radiance L reflected

from the horizontal "Grey Card" in the form

L = . ex
3

p(-k.m) (2.4)

where all geometric terms and skylight have been absorbed in

in general, is a function of extra-atmospheric irradiance, air

mass, solar zenith angle (which may be absorbed in airmass),

atmospheric extinction, and the albedo (agc) of the "Grey Card,"

i.e.

= .(I?,m,k.,a ) . (2.5)
3 33 3 gc

3Airmass values in Tables C. 1 and C.4 were obtained, based on
existing solar elevations, from tables in Kondratyev (1969, App. 3).
This procedure implicitly assumes a standard atmosphere, which may
or may not closely approximate the conditions which existed.
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The further assumption that skylight is a function only of m and k.

is implicit in the formulation of (2.4) and (2. 5), but we have not yet

specified the form of

If we normalize (2.4) with respect to L', the average

reflected radiance, and take the natural log transform of the result-

ing equation we obtain

ln(L7L') -ln(L') + ln(.) k.m. (2.6)
3 3 3

The scalar products of (2.6) with the four eigenvectors e.
(i = 1,2,3,4 and j = 1,2,.. .,55) yield the four component equa-

tions

Y -ln(L')
+

ln(.) m . (2. 7)

If we now assume that

L' exp(-k m) (2.8)eff

where k is an "effective overall extinction coefficient" and theeff
constant is an "average" over wavelength of we find that

ln() -ln(L')
keff= m (2.9)
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We further assume that the scalar variables e.. ln(.) and

e..k. in (2. 7) may be approximated as combinations of kff and

m of the forms

and

e.. ln(.) = a.0 + a 1k + a2m + a.3mkff

e. .k. A. + A. k . (2. 10)
ij j iO ii eff

Substituting first (2. 10) and then (2.9) in (2.7) we obtain

55
-1

Y a. - ln(L') e. + a.1[ln()-ln(L)]m
1 iO

j=l (2.11)
+ a. m + a. [ln()+ln(LT)1 + A. m + A. [ln()+ln(L')].i3 iO ii

We may collect terms and define new coefficients

b.0 = a0 + a3 ln + A.1 ln

b. a. +A.il i2 iO

55

b -(a. +A. +Y e.)
i2 13 11 L_ 13

j= 1

b.3 = a.1 ln

b. -a.i4 11
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to obtain the four equations (i 1, 2,3,4)

-1 -1
Y b. + b. + b. ln(JJ) + b. m + b. m ln(L') (2. 12)

I iO ii i2 13 i4

which we will use to estimate the principal components of incident

daylight spectra.

We must now find the four sets of coefficients b.

( 0, 1,2,3,4) which will minimize the four object functions

12

F. = (kk)2 ; i 1,2,3,4. (2. 13)

This optimization in sample space is most easily accomplished using

the quasi-Newton minimization method of Fletcher and Powell (1963).

Minimizing each F. separately, we obtain the least squares regres

sion equation

c3

3.8720 0.3764 -0.9885

-5.0739 1.7184 -0.2014
+ m + ln(L')

0.6601 -0.1704 -0.0330

-0.3802 0.0461 0.0496
(2. 14)

-5.4873 1.2188

3.0659 0.3582
+ m' + m'ln(L').

-0.4225 0.0215

0. 7482 -0. 1300
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The squared multiple correlation coefficients associated with

Equations (2. 14) are, for Y through respectively, 0. 54,

0.64, 0.66 and 0.43, and respective Fisher's F statistics indicate

significance at only the 0.25, 0. 10, 0. 10, and 0.50 levels. These low

significance levels emphasize that this model provides only a crude

estimate of the incident daylight spectrum. There is no good substi-

tute for direct measurement of the incident daylight spectrum at the

test site, but we have no such measurements to apply in this study.

We must use the model (2. 14) to grossly adjust observed ocean color

spectra in order to remove at least a small portion of the sample

variance which we know is unrelated to the optical properties of the

water itself.

2.3.3 Estimated Spectra of Incident Daylight at the Ocean Color
Ground Truth Stations

Before Equations (2. 14) may be used to estimate spectra of

daylight incident on the sea surface, L (the average radiance

upwelled from the sea) must be adjusted to account for the albedo of

the sea relative to that of the Kodak "Grey Card." If we assume that

the overall average irradiance incident on the sea was the same,

during the experiment, as at Portland, we may estimate an overall

average oceanic albedo as
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- <L>a =a (2.15)
oc gc <L'>

where a and a are respectively the average albedos of theoc gc
ocean and "Grey Card" (18%), and <L> and <L'> are respec-

tively the overall mean observed radiances reflected from the ocean

(average over Table C. 4 values) and 'Grey Card" (average over Table

C. 1 values). Substituting the appropriate numbers in (2. 15) gives

0.042oc

so that estimates of L' suitable for use in Equation (2. 14) may be

obtained as

L 0.235 (2. 16)

We used the following procedure to calculate the spectrum of

daylight incident on the sea at each of the 31 ocean color stations.

First, estimates of Y.T (i = 1,2,3,4) were calculated using Equa-

tions (2. 16) and (2. 14), with data from Table C. 4. Then, the esti-

mated Y.' were substituted, together with vectors M and e.
from Table C.2, into Equations (2.2) to calculate spectra ln(I?1I°),

which were then transformed to give the incident spectra (i?/I°).

The estimated principal components Y of incident daylight

are given, for each ocean color ground truth station, in Table C. 5.
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2. 4 The Eigenstructure of Observed Ocean Color Spectra

The ocean color spectrum R. was computed with Equation

(1. 1) for each ocean color station using the smoothed, trend-adjusted

mean upwelled radiance spectrum L./L (Sec. 2. 1) and the estimated

spectrum of incident daylight i?ii° (Sec. 2.3). This sample of 31

R.-spectra was subjected to an eigenvector analysis (Sec. 2. 2). The

resulting mean vector M. and first four eigenvectors e..

(i 1,2,3,4 and j 1,2, ...,55) are illustrated in Figure 2.5 and

given numerically in Table 2.3.

As shown in Table 2. 2, the first four eigenvectors account for

99% of total sample variance, and only the first two account for more

than 95%. Therefore, we may represent each R. by its first four

principal components, i.e. , use Equation (2. 1) to effect the trans-

formation

(R1, R2, . , R55) -> (Y1, Y2, Y3, Y4)

without any significant loss os spectral information. The principal

components (i = 1, 2, 3,4) of each observed ocean color spectrum

are given here in Table 2.4.



Figure 2.5. The mean of 31 observed ocean color spectra, and the
first four eigenvectors of the sample covariance matrix
(see text).
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Table 2.2. Percent of sample variance in 31 R.-spectra
accounted for by the four eigenvectdrs e..,
i = 1,2,3,4 (see text).

Eigenvector

e.lje.
e.3j
e4j

% -Variance

78. 6%

17. 1%

2.4%
0.9%

Cumulative
%-Variance

78. 6%

95. 7%

98. 1%

99.0%

The significance of the eigenvectors e.. is best understood by

interpreting them from two distinct, albeit related, viewpoints.

From a direct point of view, the four eigenvectors describe all

of the significant modes in which the individual observed R.-spectra

differ from one another. The eigenvectors may be thought of as

standard adjustment vectors" which may be added, in amounts

specified by the principal components Y, to the mean vector M.

in order to match any of the original R.-spectra. This direct inter-

pretation of eigenvectors and their associated principal components is

the usual conceptual basis for such analyses of multivariate data.

The mean vector M., eigenvectors e.., and principal com-

ponents Y. may also be regarded from a geometrical point of view.

The vectors e.. are the orthonormal bases of a four-dimensional
13

set of coordinate axes with origin at M.. The vector of principal

components (Y1,Y2,Y3,Y4) defines the location of any particular
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Table 2.3. Mean of 31 ocean color spectra and the
first four eigenvectors of the sample
covariance matrix.

K(nm) M. e e e elj 2j 3j 4j

'122.5 1.183909 .143131 .205889 .5119ri2 -0.568710
427.5 1.167987 .167189 .192487 .383543 -0.335887
432.5 1.146919 .194552 .152425 .204233 .185025
437.5 1.138107 .199053 .127367 .156151 .200101
442.5 1.133922 .202336 .102729 .094317 .206797
447.5 1.124886 .201956 .091510 .044270 .174783
452.5 1.128079 .204455 .086209 .005441 1472r,2
457.5 1.1245117 .203960 .087288 -rj.r,13fj36 .113008
462.5 1.126981 .201651 .088204 -9.033547 .088638
467.5 1.129909 .195496 .076941 -0.046314 .015959
472.5 1.136398 .197298 .061056 -0.060845 .065293
477.5 1.145698 .197054 .047279 -0.079187 .049239
1182.5 1.155043 .194896 .029791 -0.090118 .032544
1187.5 1.159816 .189383 .002435 -0.991352 .020986
492.5 1.157953 .183486 -0.0231 73 -0.113753 .002752
497.5 1.147428 .170610 -0.047588 -0.122300 -0.029222
502.5 1.133273 .150615 -0.080756 -o.1rj264'1 -0.045428
507.5 1.112r,19 .124427 -0.112528 -0.075965 -0.056836
512.5 1.095056 .097924 -0.136679 -0.056326 -0.070672
517.5 1.089437 .077322 -0.160542 -9.032447 -0.073719
522.5 1.087615 .064095 -0.177742 -0.0253211 -0.083532
527.5 1.077169 .045963 -0.188768 -0.026681 -0.092629
532.5 1.069594 .032512 -0.198494 -0.022748 -0.086644
537.5 1.062079 .017930 -0.205774 -0.014419 -0.082194
542.5 1.054984 .004705 -0.212648 .rJrJ4rjl2 -0.072887
547.5 1.047044 -0.009572 -0.217246 .027378 -9.945081
552.5 1.037788 -0.025742 -0.221737 .045833 -0.030085
557.5 1.032513 -0.040482 -0.223150 .068266 -0.020048
562.5 1.027091 -0.054889 -0.218988 .095140 -0.004216
567.5 1.012456 -0.067810 -0.206021 .120556 .012836
572.5 .987257 -0.080412 -0.183590 .142208 .034595
571.5 .948698 -0.090989 -0.152965 .162734 .069490
582.5 .907099 -0.101129 -0.115981 .171490 091442
587.5 .569299 -0.110902 -0.076481 .184519 .107755
592.5 .824217 -0.115644 -9.9341j33 .195548 .138456
597.5 .753664 -0.114498 .004965 .171 770 .141 445
602.5 .758883 -0.111525 .030852 .147549 .153845
607.5 .753463 -0.112898 .045603 .123338 .160505
612.5 .754305 -0.114570 .056252 .103349 .146675
617.5 .755438 -0.115337 .063713 .095005 .142655
622.5 .764257 -0.115287 .969546 .089625 .137017
627.5 .1711947 -0.117404 .074254 .074209 .105636
632.5 .788431 -0.118792 .050945 .063552 .981887
637.5 .801883 -0.119459 .091062 .046791 .065487
642.5 .811916 -0.129274 .100780 .024301 rj35975
647.5 .826255 -9.129473 .109964 -0.903113 .912660
652.5 .543955 -0.129341 .121194 -9.933rj54 -9 .rjrj9 593
657.5 .849528 -0.116941 .133148 -0.051599 -0.000918
662.5 .860143 -9.116618 .139607 -9.065399 -0.913911
667.5 .881868 -0.119812 .143629 -0.097192 -0.938167
672.5 .914865 -0.125115 141698 -0.119075 -0.035493
677.5 .957963 -0.132997 .11166211 rj.14r,169 -0.090650
652.5 1.012746-0.141376 .160422 -0.183017 -0.172125
687.5 1.052611 -0.143888 .1742117 -0.213070 -0.211533
692.5 1.059120 -0.114102 .154197-0.129176-0.139333
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Table 2.4. Principal components Y (i = 1, 2, 3, 4) of ocean color
spectra observed at 3 1 stations.

Yl Y2 Y3 Y4

1 1.318971 . 165124 . 120664 -0. 113081
2 .002727 .376985 -0.526924 -0.033945
3 1,567865 .501296 .032650 -0.075467
4 1.793753 .140735 .018369 -0.030765
5 .814402 -0.042516 -0.299566 -0.016025
6 -0.491259 1.015705 -0.111930 .014109
7 .457731 .815003 .092146 .140495
8 -0.312212 .796258 -0.159806 .098780
9 1.671257 -0.500972 -0.000314 .081299

10 .090626 .666721 . 171708 -0. 107081
11 1.541671 -0.307042 .027455 .003239
12 .777471 .789894 -0.001512 .038641
13 .633524 -0. 207218 -0. 111309 -0. 043424
14 .847879 -0.731074 .176924 -0.010797
15 1.275454 -0.802934 .054997 -0.010899
16 -1.460739 .104105 .052146 .044865
17 -0. 424389 .201297 .347130 . 139656
18 -0. 249616 -0. 278720 -0. 052309 -0. 142329
19 -0. 091392 -0. 667830 -0. 047101 -0. 093432
20 -0.844532 -0.530911 -0.389241 -0.095037
21 -0. 863490 -0. 000330 . 162129 .055183
22 -0,789029 -0.085925 .200023 .061812
23 -1. 538736 . 106036 . 124481 -0. 140748
24 -1. 631981 .147395 .250375 -0. 338301
25 -0.332145 -0.209417 .142162 .061843
26 -0. 429340 -0. 270978 -0. 026196 .070656
27 -0.503075 -0.143075 -0.018307 .028824
28 -1.179918 .097633 -0.099935 .016678
29 -1. 287874 -0. 270912 -0. 170076 .093002
30 -0.646585 -0.462050 .037316 .168105
31 -0. 536019 -0.412281 .003855 .134146
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observation in e.. space, i. e. , each Y. is the projection of the

observation on the axis defined by e... This interpretation has been

advanced by several authors to provide an intuitive background for

discussions of principal component analysis of multivariate data.

Morrison (1967) for example, has done this especially well. But the

literature has not sufficiently emphasized a further utility of the

vector space defined by e..

Despite their origins in the noise-contaminated world of

observed data, the e.. vectors define as valid a Euclidean space as
1.3

any other set of basis vectors. The fact that we cannot directly

measure the quantities represented by e.. components does not

render them inferior to representations of quantities that we can

physically measure. The e.. space quantities are more abstract

to be sure, but we can easily recover measurable parameters from

them whenever we wish. In summary:

The eigenvectors which render an optimal representation of

multivariate observations define the optimal vector space in

which the physical system underlying those observations may

be modelled.

A simple application of this principle has already been given in Sec.

2.3. 2, where the 55 equations (2. 6) are made tractable by transform-

ing them into the e?.-space representation of the four equations (2. 7).

This technique will be used again to simplify analysis of the radiative
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transfer model of ocean color (Sec. 1.3 and 3. 1).

2. 5 The Eigenstructure of Observed Upwelled Radiance Spectra

Mueller (1972) reported preliminary results from this study

which were expressed in terms of the smoothed W.-spectra (Sec.

2. 1), i.e.,
W. = ln(L,/L)

3 3

where L./L is the observed upwelled radiance spectrum. Our dis-

cussion of the radiative transfer model in Section 1.3 shows that the

W.-spectrum is not an appropriate measure of ocean color, but to

provide continuity with Mueller's earlier paper, the eigenstructure of

the sample of W.-spectra is illustrated and tabulated in Appendix D.
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3. PHYSICAL SOURCES OF OCEAN COLOR VARIATIONS

We will now consider theoretical contributions to the ocean color

model equations (1.7) by those oceanographic parameters which are

thought to influence ocean color spectra. In order to take advantage

of the simple parametrization afforded by the principal components of

ocean color spectra, we must first transform the model equations into

observed eigerivector (e..) space. Then, we will briefly review the

extinction and scattering spectra associated with pure water, dissolved

organic materials, non-absorbing particles and phytoplankton. At the

same time, we will calculate the contributions to the transformed

model equations of each such spectrum.

3. 1 Transformation of the "Two-Flow't

Ocean Color Model into
Observed Eigenvector Space

The 55 equations (1.7) may be rendered more tractable by

transforming them into four equations in e space (Sec 2. 4).

However, a direct transformation like that employed with Equations

(2. 6) to obtain (2, 7) would yield scalar sums

55
1.(O

; i = 1,2,3,4.
j=1

It would then be impossible to separate the effects on ocean color of

scattering and extinction, much less effects due to any individual



contribution to either process, e.g., by phytoplankton. A more

enlightening set of equations may be obtained by some preliminary

manipulations of (1.7).

By virtue of Equation (2. 2) and the results of Section 2. 4 we

may express the ocean color spectrum as

R. M. + Y e + Y e . + Y e . + Y e ; j = 1,2,...,55, (3.1)
3 j llj 22j 33j 44j

neglecting less than 1% of sample variance (Table 2.2). Substituting

(3. 1) into (1.7) and multiplying by a, we obtain

(M.+Y1e1.+Y2e2.+Y3e3.+Y4e4.)a. - O.O2653a. = G(O, O)13.(0). (3.2)

If we now form the scalar product of Equation (3. 2) with each of the

igenvectors e.. (Table 2.3) we obtain the four scalar equations

55 55 55

Ye. .M.a. + Y e. .e a + y Y e. .elL,iJljJ 2L'32jj
j=1 j=1 j=1

+ Y e. .e a + Y e. .e .a. - 0.02653 e..a.
3 '3 3j 3 4 t3 4j 3 '3 3

j=1 j=1 j=1

= G(0,0 ) ) ; i = 1,2,3,4. (3.3)
0 133S

j=1



Equations (3.3) satisfy two vital requirements for a useful model of

ocean color:

1) The principal components Y. (i 1, 2, 3, 4) of the ocean

color spectrum appear explicitly.

2) The extinction coefficient spectrum a and scattering func-

tion spectrum 1.(B) appear separately in linear form.

Therefore, we may express a and 13.(e) as linear

combinations of terms associated with pure water, non-

absorbing suspended particles, dissolved organic matter, and

marine phytoplankton and their pigments. We may then

examine each term separately.

3.2 Sources of Light Scattering and Absorption in the Sea

There are generally thought to be four agents which scatter and

absorb light in the sea:

1) Light is scattered and absorbed by pure sea water. Both

processes are wavelength selective.

2) Light is scattered by non-absorbing, suspended particles,

e. g. , zooplankton, silt, clay, etc. Scattering by particles

which are large compared to the wavelength of light is

usually assumed to be white, i.e., non-selective with respect

to wavelength.



3) Light is absorbed, with marked wavelength dependence, by

dissolved organic materials, collectively called yellow sub-

stance.

4) Light is scattered and absorbed by marine phytoplankton,

which contain the pigments chlorophyll-a, chlorophyll-b,

chlorophyll-c, and certain carotenoids. It has been fre-

quently assumed that these processes act as a linear super-

position of white scattering by the cells and wavelength-

dependent absorption by the pigments. We will see, however,

that the interaction of light with phytoplankton cells must be

treated rigorously as a problem in wavelength dependent

scattering of light by inhomogenous, absorbing particles. Any

attempt to superimpose separable scattering and absorption

processes gives totally inaccurate results,

Expressing these contributions algebraically, we have for the

volume extinction spectrum

a.=u +Ka .+Ka +Ka , (3.4)
3 lj 22j 33j 44j

and for the spectral scattering function

.(O )= .(O )+K (0 )+z 23 s K P .(0 ) (3.5)4 4j s

where



is the scattering angle defined by Equation (1.3).

and are respectively the extinction coefficient and

scattering function of pure water.

K2, and P2(O5) are respectively the concentration,

specific extinction coefficient, and specific scattering func-

tion of non-absorbing suspended particles.

K3 and a3 are respectively the concentration and specific

extinction coefficient of yellow substance.

K4, a4 and I34j(0) are respectively the concentration,

specific extinction coefficient, and specific scattering func-

tion of marine phytoplankton.

3.2. 1 Extinction and Scattering Spectra of Pure Sea Water

It is well established that the extinction of pure sea water, i.e.

pure water plus sea salts, is indistinguishable from that of distilled

water (Jerlov, 1968, p. 53). The extinction coefficients of

pure distilled water have been measured by several researchers, the

most notable being James and Birge (1938), Clarke and James (1939),

and Hulburt (1945). Jerlov (1968) suggests that Clarke and James

may have been the most successful in preparing pure distilled water.

On the other hand, Tyler etal. (1972) comment on the several

"astonishingly divergent results, particularly in the blue and green

regions of the spectrum, " and suggest that this may be due to failure
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to exclude forward-scattered light (i. e. , light scattered near, but

slightly away from 0 = 00) from the collimated measuring beam.

This extra light would result in reduced extinction coefficients, and

thus give a false impression of 'purer,' i. e., more transparent,

water. At any rate, we will use Hulburt's (1945) measured values of

a ., but with one modification.lj
Hulburt also attempted to measure the volume scattering coef-

ficient

b . = .(0 )d2, (3.6)lj lj 5

but his results were about four times greater than theoretical values.

We may assume that the additional scattering was due to large sus-

pended particles which Hulburt was unable to eliminate by settling.

Comparing Hulburt's measured results for 560 nm (Tungsten light)

with theoretical scattering for that wavelength, as computed by

LeGrand (1939), we have assumed that the difference, 0. 00805, should

be attributed to particle scattering. That constant value has been

subtracted from Hulburt's extinction data at each wavelength to obtain

the extinction spectrum a1 (Table 3. 1 and Figure 3. 1).

The volume scattering coefficient b1. (Equation (3. 6)) is a

measure of the loss of radiance from a beam due to scattering over all

angles. To obtain the scattering function P1(O5) it is necessary to



7 1

Table 3. 1. Extinction and scattering spectra
of water, and extinction spectra
of yellow substance and phyto-
plankton pigments.

X(nm) a b a a7

lj ii 3 4j

422.5 .04995 .00398 .16068 .07580
427.5 .014694 .00384 .14953 .07920
432.5 .04300 1)1)351j .13599 .1,8351,
437.5 .1)3943 .00343 .12918 .1)931j1j
442.5 .03597 .00327 .12007 .09500
447.5 .03392 .00312 .11160 .09000
452.5 1j2998 .1,1,295 .10373 .08430
457.5 .02594 . .00284 .09641 .07750
462.5 .02799 .00269 .08961 .07010
467.5 .02797 .00257 .05329 .06310
472.5 .02798 .00248 .07741 .1,5911,
477.5 .02195 .00236 .07195 .05810
482.5 .1)2346 .00226 .06687 1j5651,
487.5 .02897 .00217 .06216 .05120
492.5 .02390 .00210 .05777 .04720
497.5 .02941 .00201 .05370 .02890
502.5 .02993 .00193 .04991 .02330
517.5 1j31)95 .00155 .04639 .01890
512.5 .03198 .00178 .04312 .01550
517.5 .1)3j91j .1,0171, .04007 .01250
522.5 .03193 .00163 .03725 .1j1060
527.5 .03297 .00157 .03462 .00920
532.5 .03391 .00151 .03218 .fjOSiO
537.5 .03496 .00145 .02991 .00740
542.5 .03700 .00141) .1)2780 .1)0671j
547.5 .1)3796 .01,136 .02584 .00630
552.5 .03990 .00131, .02401 .1)1)51j1)
557.5 .04396 .01,126 .02232 .00590
562.5 .04641 .00121 .021,75 .00590
567.5 .05446 .00116 .01926 .00610
572.5 .06292 .00112 .01792 .00630
577.5 1)795 .00108 .01665 .00660
582.5 .08494 .00104 .01545 .1,0691,
587.5 .10191 .00101 .01439 .00690
592.5 .12598 .00098 .01337 .00590
597.5 .16694 .1)1,094 .01243 .00690
602.5 20592 .00092 .01155 .00690
607.5 .22798 .00038 .01074 .00691j
612.5 .23995 .00055 .00998 .00690
617.5 .25092 .00082 .00928 .rjrj59rj
622.5 .25999 .01)079 .00862 .00690
627.5 .26797 .00077 .00801 .t)1j781j
632.5 .26834 .00074 .00745 .00890
637.5 .28192 .01)072 .00692 .00810
642.5 .28891) .1)lj1)71) .00644 .00720
647.5 .29795 .00068 .00598 1)1j751)
652.5 .30696 .00066 1)1j556 .00860
657.5 .31894 .1,1,1,64 .00517 .011110
662.5 .33692 .00062 .00450 .01770
667.5 .36100 .00060 .00446 .03110
672.5 .371199 fj01)59 .00415 .03070
677.5 .35997 .00057 .00386 .02000
682.5 .41995 .00055 .00358 .01430
687.5 .43893 .00053 .00333 .01020
692.5 .47691 .00051 .00310 .00730
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Figure 3. 1. Absorption and scattering spectra of pure water (after
Hulburt, 1945 and LeGrand, 1939 respectively).
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multiply b1. by some scattering distribution function. One suitable

function, due to Lenoble (1958, 1961, 1963) and cited by Jerlov (1968,

p. 90), roughly approximates the volume scattering function as

b.
(0 ) (0.5+1.73cosO +1.5cos2O ) . (3.7)ljs 4rr s s

Values of b1. for pure water (Table 3. 1 and Figure 3. 1) were

interpolated from Jerlov (1968, Table XI). The contributions of the

spectra a1. and b1. to the system of Equations (3. 3) are given

in Table 3.2 below.

Table 3. 2. Contributions by pure water to the ocean color
model (Sec. 3. 1).

i 1 i2 i=3 j=4
Ee..e .aij lj lj 0.11883 -0.07428 0.02605 0. 00336

e. .e aij Zj l -0. 07428 0. 12338 -0. 05082 -0. 03392

e..e .a
1J 3j lj 0.02605 -0.05082 0. 12495 0.06891

13 4j lj 0.00336 -0.03392 0.06891 0.11644

13 3 lj -0. 57498 0.54732 -0. 11227 -0. 07398

13 lj -0. 68811 0.60624 -0.06937 0.00435

0. 00731 0. 00128 0. 00468 0. 00042
13 lj
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3.2. 2 Extinction and Scattering Spectra of Large Non-Absorbing
Particles

Large particles are those having diameters large with respect to

the wavelength of light. Examples of such particles are zooplankton

and air bubbles. Specifically excluded are phytoplankton.

The spectra of scattering coefficients b2. and extinction

coefficients a2 are identical for non-absorbing particles, and both

spectra lack significant wavelength dependence. The whiteness of

scattering and extinction by suspensions of large, non-absorbing

particles is qualitatively demonstrated by the color of milk and of

white-caps, both of which contain high concentrations of large scat-

terers. Since the particle concentration K2 is arbitrary, we may

set the scattering and extinction coefficients equal to the identity

vector, i.e.,
11(55 xl)

aZ. = b2. =

[]

. (3. 8)

If we assume that the scattering distribution function (3.7) holds both

for water and particles, the specific spectral scattering function for

large non-absorbing particles is given by

L
(0 ) = (0. 5+1. 73 cos 0 +1.5 cos20 ); j 1,2, .. ., 55. (3,9)Zjs 4 s s
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The contributions of scattering and extinction by large, non-

absorbing particles to the ocean color model equations (3. 3) are sum-

marized in Table 3.3 below. Note that these contributions are for a

particle concentration corresponding to K2 1. Because of the

scaling in Equation (3. 8), K2 will always be numerically equal to

the volume scattering coefficient of the concentration which it repre-

sents, i.e., K2 1.0 represents a number of particles per unit

volume which will yield a volume scattering coefficient of unity.

Table 3.3. Contributions by large particles to the ocean
color model (Sec. 3. 1) per unit concentration K2.

i 1 i=2 i=3 i=4
Ze..e .atj ij 2j 1 0 0 0

e. .e a
13 2j 2j 0 1 0 0

0 0 1 0
Ii 3j Zj

13 4j 2j 0 0 0 1

e. .M.a . 1.45250 0. 04039 1.34672 0. 22785
'3 j

0. 55872 0.19912 1.51243 0. 60116
ij 2j

e. .b . 0.55872 0. 19912 1.51243 0.60116
13 2j

3. 2.3 The Extinction Spectrum of Yellow Substance

The state of knowledge about the pervasive presence of yellow-

colored organic compounds dissolved in sea water has been recently
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reviewed by Kalle (1966) and by Jerlov (1968, p. 55-59). Yellow sub-

stance may either be formed in situ from the decomposition of phyto-

plankton, or it may be derived from the land via river effluent. The

land derived variety is undoubtedly important in the waters of the

Columbia River plume. Nevertheless, we may expect some degree of

correlation between concentrations of phytoplankton and yellow sub-

stance even there, for the nutrient enrichment of river effluent fosters

phytoplankton blooms.

We were unequipped, during our field experiment (Sec. 1.5), to

measure the importance of absorption by yellow substance relative to

overall extinction. Therefore, we have no idea of how or if yellow

substance concentrations correlate with observed concentrations of

phytoplankton pigments. Nor do we know whether or not dissolved

organic materials may have been present in sufficiently high concen-

trations to overwhelm the effects of phytoplankton on ocean color at

some stations. In Chapter 5 we will vary K3 in a hypothetical

manner in the model equations (3. 3) to gain some insight into the ocean

color model's sensitivity to variations in yellow substance concentra-

tions.

A specific absorption spectrum for some unspecified unit con-

centration of yellow substance is reported by Jerlov (1968, p. 56,

Fig. 19). The curve in Jerlov's figure is fit approximately by the

function
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a3(X.) exp(-Z.302585+1.609438(45S-))/110), (3.10)

where X is wavelength in nm. The extinction spectrum a3 com-

puted with Equation (3. 10) is illustrated in Figure 3.2 and compiled

for j 1,2, . . . ,55 wavelength bands in Table 3. 1. The contribu-

tions of a3 to Equations (3.3) are summarized in Table 3.4.

Table 3.4. Contributions by yellow substance to the ocean
color model (Sec. 3. 1) per unit concentration K3.

i 1 i2 j3 j4
.a.ij lj 3j 0. 06234 0. 02624 0. 02214 0.00459

e..e .0. .
13 2 3j

0. 02624 0. 04005 0.03418 -0.00883

0. 02214 0. 03418 0.08366 -0.05119
13 3j 3j

0. .
13 3j 3j 0.00459 -0, 00883 -0. 05119 0.09719

e..Ma
13 3 3j 0.34459 0.10234 0.19551 -0.01708

e. .a . 0.29560 0.08458 0. 17261 -0. 00596
U 3j

3.2.4 A First Look at the Extinction and Scattering of Light b
Phytoplankton and Phytoplankton Pigments

It is widely documented that the absorption spectra of chloro-

phylls a, b, and c, the three predominant phytoplankton pigments,

are characterized by extremely strong absorption bands in the blue and

red regions of the spectrum (Figure 3.3). The red bands coincide

with a region of strong absorption by water, but the blue absorption
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bands fall in a region where water is nearly transparent (Figure 3. 1).

These facts are the traditional basis for the apparently satisfactory

reasoning that chlorophyll absorbs much of the blue light selectively

transmitted by water, causing a shift of water color from blue to

blue-green. It is further argued that the scattering of light by the

cells themselves cannot be an important source of color modification

because the cells are much larger than the wavelengths of light and so

must scatter light without wavelength dependence. The qualitative

behavior of observed ocean color spectra has been shown to be con-

sistent with that reasoning (Sec. 1.2). Nevertheless, we will below

consider empirical and theoretical evidence which invalidates the

assumption that scattering by phytoplankton is whiter

The absorption spectrum most commonly attributed to phyto-

plankton is due to Yentsch (1960), who reported base-lU law extinction

coefficients E which satisfy the extinction law

L(x) = L(0)lO

Yentsch's extinction spectrum has been converted to one of coefficients

a which satisfy the base-e extinction law

L(x) L(0) exp(-ax)

used throughout this dissertation. The resulting a'4. spectrum is

illustrated in Figure 3.3 and is given numerically in Table 3. 1. We



will subsequently show that a. does not represent the in vivo

extinction spectrum of phytoplankton, and hence we will not compile the

contributions of to model equations (3.3).

Yentsch obtained the spectrum of Figure 3.3 by directly meas-

uring the extinction spectrum of phytoplankton cells in the laboratory.

Spectra of similar shape and detail have been measured by others,

including Latimer and Rabinowitch (1957), Latimer (1958), and Mann

and Myers (1968). But special techniques were used to obtain these

enhancedH extinction spectra, and the nature of these techniques

bears directly on the question of whether it is valid to directly apply

the resulting extinction spectra to models of ocean color, e.g. , as in

Equations (3.3). This question has not been adequatelydiscussed in

the literature.

The beam extinction spectrum of a suspension of plant cells

measured without benefit of a special 'enhancement" technique is

nearly flat (Figure 3.4, Curve A, after Yentsch, 1960). This occurs

because forward scattering, i.e. , at 0 = 00, by either absorbing or

non-absorbing large particles is diffraction dominated. Three tech-

niques have been used to "restore" the spectral detail associated with

absorption by pigments to the in vivo extinction spectrum of phyto-

plankton cell suspensions:

1) The earliest method was first reported by Shibata etal.

(1954). An opal glass diffuser is placed between the sample
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and the photocell so that nearly equal portions of the colli-

mated and diffuse transmitted light are measured. Because

light scattered out of the measuring beam by the cell sus-

pension possesses spectral detail related to pigment

absorption, redirecting some of this light into the measuring

beam produces an appropriately enhancedt phytoplankton

absorption spectrum (Figure 3.4, Curve B).

2) Yentsch (1960) obtained similar results by clearing a Milli-

poreR filter, onto which phytoplankton cells had been

deposited, with cedar oil (Figure 3.4, Curve C). In this

technique, scattering is virtually eliminated by immersing

the plankton cells in a liquid (cedar oil) having nearly the

same refractive index as the cell materials. Therefore, the

pigments within the cells are directly exposed to the uns cat-

tered measuring beam and so attenuate it in nearly the same

way that they would in solution.

3) Mann and Myers (1968) enhanced the measured extinction

spectra of phytoplankton suspensions by first sonicating the

cell suspension. Presumably, this burst the cell walls and

exposed the pigments directly to the measuring beam, with

the result that pigment absorption was allowed to play a direct

role in the extinction process. This is a case when pigment

absorption does act independently of particle scattering in the



extinction process, but the pigments are no longer within the

cells.

Useful though these techniques are in laboratory studies, none of

the enhancement mechanisms operate on the extinction spectrum of

phytoplankton in the open sea. We must conclude that extinction due

to phytoplankton cells in sea water is nearly white. Since all of the

viable chlorophyll in sea water is contained within the plant cells,

we cannot reasonably say that wavelength-dependent pigment absorp-

tion may be superimposed on white Mie scattering by the cells.

Absorption in that sense could only operate as a beam extinction

mechanism, and we have already seen that there is little wavelength

dependence in the extinction spectrum associated with plant cells.

It is more reasonable to conjecture from this evidence that

wavelength dependent absorption by pigments within phytoplankton may

induce wavelength-dependent scattering by those cells, in all dire c-

tions but the forward (0 = 00) direction. There is ample empirical

and theoretical evidence to strongly support the truth of this hypothesis.

Latimer and Rabinowitch (1957) observed wavelenth-dependent

scattering by plant cell suspensions at 90° from the incident beam

(Figure 3. 5). Their results do not encourage an explanation based on

pigment absorption acting independently from, and superimposed on,

white Mie scattering.

The opal glass enhancement technique (Shibata etal., 1954) also
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provides direct empirical evidence supporting the hypothesis of wave-

length selective scattering of light by phytoplankton. The diffuser

collects light scattered by the cell suspension through a broad forward

cone and rescatters that light so that about 50% of the light received

by the detector passed through the suspension at 0°, and the other 50%

was originally scattered out of the measuring beam by the suspension.

Spectral detail is injected into the measurement by the diffuser

because the light scattered away from 0° by the plant cells contains

spectral detail. Furthermore, since extinction by the cell suspension

is white in any direction, that spectral detail must have been intro-

duced at the point of scattering. Therefore, the scattering of light by

pigment bearing cells, except for 0° scattering, must be a wavelength

selective process. The pigment's absorption spectrum is, of course,

the cause of that wavelength dependence, but the physical phenomenon

is one we refer to as scattering.

The distinction is not trivial between wavelength-dependent

scattering, and wavelength-dependent absorption coupled with white

scattering. When a pigment is in solution, it absorbs light both from

the incident beam, and from every scattered beam in the medium, and

modifies the spectrum of each such attenuated beam directly in

accordance with the pigment's absorption spectrum. But when the

pigment is contained within large scattering particles, then the proc-

ess becomes more complicated, The particles remove light from any



transmitted beam, partly by absorption and partly by scattering, with

the net attenuation of the beam being accomplished almost without

spectral modification (Sec. 4. 4).

In the latter case, the pigment absorbs its share of the attenu-

ated light in accordance with its absorption spectrum. The total

amount of light scattered out of the beam must, therefore, have a

spectral distribution that is the difference between the particle's

nearly white extinction spectrum and the absorption spectrum of the

pigment. However, at any particular scattering angle, the spectral

distribution of scattered light is not simply related to the particle's

extinction and absorption spectra. The color spectrum of such a

scattering medium is a function of the viewing angle, as measured

from the direction of the incident beam of light. In Chapter 4 we will

use Mie scattering theory to examine this phenomenon in detail. The

particles examined are spherically symmetric, but in all other

respects they have been designed to represent phytoplankton as

closely as possible.
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4. SPECTRAL LIGHT SCATTERING BY STRATIFIED,
THREE-LAYERED SPHERES: A MODEL FOR
SCATTERING BY MARINE PHYTOPLANKTON

POPU LAT IONS

The empirical evidence of wavelength dependent scattering of

light by phytoplankton (Sec. 3.2.4) has not proved sufficiently con-

vincing to dispel the popular notion that "Mie scattering by particles

much larger than the wavelength of light is always nearly white.

Clearly, either we have misinterpreted the empirical evidence, or the

white Mie scattering' notion is wrong. A review of the literature

revealed no wavelength dependent Mie scattering results for particles

which are directly analogous to phytoplankton, and spectral Mie

scattering results for any kind of particle are rare. To resolve the

issue, we have used Mie theory to model the spectral scattering

properties of phytoplankton as rigorously as possible within the con-

straints discussed below.

Mathematical practicality dictates that a spherically symmetric

particle be considered. Phytoplankton are not spherical, but we shall

assume that the scattering properties of spherical polydispers ions are

similar to those of randomly oriented and configured phytoplankton

suspensions. We will recall this assumption in Chapter 5, when we

compare the spectral Mie scattering results with joint variations in

observed ocean color spectra andpigment concentrations.

Within the spherical constraint, Small (1972) pointed out that the



three-layered sphere illustrated in Figure 4. 1 has structural simi-

larities to some diatom species: the cell vacuole is typically sur-

rounded by a layer of cytoplasm, in which are imbedded the plant's

chioroplasts, and by an outer cell wall or frustule. In the cell model

(Figure 4. 1) we will assume that the "vacuole" and outer shell are

made of dielectric (non-absorbing) material. The model's pigments

are assumed to be uniformly distributed within the intermediate shell,

the "pseudochioroplast."

Vacuole

Pseudo chloroplas

F ru s tul e
I

Figure 4. 1. Spherical cell model designed to model the light
scattering properties of marine phytoplankton.

In any phytoplankton population, the dimensions of the individual

cells vary widely. So too, we will compute scattering functions for

collections of spherical cells having varying radii (a1, a2, a3). We

will use the word "polydispersion" to mean a suspension of spherical

scattering particles (Figure 4. 1), all of which have the same number

of concentric layers and have identical complex refractive indices in



corresponding layers, but which vary in number concentration as a

function of outer radius (a3), proximity of the pseudochioroplast to

the outer wall (a2), and chloroplast volume per cell (vcp) This

definition is a direct extension of Deirmendjian's (1969) usage per-

taming to suspensions of homogeneous particles.

4. 1 The Physical Properties of the Spherical Cell Model

We wish to assert that polydispersions of stratified spherical

cells (Figure 4. 1) and natural phytoplankton populations demonstrate

similar spectral light scattering properties. For that assertion to be

plausible, it is important that we attribute to the model optical prop-

erties, pigment concentrations, amount of chloroplast per cell, and

size distributions which closely imitate the corresponding properties

of natural phytoplankton populations. Unfortunately, the physical

properties of phytoplankton vary widely. The best we can do is to

glean "typical" values and properties from the literature and our data,

assign those to the cell model, and hope that they are representative.

4. 1. 1 Number of Cells Per Unit Pigment Concentration

From statistics reviewed by Strickland (1960, p. 13-17), we

estimate specific algal. volume to be of the order

3.46 x l0 (m3 per mg of chlorophyll). If we assume that a typical

diatom diameter is 10 I.Lm (Small, 1972), we obtain a corresponding



unit cell volume
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dv 5.236 x io m3/cell . (4. 1)

The number of cells per mg of chlorophyll-a (Nspc) which follows

from these estimates is

N - 6.6 io8 cells/mg-chlspc

From our ground truth data, we calculate the average ratio of net

equivalent color concentration of chlorophyll-a to NECC of total pig-

ments to be (Sec. 4.1.2)

/ mgchl- 63total pigme/'

where the brackets denote the average of the enclosed quantity. We

thus obtain a typical value for the specific number of cells per mg of

total pigment of

N - 4. 158 x 108 cells/mg-pigment. (4.2)sp

If we assume that the specific gravity of the cell is approxi-

mately 1.00 (Strickland, 1960) the typical unit cell mass is

dm - 5.326 x 10's gm/cell (4.3)

whereas the mass of pigment per cell is taken to be
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- 2.4 x l0 gm/cell. (4.4)

Therefore, we have assumed that the pigments comprise approxi-

mately 0. 5% of the total cell mass, a value which agrees well with

estimates cited by Strickland (1960).

4. 1.2 Chioroplast Volume Per Cell, and Pigment Concentrations
in the Pseudochioroplast

It is generally thought that the pigments comprise approximately

8% of chloroplast mass (Rabinowitch, 1956, p. 1751; Wolken, 1963).

From that value and (4. 4) it follows that a typical chloroplast mass

per cell is of the order 3.0 x 10_li gm. If we assume that the

specific gravity of the pseudochioroplast (Figure 4. 1) is approximately

1. 00, we obtain an estimate of chloroplast volume per cell

v 3 x 1014 liter/cell. (4.5)
cp

A perusal of Table 1.2 shows that the proportion of each pig-

ment in the total concentration of phytoplankton pigments is not a con-

stant. Nevertheless, it would not be practical to compute a separate

refractive index spectrum for each vector

chl-a chl-b chl-c carot
( , , , )total total total total
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we may obtain from Table 1.2. Therefore, we must use some sort of

average estimate of proportional NECC values. Since stations where

no chiorophylls were measurable would unduly bias the contribution of

carotenoids to the average proportional concentrations vector, we

excluded stations number 5 through 8. By averaging over the remain-

ing stations, we obtain from data in Table 1.2 the mean observed

proportional NECC of pigments vector

chl-a chl-b chl-c carot 0.630,0.041,0.226, 0. 103)(< >,< >,< >,.< >total total total total
(4. 6)

where the angle-brackets denote the average of the enclosed quantity.

By combining (4. 4), (4. 5) and (4. 6) we obtain, for each pigment,

its estimated concentration (gm/liter) and molarity in the pseudo-

chloroplast (Table 4. 1).

Table 4. 1. Estimated pigment concentrations and molarities
in the pseudochioroplast of a hypothetical model
of a phytoplankton cell (Figure 4. 1).

Pigment Concentration (gm/liter) Molarity

Chlorophyll-a 50.40 0.056439
Chlorophyll-b 3.28 0.003616
Chlorophyll-c 18.08 0.017186
Fucoxanthina 8.24 0.01253

aWe assume that the absorption spectrum of combined carote-.
noid pigments is closely approximated by that of fucoxanthin,
which is a major component of carotenoids in marine phyto-
plankton species found off Oregon (Small 1972; Mann and
Myers, 1968).
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4. 1.3 Cell Size Distributions

O'Conners (1973) measured size distributions of marine phyto-

plankton populations under varying environmental conditions. Figure

4. 2 illustrates some typical examples of his measured distributions,

all of which are skewed toward smaller sizes.

Deirmendjian (1969) discussed and used a convenient distribu-

tion function, the modified gamma distribution

p(a3) b1ra exp( -b2r) (4 7)

to describe spherical polydispersions. a and ' are positive real

constants which affect the skewness and shape of the function. The

constants b1 and b2 are given by

b°' Rj

2
b1

b a
2 yr c

where r = (a3-2. 5) m, r = (a3-2. 5) p.m, and a3 is the mode

radius of the distribution. The value of 2. 5 m occurs because we

have assumed that there are no cells having a smaller radius; this is

possibly too large a lower limit, but a smaller one severely compli-

cates the handling of internal cell structure.
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Equation (4.7) is normalized to unity, i.e.,

c

p(a3)da
0

so that the number concentration of particles of radius a3 is given

by the function

n(a3) Np(a3) (4.9)

where N is, the total number of particles per unit volume. In this

normalization we differ from Deirmendjian, who used, in our notation,

n(a3) as hi fundamental distribution function. We also differ from

Deirmendjian's development in our explicit retention of the dimen-

sional radius a3, which is motivated by the spectral nature of the

color problem; it is common practice in single-wavelength" scatter-

ing problems to use the non-dimensional radius

2iTa3
x=

It is possible to find values of a and ' which would give a

least squares fit to, for example, the data of Figure 4.2, but we have

no basis for assuming that the resulting distributions would be con-

sistent with our field observations. The effort is not worthwhile.

We will simply choose parameters a = 6 and ' = 1, which for
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4mode radii a3 3.0(0. 5)5. 0 .im, results in the curves of Figure

4. 3. The range of radii shown in Figure 4. 3 are not directly corn-

parable with the volumes in Figure 4.2, because the latter curves

show the measured volumes of a chain-forming species of phyto-

plankton. If we desired to make a quantitative comparison of the

figures, we would first have to divide the volumes of Figure 4.2 by

the average number of cells per chain in order to compare the implied

radii of individual cells with Figure 4. 3. The qualitative similarities

in shape between the curves of Figures 4.2 and 4. 3 are sufficient for

the present problem, especially when we consider some of the other

approximations which we must make.

4. 1.4 Distributions of Inner Radii and Chlorotlast Volume Per Cell

It would indeed be remarkable if the amount of chloroplast per

cell, or the proximity of the chloroplasts to the outer cell wall did not

vary from cell to cell in any given phytoplankton population. We can-

not find any statistical data to guide us in assigning variability to these

parameters and must arbitrarily assume distributions.

For the radius a2, we will assume that for a fixed a3 the

ratio (a2/a3) is normally distributed with mean 0.90 and standard

deviation 0. 025, subject to the physical constraint that a2 < a3.

4The notation a3c 3. 0(0. 5)5. 0 means that the variable a3c is
made to take on the successive values 3.0, 3.5, 4.0, 4.5, and 5.0.
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We will assume that chioroplast volume per cell (Vcp) is, for

all values of a2 and a3, normally distributed with mean

3 x i014 liters/cell (approximation (4. 5)) and standard deviation

0.25 x 10 liters/cell.

The core radius a1 is always obtained as

3 1/3a1 (a2 0. 238?3v ) . (4. 10)cp

4. 2 Spectra of Complex Refractive Indices of the
Three-Layered Cell

The optical properties of each kth layer of the cell model are

described, at each jth wavelength, by the complex refractive index

relative to water

m . = n .kj kj

The physical significance of the real and imaginary parts of the com-

plex refractive index is discussed in many texts, including Born and

Wolf (1970), Kauzmann (1957), van de Hulst (1957), Ditchburn (1963)

and Kerker (1969). The real part is, in general, related to

the refractive index defined by Snells Law, and equal to it for non-

absorbing materials (Ditchburn, 1963, Ch. 15). The imaginary part

(ni.) is zero for non-absorbing materials and positive for absorbing

materials.
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For the present problem, we are interested in the complex

refractive indices of each cell layer relative to the refractive index
Am . of water. We shall denote refractive indices relative to a4j

vacuum (m = 1 - iO) as . and those relative to water as

Am m /m . (4.11)
kj kj 4j

4. 2. 1 The Refractive Indices of the Vacuole and Outer Shell

Since we have assumed that the vacuole and outer shell are made

of non-absorbing material, the refractive indices of these layers will

be real. If we further assume the optical properties of these layers

to be similar to those of natural oils and waxes, and to those of silica,

we may take

Am . = m = 1.45 1.0.0 (4. 12)lj 3j

where we have neglected any wavelength dependence. From (4. 11)

it follows that

m . = m . 1.45
, (4. 13)lj 3j m4

which values are given in Table 4.2.



101

Table 4.2. Spectra of real refractive indices of
the vacuole (m1) and frustule (m3),
and the complex refractive indices of
the pseudochioroplast (m2 = n2- ink),
relative to water (1c4) for the three-
layered cell of Figure 4. 1.

X(nm) m1Zm3 n2 -n m4

422.5 1.010 1.0766 9.0362 1.31413
427.5 l.ot;14 jf,745 -0.0416 1.3409
1432.5 1.1,515 1.0833 -0.0472 1.3/4014
1437 5 1 .0620 1 .0922 -0 .1j447 1 3401
4142.5 1 .0823 1.09145 -0.0351, 1.3395
447.5 1.0825 1.1,953 -I,,'j310 1.3395
/452.5 1 1,57 1.1021, -lj .0258 1.3392
1457.5 1.0835 1.1028 -o.1j222 1.3389
1162.5 j.1j532 1.1093 -0.0157 1.3386
467.5 1.0835 1.101/4 -0.01/48 1.3382
472.5 1.0838 1.1005 -1,.0111 1.3319
477.5 1.08/10 1 .1j999 -0.1,1,92 1.3376
482.5 1.08/43 1.1,992 -0.0083 1.3373
457.5 1.0645 1.0987 -0.1,1,79 1.3370
'192.5 1.1,447 1.0981 -0.0077 1.3368
1497.5 1.08/iS 1.0976 -r,.rj076 1.3366
502.5 1.ObSO 1,1,971 -0.01,75 1.3364
507.5 1.0852 1.1,966 -0.1,014 1.3362
512.5 1.0653 1.0962 -0.007/4 1.3360
517.5 1.0855 1.0957 -0.0075 1.3358
522.5 1.0857 1.0953 -0.0073 1.3356
521.5 1.0858 1 .1,9Lj5 -0.0069 1.33511
532.5 1.0860 1 .09/44 -0.0065 1.3382
537.5 1.0861 1.1,9/41, -0.01,63 1.3350
51i2.5 1 .,553 1.0935 -0.0061 1.33118
5/47.5 1.0865 1.1,931 -0.01,56 1.33146
552.5 1.1,666 1.1,926 -0.0052 1.3344
557.5 1.0868 1.1,926 -0.0051 1.3342
562.5 1.0870 1.0926 -0.0053 1.33'iO
531.5 1.0871 1.0926 -0.1,057 1.3338
572.5 1.0873 1.0934 -0.0061 1.3336
577.5 1.0874 1 .1j943 -1j.0067 1.3334
582.5 1.0876 1.1,953 -0.0071 1.3332
587.5 1.0878 1.0962 -0.0071 1.3330
S92.5 1.6379 1.0969 -0.01,58 1.3329
597.5 1.1,819 1.0970 -0.0066 1.3328
602.5 1.0860 1.0969 -0.0068 1.3327
607.5 1.0861 1.0966 -0.0075 1.3326
612.5 1.0882 1.0960 -0.01,37 1.3325
617.5 1.0883 1.0955 -0.01,97 1.3323
622.5 1.088/4 1.1,947 -r,.0l(,4 1.3322
627.5 1.1,865 1.0938 -0.011,5 1.3321
632.5 1.1,856 1.0931 -0.011,/4 1.3320
637.5 1.0387 1 .f)93rj -0.0101 1.3319
6/42.5 1.0888 1.0924 -0.01,03 1.3318
6111.5 1.0888 ).1j905 -0.0113 1.331?
652.5 1.089') 1.0882 -0.01/4/4 1.3315
657.5 1.0891 1.0852 -0.0212 1.331/4
662.5 1.0692 1.0573 -0.0s00 1.3313
651.5 1.08)2 1.1030 -0.0410 1.3312
672.5 1.1,8/3 1.1132 -0.1,269 1.3311
677.5 1.1,89/4 1.1125 -0.0169 1.3311,
632.5 1.0396 1.111,2 -0.01,99 1.3208
667.5 1.0697 1.1083 -0 .01,144 1 .3307
092.5 1.1,897 1.1968 -0.j016 1.331,6
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4. 2. 2 The Complex Refractive Indices of the Pseudochioroplast

The presence of pigments in the pseudo chloroplast (Figure 4. 1)

complicates the spectral behavior of m2.. At light frequencies near

a strong absorption band of any material, both the real and imaginary

parts of the complex refractive index vary significantly with changing

frequency. For example, if the absorption spectrum of a material

were to vary as illustrated in Figure 4. 4a, the real (n) and

imaginary (n) refractive indices would vary similarly to the curves

in Figure 4. 4b.

Wavenumber (cm')

Figure 4. 4. Qualitative behavior of refractive indices at wavenumbers
near a strong absorption band.
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It is more convenient to compute complex refractive indices in

terms of wavenumber v rather than wavelength . The two are

related by
7

10 -1cm

where X is in nm.

We have estimated the spectra of n2(v) and n(v) by the

procedures outlined below. Molecular weights and specific absorption

spectra ak(v) were obtained from the literature for chlorophyll-a

(Richards, 1952; Vernon, 1960; Smith and Benetiz, 1955), chlorophyll-

b (Vernon, 1960; Harris and Zscheile, 1943; Smith and Benetiz, 1955),

chlorophyll-c (Richards, 1952; Jeffrey, 1963, 1968; Jeffrey and Shibata,

1969), and fucoxanthin (Garside and Riley, 1968; Richards, 1952;

Karrer and Wurgler, 1943). Each ak(t) spectrum was converted

to the equivalent molar extinction spectrum Ek(v) and segmented

into its several major absorption bands. Then, for each .th

absorption band of each kth pigment (Table 4. 3) we computed:

1) The molar oscillator strength

2303m c2 00

e
E (v)dv (4. 14)fi =

2 00k2Ne
0

where m is unit electron mass, e is unit electron
e

charge, c is the speed of light and a vacuum, and N
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is Avagadro's number (Kauzmann, 1957). The integral

SEdv was evaluated numerically, in each instance, using

Simpson's composite formula.

2) The oscillator wave number , which is the weighted

mean of the Nkl wave numbers over which numerical

integration was performed, i.e.

Nk

1

(4. 15)

where the weighting coefficients are defined as

and where

E (v)
k iw.

I N

E

(v)
k i

i= 1

Nk

w

3) The damping coefficient

max Ek Ekvdv (4. 16)

where max E is the maximum extinction coefficient of
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the absorption band (Chako, 1934).

Table 4.3. Pigment index identification.

Pigment 'k"

Chlorophyll-a 1

Chlorophyll-b 2
Chlorophyll-c 3
Fucoxanthin 4

In vivo absorption spectra are known to be shifted in wavelength

from those observed when the pigments are dissolved in organic sol-

vents. The absorption spectrum of chlorophyll-a, for instance, is

shifted +10 nm in wavelength at the peak of the 663 nm absorption band.

Approximately half of this shift is attributed to scattering, and the

other half to protein and lipid associations with the chlorophyll

riolecules in the chloroplast (Rabinowitch, 1951, p. 635ff;

Rabinowitch, 1956, p. 1841ff; Allen, 1964; Mann and Myers, 1968).

On this basis, we assume for all the chlorophylls, a wavelength shift

due to protein and lipid associations of +5 nm at 663 nm, or equiva-

lently -112.9 cm' at all wave numbers.

Observed in vivo shifts of fucoxanthin's absorption spectrum are

much larger. If we assume that the shift attributable to scattering

is the same as for the chlorophylls (-112.9 cm'), we may attribute

a wave number shift of = -1821.8 cm' in fucoxanthin's

absorption spectrum to associations between the pigment molecules
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and proteins and lipids in the chioroplast (Rabinowitch, 1951, p. 656-

657, p. 732ff; Mann and Myers 1968).

The molar absorption spectrum Ek(v) of each pigment was

shifted thus and then multiplied by the molar ity at which that pigment

is assumed to exist in the pseudochloroplast (Table 4. 1). We then

found the composite absorption spectrum et(v) of the chloroplast

materials by adding the contributions of each of the four pigments

(Figure 4. 5).

The oscillator wave number of each pigment absorption band

was similarly shifted to its estimated in vivo value, i.e.

Vk = +

The in vivo oscillator strength of each pigment absorption

band was estimated as

= Mkf (4. 17)

where Mk is the assumed molarity of the kth pigment in the

pseudochioroplast (Table 4. 1).

The oscillator strengths computed with Equation (4. 14) and

(4. 17) pertain to the pigments dissolved in acetone, which has a

refractive index relative to a vacuum of approximately 1. 36 (CRC

Handbook). We have assumed that the refractive index relative to a
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vacuum of the cell materials in which the pigments are contained is

approximately 1.45. Chako (1934) derived a theoretical adjustment to

account for differences in solvent refractive indices, but his experi-

ments and those of Mulliken and Reike (1941) show poor agreement

between theory and observations. Fortunately, the theoretical adjust-

ment is negligible in the case at hand, suggesting that the difference

between solvent refractive indices of 1.36 (acetone) and 1.45 (cyto-

plasm) is not significant for pigment concentrations of the order con-

sidered here (Table 4. 1).

Estimated in vivo oscillator parameters v, f and are

collected in Table 4.4. The absorption bands are arranged in order

of decreasing wave number and have been reindexed over

= 1, Z, . . . , 16; the pigment with which each band is associated is

indicated in the far right-hand column. Two weak bands of chloro-

phyll-b have in vivo oscillator strengths less than 0.001 and were

omitted from Table 4.4.

The complex refractive index 1c12(v) is related to the oscil-

lator parameters f, v, and through the Lorentz-Lorenz

equation

2
16

m2(v)-1 Ne (4. 18)Z 2irm c (v -v
e 1
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Table 4.4. In vivo oscillator parameters for combined phytoplankton
pigments.

Band
Index

-1v. (cm ) f. -1y. (cm )
Pigment/Band

1 35747 0.002 2072 fuxn/1
2 31237 0.004 5795 chl-b/1
3 30271 0.001 2584 fuxnl2
4 28630 0.043 2142 chl-a/1
5 28058 0.023 2829 chl-c/l
6 25748 0.022 935 chl-a/2
7 24364 0.023 760 chl-a/3
8 23887 0.005 739 chl-c/2
9 23128 0.031 786 chl-a/4

10 22381 0.026 1143 chl-c13
11 22208 0.004 1185 chl-b/2
12 21293 0.020 3174 fuxn/3
13 17571 0.002 1208 chl-c/4
14 17160 0.009 1376 chl-a/5
15 15702 0.001 403 chl-c15
16 15008 0.010 309 chl-a/6
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where N = N x 10 and the other terms are defined previously.

Separating (4. 18) into its real and imaginary parts, we obtain for
An2(v) R(ii2(v)) the equation

16 2 2 1/2

2(v) = n2 + 1 - (v) Ne2
2

f(vv
2

(4. 19)
rrmc (v -v )+v

2 AZwhere n is the contribution to n2 by absorption bands at wave

numbers far away from the region of interest. To be consistent with

our choice of and m3, we have assumed that

- 1 = 1. 1025.

We may determine n(v) = Im(ii2(v)) directly from the total

extinction spectrum Et(V) (Figure 4. 5) as (van de Hulst, 1957,

p. 267)

A
2. 303

n(v) (4.20)

and substitute the result in (4. 19).

After completing the foregoing calculations, we interpolated the

resulting i2(v) spectrum to our standard wavelengths and used

Equation (4. 11) to determine the spectrum of complex refractive

indices relative to water m . = n . - in'. (Table 4. 2 and Figure
Zj 2j

4.6). This result, together with the size distributions of Section 4. 1,
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gives sufficient data to calculate the spectral light scattering proper-

ties of polydispersions of the spherical cells (Figure 4. 1) in water.

4. 3 Spectral Scattering and Absorption of Light by a Single
Three-Layered Sphere Containing Pigments

We must now calculate the scattering properties of the spherical

cell model (Figure 4. 1). Fortunately, there is an exact solution to

the differential equation governing the scattering of light by a

spherically symmetric particle. The solution is generally credited to

Mie (1908), hence the name "Mie scattering," but see historical

reviews in van de Huist (1957) and Kerker (1969) for other contribu-

tions to the problem. The Mie scattering solutions for homogeneous

and stratified spheres and algorithms for numerical computation of

the resulting functions are outlined in Appendix E. The problem is

discussed more completely by Born and Wolf (1970), Kerker (1969),

Deirmendjian (1969) and van de Hulst (1957). The extension of the

solution to a three-layered sphere follows Kerker (1969, Ch. 5).

Thus far, we have characterized light by its intensity, wave-

length, and direction of propagation. This is not enough information

to calculate the scattering of light by a particle; polarization and

phase must also be specified for both the incident and scattered

fields.

In the present section we will first consider scattering of a
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linearly polarized light field by a single three-layered spherical

particle. The particle is centered at the origin of spherical coordi-

nates (r, 0, cf) as illustrated in Figure 4.7. The incident field is a

plane wave propagating in direction 0 = 00 and characterized by the

electric field vector E?, where Tj denotes wavelength. E?

is in the vertical plane (4 = 0°) and is orthogonal to the direction of

propagation.
x

Figure 4.7. Geometry of the Scattering Problem.

The plane through the origin which contains the incident direc-

tion (0°, 0°) and any direction (0, ) in which light is scattered is

called the scattering plane. The scattering angle 0 is always

measured from the 0 = 00 axis in the scattering plane. Directions

1111 and 2" are defined to be orthogonal to the direction of propaga-

tion, and respectively, perpendicular and parallel to the scattering
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0plane. The components of E. and E1.(4))
I

E. sin 4) and

E. = E?I cos 4), and the components of the field scattered in

direction (0,4)) are E1.(0,4)) and E2,(0,4).

Once we have described the scattering functions for a linearly

polarized incident field, we shall generalize the results for incident

light of arbitrary polarization by using the Stokes vector representa-

tion. We will describe extinction, absorption and total scattering due

to the particle by appropriate cross sections. Finally, we will con-

sider a numerical example of scattering by a single three-layered

sphere.

4.3.1 Scattering of Linearly Polarized Light by a Single Sphere

If a single spherical particle is irradiated by a linearly polarized

electromagnetic wave E? (Figure 4. 7), a spherical scattered wave

will propagate outward from the particle with amplitude inversely

proportional to radial distance. The electric field amplitudes of the

scattered wave, E1.(0, 4)) and E2.(0, 4)) are given by

1.=
k r exp i(-k r+ t)S .(e )E(4))4j j lj4j (4.Z1)

i 0E2.(0, k r exp i(-k .r+.t)S (0 )E (4))4j J Zj s4j

where 5 (0) and Sj(0s) are complex amplitude functions

describing the scattering properties of the particle in directions Ti?
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and '2" (Appendix E), k4. = m. is the propagation constant of

the medium containing the particle, is the radian frequency of

light of wavelength X., "j" denotes wavelength, and i (1)u/2.

In general, Sk. E., and Ek. (k 1,2) are complex, each

having both ampitude and phase.

The field intensity I. of an electromagnetic wave is pro-

portional to the squared modulus of its electric field amplitude, i.e.,

Ek.Ek. (k = 1, 2) where the asterisk denotes the complex conjugate

(Born and Wolf, 1970, p. 33, p. 652). If we define scattering intensity

functions

i .(0 ) = S .(0 )S .(0lj S lj S lj S

(4. 22)
*

(e )=S .(o )S .(O2j s 2j s s

we may multiply each side of (4. 21) by its complex conjugate and sub-

stitute from (4. 22) to obtain the field intensity distributions of the

scattered wave as

-2.
1.I' .(r, 0, ) = (k4.r) .(0)I.()

13

(4. 23)

2i .(O )I().I'.(r,0,) = (k4,r) 2j

The incident irradiance components are given by
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I(4)
0 2= I. sin 4)

3

(4. 24)

I
o 2

.(4)) I. cos 4)

3 3

where is the total irradiance incident on the sphere.
3

The intensity of the scattered light field is also sometimes

expressed in terms of scattered radiant intensity I" (energy flux

per unit solid angle), obtained as

2
I r I' -

With that substitution Equations (4. 24) become

Iti (0
4)) = k2i .(O )I.(4))lj 4j lj s

(4. 25)
2

I"(0,4)) = k4.i2.(e)I.(4))2j

4.3.2. The Stokes Vector Representation of the Scattering of
Arbitrarily Polarized Incident Light

Light of arbitrary polarization may be represented by the modi-

fied Stokes vector (I' ., I' ., U., V.), where I . and I' . arelj Zj j 3 lj
spectra measured in any two fixed, mutually perpendicular directions

of polarization, and U. and V. describe the phase relationships

between the electric field components, E and E ., of thelj 2j
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electromagnetic wave (van de Hulst, 1957, Ch. 4 and 5;

Deirmendjian, 1969, p. 57ff; Chandrasekhar, 1960, p. 24-35).

Using this representation of the light fields, we may express both the

radiant intensity and phase relationships of the scattered wave with

the single matrix equation

r. .(0 ) 0 0 0 -1
[ I'.()1lj Iii S

-2 i (0 ) 0 0

3j s 4j j j 1

2j s

U.(0, ) 0 0 i (0 ) -i (0 )

'(43
I

0 0 i. .(o ) i. .(e )I I v?)V.(0c)]
L

4j S 3j 5J L 3

(4. 26)

The scattering functions i3. and i4. describe the phase shifts

associated with the scattering process and are given by

i .(0 ) = [i .(0 )i .(0 )]1 /2 cos 6.3j s lj s 23 S 3

.(e ) = {i .(e )i .(0 )J1 /2 sin 64j s lj s 2j s j

(4. 27)

where 6. is the phase difference between the amplitude functions

S1.(0) and S2.(0) (van de Hulst, 1957, p 35-36; Deirmendjian,

1969, p. 72ff).

Natural light is by definition unpolarized with modified Stokes

parameters = IY and U. = V. = 0 independent of thelj Zj Zj 3 3

choice of measurement axes "1" and "2." The total radiant intensity
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natural light, to

118

IY(0, 4)) = [i1.(0)+i2.(0)JI? (4. 28)

where 0 = 0 for all 4).
The scattered field is, in general, par-

tially polarized with degree of polarization (van de Huist, 1957,

p. 129)

i .(0 )-i .(0
lj S 2] S (4.29)p.(0)

i. (0 )+i (0lj s Zj

Because of the polarizing effect associated with scattering,

polarization may never be neglected in multiple scattering problems,

even in the special case of incident natural light. This is not a

severe handicap, though, for partially polarized light may always be

expressed as a linear superposition of natural light and purely

polarized light (Chandrasekhar, 1960, p. 24-3 5).

4.3.3 Extinction, Scattering and Absorption Cross Sections and
Efficiencies for a Single Particle

The scattering cross section of a particle is defined as the area

on which the incident energy flux equals the total amount of energy

scattered by the particle over all angles (0,4)). The cross sections

for absorption C . and extinction C . are defined simi-abs,j ext,j
larly. The scattering cross section may be calculated as (van de Hulst,
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1957, p. 12-13, p. 127)

c . = \ [j (0 )+i .(e )] 0 dO . (4. 30)sca,j Ij s 2j s s S

The wave scattered in the forward direction (0 00) inter-

feres with the incident wave and produces the particle's "shadow."

This quasi-shadowing represents the total light extinction associated

with the particle, so that C . is related to its forward scatter-
ext, 3

ing amplitudes S(0) by the equation (van de Huist, 1957, p. 30-3 1).

C . = 4k Re[S.(0)] . (4.31)ext,3 4j

In practice, C . and C are computed directly fromext,j sca,3
the Mie scattering coefficients anj and b. (Appendix E). The

absorption cross section C is then easily obtained asabs, j

C .=C .-C .. (432)abs,j ext,j sca,J

The cross sections C , C and C all have dimen-sca abs ext
sions of area. Van de Hulst (1957, p. 13) has defined non-

dimensional extinction, scattering and absorption efficiencies Q. as

the respective cross sections divided by the geometrical cross section

of the particle, i.e. , in the case of the spherical cell of Figure 4. 1
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Q .0 ./Traext,3 ext,j 3

2
Q .0 ./11asca,j sca,j 3

(4.33)

2
Qabs,j abs, /a3 3

Nearly all the references cited preferentially report scattering

results in terms of efficiencies Q. In the present problem, however,

we will retain the more cumbersome numbers associated with the

dimensional cross sections C.; this choice is made simply because

it results in substantially fewer arithmetic operations in the overall

problem.

4.3.4 Spectral Mie Scattering Functions and Cross Sections for
a Single Three-Layered Sphere

Spectral Mie scattering intensity functions ik.(0) k 1,2,3,4,

and cross sections C ., C and C . were computed bysca,3 abs,j ext,j
the methods outlined in Appendix F for a single three-layered cell

(Figure 4. 1) of the following dimensions:

a14.38m a24.5i.m
- 14

a3 5.0 m v = 3 c 10 liters/cell.cp

The complex refractive indices of each cell layer

(m ., m ,, m .) was taken from Table 4. 2. The refractive index oflj Zj 3j
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the surrounding medium was taken as m4 = 1. 00 - 10. 00.

For reasons of economy, the calculations were carried out only

at a selected 34 of our 55 standard wavelengths This expedient does

not appear to have masked any spectral detail.

The scattering functions were computed for each wavelength,

at the 91 angles B = oo(lo)loo(loo)lloo(lo)l800. Figure 4.8 shows

the angular distributions of the average scattering intensity function

( i1. + i2.)

for wavelengths X 432.5, 552.5 and 667.5 nm. At all three wave-

lengths, the functions show the general behavior and oscillations

characteristic of published scattering intensity functions for other

kinds of single spheres: homogeneous and two-layered absorbing

and non-absorbing (van de Hulst, 1957; lJeirmendjian, 1969; Fenn and

Oser, 1965; Kerker, 1969; Brunsting and Mullaney, 1972).

At any single wavelength, then, there seems little to distinguish

the scattering by pigment bearing stratified cells from scattering by

any other spherical particle. Nor does the general shape of the angu-

lar distribution of scattering intensity vary markedly from wavelength

to wavelength. However, when we examine the spectra of the

particle's extinction, scattering and absorption cross sections, and of

its scattering functions and degrees of polarization at fixed angles,

we find remarkable wavelength dependencies.
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Figure 4. 8. Angular distributions of scattering intensity
i1(O+ i2(05)

in
2

for a single three-layered sphere of 5 p.m outer radius
at wavelengths X 432.5, 552.5, and 667.5 nm.
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The spectra of extinction, scattering and absorption cross

sections of a single cell of 5 im radius are illustrated in Figure 4. 9.

All three spectra show significant wavelength dependencies. Interest-

ingly, the major absorption bands at 432.5 and 467. 5 nm (cf. Figure

4. 5) have no visible manifestation in the extinction spectrum. The

apparent effect of increased absorption cross sections in these bands

is to decrease the scattering cross sections at the same wavelengths.

As a result, we do not observe the peaks in the extinction spectrum

which would be associated with any superposition of independent

scattering and absorption mechanisms.

The transmission spectrum of the cell is obtained with the Beer-

Lambert Law as

L. L exp(- C .dzldv)
j ext,3

where dz and dv are unit pathlength and volume respectively.

In Figure 4. 10 are shown the spectra of average scattering

intensities

.(O )+i .(O )12 lj s 2j s

for scattering angles 0 = 100,400,900, 135°, 155°, 165°, and 175°.
5

All these spectra show marked wavelength dependence, but the varia-

tion of spectral shape with scattering angle does not appear well-

behaved,
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In the near forward direction at Os
= 100 (Figure 4. lOa) the

scattering minimum at 460 nm would, if superimposed on the trans-

mission spectrum of the cell, yield an apparent extinction spectrum

with a maximum shifted somewhat to the right of the blue absorption

band (Figures 4.5 and 4.9). This is qualitatively consistent with

enhanced extinction spectra observed with an opal glass diffuser (Sec.

3.2.4) which optically integrates the spectra of light scattered over a

broad forward cone.

The backscattering spectra (Figures 4. lOd, e, f, and g) all

show greatest average intensities in the blue to green region of the

spectrum. The simplest spectral structure occurs at 8 175°

and would produce a blue, or slightly blue-green color. The other

three backs catter spectra contain strong intensity peaks which would

combine to produce visual colors ranging from blue -green to green.

Except for Figure 4. lOg, all of the curves have a significant

local minimum between 450 and 475 nm. There are so many maxima

and minima in some of the spectra, however, that it is unclear

whether this particular minimum is associated with the blue absorp-

tion band of the pigments. All of the spectra show a local minimum

between 570 and 590 nm, and another between 660 and 690 nm. Again,

it is unclear whether either of these minima may be attributed to

absorption in any particular band.

In Figure 4. 11 are illustrated the degree of polarization spectra
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Figure 4. 11. Spectra of degrees of polarization for a
single three-layered sphere of 5 i.m outer
radius at scattering angles:
o = 100,400,900, 135°, 155°, 165°, and 175°.
S



I.0

Li. Z .5oQ
LiJN 0

-0.5
0

-I.0

1.0

z
.5

LiJ_ 0

(0<UJj0 -0.5
a-

-1.0

z
0

(0<LiJJ -00
a-

100

A.

z

I-
WN

0 o -c
a-

WAVELENGTH (NM)
c.

.0

z .5
ti0°

0

-1.0

450 500 550 600 650 700

WAVELENGTH (NM) C

WAVELENGTH (NM)

In

z .5

w< 0
UJN

LiJ -0500
a-

- In

z
.0

1<

a-

131

B.

:400

WAVELENGTH (NM)
D.

135°

([fW
I I

450 500 550 600 650 700

WAVELENGTH (NM)

WAVELENGTH (NM)
G.

WAVELENGTH (NM)



132

for the seven scattering angles discussed above. Forward scattered

natural light remains nearly unpolarized at all wavelengths, for

scattering angles as large as 100 (Figure 4. ha). At scattering angles

of 40° and 900, degrees of polarization of magnitudes up to ±0. 5 are

introduced as fluctuating functions of wavelength. Throughout the

backscattered light field, degrees of polarization fluctuate widely as

functions of wavelength. The several backs catter spectra are not

related to each other in any obvious way (Figure 4. lid, e, f, and g).

This numerical example demonstrates that scattering of light

by a single three-layered pigment-bearing cell is a wavelength

dependent process. Spectra of scattering and absorption cross sec-

tions of the particle are clearly related to the pseudochloroplasts

absorption spectrum (Figure 4. 5). However, the spectra of scattering

functions and degrees of polarization vary as complicated functions of

scattering angle and do not show any strong similarities to either the

absorption or complex refractive index spectra of the pseudochloro-

plast. We will find that the corresponding spectral functions of poly-

dispersions of such cells may be more easily related to the cell's

optical properties and vary more systematically with 0.

4. 4 Spectral Mie Scattering by Polydispersions of Pigmented,
Stratified, Spherical Cells

We will use simple rules of additivity to extend Mie theory to
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include scattering by polydispersions of particles. In order to do this,

we must neglect multiple scattering and assume that all pairs of

particles are far enough apart to preclude near-field scattering inter-

actions.

The reasonableness of the single-scattering assumption depends

both on particle concentration and on the optical dimensions of the

scattering volume. Concentrations of particles in the sea are much

lower than in most laboratory cell suspensions, so our assumption is

reasonable from that standpoint. Furthermore, we may formulate the

problem in terms of conceptually isolated volume elements small

enough that only a single scattering is important. Then, although it is

beyond the scope of the present study to do so, we may superimpose

re-scattering of light incident from all surrounding volume elements

in the medium. This process is reiterated in a series of successive

approximations until all significant scattering orders are accounted

for. This is the natural solution to the radiative transfer equation

(Preisendorfer, 1965, p. 69ff). In this context, the extensions of

Mie theory outlined in this section are quite generally applicable to

scattering by polydispersions of particles in the sea.

4.4. 1 Additivity of Scattered Lgt Fields and Cross Sections for
Monodispers ions and Polydispersions of Particles

In any direction but 0 = 00 (Figure 4. 7) there are no fixed
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phase relationships between light fields scattered by the different

particles in a randomly dispersed suspension (van de Huist, 1957,

p. 31-32). Therefore, the scattered fields do not interfere and we

must add scattered intensities, rather than complex amplitudes. For

a monodispersion of N identical particles per unit volume, the

volume scattering function is therefore given (in m') by

P ,(O ) = Ni .(O ) ; . = 1,2,3,4 (4.34)
i3 S S

where in accordance with our usual notation, the subscript "j"

pertains to wavelength.

Since scattered intensities are additive, it follows from Equa-

tion (4. 30) that the scattering cross sections of the individual particles

are also additive. So for a monodispersion of N particles per unit

volume, the volume scattering coefficient is given (in m') by

b. = NC . . (4.35)
3 sca,j

In the Os
00 direction, fixed phase relationships exist

between light scattered by the individual particles, so that phase inter-

ferences do occur (van de Hulst, 1957, p. 3 1-32). Therefore, we

must add the complex scattering amplitudes S.(0), rather than the

intensity functions, and it follows from Equation (4. 3 1) that extinction

cross sections are also additive. For a monodispersion of N
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particles per unit volume, we obtain the volume extinction coefficient

(in m1) as

o.=NC . (4.36)
3 extj

Finally, from Equations (4.32), (4.35) and (4.36) it follows that

absorption cross sections are also additive. For a monodispersion of

N particles per unit volume, the volume absorption coefficient is

(in m')
ENC

j abs,j (4. 37)

We must now extend these results to a polydispersion of strati-

fied three-layered spheres (Figure 4. 1) distributed according to

functions

p(a1ja2,a3); p(a21a3); and p(a3).

The vertical bar (J) signifies that, for example, p(a1a2,a3) is

the distribution function of radii a1 given fixed values of a2 and

a3 (within intervals of width da2 and da3). The radii distribu-

tion functions are normalized such that

sooca3
a2

p(a1a2,a3)p(a2la3)p(a3)da1da2da3 = 1.

Therefore, for a total concentration of N particles per unit volume,
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there are, e.g. , Np(a3)da3 particles having radii in the interval,

da3.

The volume scattering, extinction and absorption coefficients

for polydispersions are given by the equations

,°°f-ba
)C (a,ab. = N

3
p(a1a2,a3)p(a2a3)p(a3 sca,j 1

2,a3)da1da2da3

(4.38)

°° a a2
a = N c c p(a1a2,a3)p(a2la3)p(a3)C (a ,a2,a3)da1da2daext,j 1j O'O

(4. 39)

raz
E = N j p(a1a2,a3)p(a a )p(a )C .(a1,a2,a3)da1da2da3

2 3 3 abs,

(4.40)

where N is the total number of particles per unit volume.

The volume scattering functions of the polydispers ions are given

by

a2
P'.(O )N

0 0
p(a1Ia2,a3)p(a2a3)p(a3)i .(0 ;a ,a2,a3)da1da2da3

S 1

(4. 41)

where = 1,2,3,4.

It is convenient to normalize the scattering intensity functions

with respect to total scattering over all angles (i.e. , with respect to

the volume scattering coefficient). Following Deirmendjian (1969) we
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may do this by defining four dimensionless scattering functions

4Tr (O
P .(O )

= S = 1,2,3,4, (4.42)
k2b4j j

where k4. is the propagation constant of the medium in which the

scattering particles are immersed (cf Sec. 4.3. 1).

By substituting from Equations (4. 38) through (4. 42) in Equation

(4. 26) we obtain the Stokes vector representation of light scattered by

a polydispersion as

L1.(O,4) r 0 0 0 1
[IjH3 13 5 II

L2.(0,) b. I p (e ) 0 0

U.(O, )1 0 0 p (0 ) -P .(O )i i
U0(

Zjs I4I ii
3j S 4j j

v.(e, 0) I
0 0 P .(0 ) P (0 )I I

3 ] L. 4j s 3j ]Li

(4.43)

where L1. and L2. are the radiance (intensity per unit solid

angle per unit projected sensor area) spectra of the scattered light

field measured at mutually orthogonal polarizations. Van de Hulst

(1957, p. 16) shows that the average radiance of a volume having pro-

jected area A1 in a medium which contains a polydispers ion of

scattering particles is

L = I'.
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It then follows from the equivalence of incoming and outgoing radiance

fields for extended media (Jerlov, 1968, p. 10-12) that

L =f i'

where A2 is the area of a sensor surface receiving radiance from

an extended medium over a unit solid angle. Finally, we obtain the

radiance per unit sensor area, as in Equation (4.43), simply by

setting A2 1.

For the special case of incident natural light, the radiance dis

tribution of scattered light is given by

b. P .(0 )+P2.(0
L.(O ) =

11 S (4. 44)is 41T 2 j

The quantity in brackets is called the normalized phase function, or in

Soviet literature, the indicatrix of scattering (Deirmendjian, 1969,

p. 73).

4. 4. 2 Computational Procedures and Approximations for Selected
Polydispersions of Three-Layered Cells

Mie calculations (Appendix E) were performed for many strati-

fied spheres (Figure 4.1) having different radii (a1,a2,a3). The

outer radius was stepped through values a3 2. 5(0. 1)8. 1 i.m.
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We experimented using Simpsonts formula at various step sizes

to numerically integrate over the assumed distribution functions of a1

and a2 (Sec. 4. 1.4) at each a3, but the huge number of calcula-

tions made the task impractical on the CDC 3300 computer. As a

compromise, therefore, we approximated the distribution of a2 at

each a3 by averaging Mie results for a2/a3 = 0.875 and 0.925.

The core radius a1 is calculated with Equation (4. 10), and its dis-

tribution at each (a2,a3) is determined by that of chloroplast volume

per call Vcp (Sec. 4. 1.4). Again as a compromise, this distribu-

tion was approximated by averaging Mie results at each (a2, a3) for

v = 2.75 x 10' and 3.25 x 1o'4 liters per cell.cp
The averages over the four abovementioned sets of inner radii

at each a3 were substituted for the inner integrations in Equations

(4.38) through (4.41). Denoting these averages by an overbar, the

four equations reduce to:

00

b. = NS p(a )C .(a )da
3 sca,j 3 3

a N p(a )C .(a3)da3
3 ext,j

(4.45)
00

NS p(a3)C (a3)da3abs,j

00

P'.(O ) = N p(a3)i.(0;a3)da3 ; = 1,2,3,4.
S
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Equations (4.45) were numerically integrated, using Simpson's

formula at a step size of 0. 1 p.m, to obtain the volume scattering,

extinction, and absorption coefficients, and the volume scattering

functions, for selected polydispersions of three-layered cells. Then,

the normalized volume scattering functions P.(e) were computed

with Equation (4.42).

We examined the five polydispersions described by the distribu-

tion function p(a3) of Equation (4.7) with a = 6, ' = 1, and

a3 = 3.0(0.5)5.0 FJ.m. These distributions are illustrated in Figure

4.3.

The integrals in (4. 45) were actually truncated at lower and

upper limits of a3 = 2. 5 and 8. 1 im. The algorithm with which we

compute Bessel functions averts serious roundoff errors only when the

magnitude of the imaginary part of the argument is less than five

(Ross, 1972; and Appendix E); this limits the maximum particle

radius for which we can compute Mie scattering coefficients to 8. 1 p.m.

The lower limit of 2. 5 p.m is the radius of the smallest cell which can

contain the specified chloroplast volume per cell (Sec. 4. 1.3).

Scattering functions 3 .(O ) and P .(O ) were evaluated in
S S

the angular interval from 155 ° to '-175°, which includes all scattering

angles corresponding to solar elevations at the ocean color ground

truth stations (Sec. 1. 5 and Appendix A). Test calculations showed

that, within this 20° interval, the scattering functions of
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polydispersions are adequately approximated by interpolation between

values at 0 155°(5°)165°(2°)169°(3°)175°.
S

The foregoing calculations were repeated for 16 of our standard

55 wavelength bands. These bands (Table 4. 5) were carefully selected

to adequately represent the spectral detail of the Mie scattering func-

tions P.(0) for each polydispersion.

Table 4.5. Wavelength bands for which Mie scattering
results were computed.

X. (nm) TTj X (nm)

1 422.5 30 567.5
2 427.5 36 597.5
3 432.5 42 627.5
5 442.5 45 642.5
8 457.5 48 657.5

10 467.5 50 667.5
17 502. 5 52 677. 5
24 537.5 55 692.5

4.4. 3 Mie Scattering Results for Selected Polydispersions of Cells

The calculations outlined in Section 4. 4. 2 were carried out with

the results presented below.

In Figure 4. 12 are illustrated the integrated volume extinction,

scattering and absorption cross sections (a./N, biN and E./N

respectively where N 4. 158 x io8 x NECC (total pigment)) for

the five polydispersions distributed as illustrated in Figure 4. 3.
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Figure 4. 12. Spectra of integrated extinction (a/N) scattering
(b/N) and absorption (/N) cross sections for
five polydispersions of three-layered spheres (see
text).
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As in the single particle example, scattering accounts for the

majority of total extinction. Another similarity to the single particle

case is that the major absorption bands of the pigments have no visible

manifestation in the extinction spectra of the cells. Again, the effect

of increased absorption in the main absorption bands seems to be the

reduction of total scattering over all angles at the same wavelengths,

so that the extinction spectrum appears to be unaffected by the

presence of strong absorption bands.

Scattering and, thus also, extinction increase markedly at all

wavelengths with increasing particle size. Absorption also increases,

though much less than scattering, with increasing a3. This latter

result is somewhat surprising because the overall pigment concentra-

tion is the same for all five polydispersions.

The peak in the absorption cross section spectra, and the

associatea minima in the scattering cross section spectra, occur at

precisely the wavelengths of the major absorption bands of the pig-

ments (Figure 4.5). We surmise from this result that the apparent

absorption band shifts" attributed to scattering by cell suspensions

are artifacts arising from attempts to estimate in vivo absorption

spectra by measuring transmission spectra integrated over the for-

ward scattering cone (Sec. 3. 2. 4 and 4. 2. 2). The calculations which

would be necessary to rigorously evaluate this question are beyond the

scope of the present investigation.
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In Figure 4. 13 are illustrated the normalized scattering

intensity spectra

P.(e ) f [p (o )+P .(e )]ij S Zj SJs
of each polydispersion at Os = 155°(5°)165°(Z°)169°(3°)175°. The

five polydispersions have more radii as indexed in Table 4. 6 (cf also

Figure 4. 3). The scattering intensity functions are much better

behaved with respect to wavelength and angle than are the correspond-

ing functions for a single sphere (Figure 4. 10). As we might expect,

the very narrow distribution of polydispersion 1 produces scattering

intensity functions which are less well behaved than those of the four

broader size distributions. Polydispersion 1 is also anomalous in its

modes of spectral variation with changing 0.

Table 4. 6. Identification indices and mode
radii a3c of five selected poly-
dispersions.

Index a (m)3c

1 3.0
2 3.5
3 4.0
4 4.5
5 5.0

All of the scattering intensity spectra are noticeably distorted

in the vicinity of the red pigment absorption band at 667.5 nm. On the
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Figure 4. 13. Spectra of normalized scattering intensity functions
- [P1.(o)+p2.(o)] for five polydispersions of three-

layered spheres (see text and Table 4.6). Scattering
angles e are listed in the legend under Figure 4.13a.
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contrary, distinctive effects of the stronger blue absorption band at

432. 5 nm are noticeable only in the spectra of the two largest size

distributions (Figure 4. 13d and e).

As the mode radius a3 increases, the scattering functions

change in two ways. First, relatively more of the total amount of

scattered light is backs catte red. (Recall that the scattering functions

P. are normalized with respect to scattering over all angles.) In

addition, the spectral distribution of light scattered at any given angle

changes significantly as a3 increases.

For polydispersions 2 through 5, the scattering spectra change

from a nearly white spectrum at 0 155° to spectra dominated by

short-wavelength energy at Os = 175°. If a small volume element of

any of these polydispersions were scanned through the sector from

155° to 175°, the apparent color would change continuously from

nearly white to blue-green. The corresponding color changes for

polydispersion 1, on the other hand, would be from white to yellow-

brown to reddish-brown.

The degree of polarization spectra for the polydispers ions of

Table 4. 6 are illustrated in Figure 4. 14. As with the scattering

functions, the polarization spectra of polydispersions are better

behaved than those of a single particle (Figure 4. 11). For polydis-

persions, the degree of polarization shows almost no wavelength

dependence, and very little dependence on O, except in the vicinity
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of the red (667. 5 nm) absorption band. Throughout most of the spec-

trum, polarization is slightly positive and decreases uniformly with

increasing mode radius a3. Near the red absorption band, sharp

fluctuations occur with respect to both e and wavelength. As the

mode radius increases, these fluctuations are damped and appear to

converge toward the level of the rest of the spectrum.

From these limited examples, it does not appear that measure-

ments of polarization spectra would be likely to yield useful informa-

tion about the cells. Nevertheless, spectral variations in degree of

polarization are large enough that they must be accounted for in any

multiple scattering model of ocean color,

In Chapter 5 we will incorporate the foregoing Mie scattering

results into ocean color model equations (3. 3) and examine theoretical

changes in the ocean color spectrum which result from changes in

concentration and size-distribution of marine phytoplankton.
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5. CORRELATIONS BETWEEN OCEAN COLOR SPECTRA
AND OCEANOGRAPHIC PARAMETERS

In the previous two chapters we discussed the extinction and

scattering spectra associated with concentrations of non-absorbing

particles, yellow substance, and marine phytoplankton. In this

chapter we will analyze how these three oceanographic parameters,

and sea water transparency as measured by Secchi-depth, are cor-

related with variations in the ocean color spectrum.

Our experimental data include ground truth measurements of

pigment concentrations (Tables 1. 2 and A. 4) and Secchi-depth (Table

A.3), each of which are paired with simultaneously, observed ocean

color spectra. We will heuristically assume that linear correlations

exist between these parameters and the principal components

(Y1, Y2, Y3, Y4) of the ocean color spectrum (Table 2.4). We will

then find multiple linear regress ion5 equations which give NECC of

total pigment <C> and Secchi-depth D as linear functions of Y,

i = 1,2,3,4.

Mueller (1972) reported regression results similar to those

of Sections 5. 1 and 5.2. However, those earlier results were

51n practice we used the iterative method of Fletcher and Powell
(1963) to find the multiple regression coefficients. The advantage of
this method over explicit multiple linear regression is that it avoids
inverting the covariance matrix of the independent variables.
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expressed in terms of the principal components of the W.-spectra,

rather than the R.-spectra (Sec. 2.5). Furthermore, Mueller

reported pigment concentrations as averages over Secchi-depth,

rather than as NECC values (Sec. 1.4). The results of the present

chapter supersede those of the earlier paper in all respects.

From a theoretical viewpoint, we will use model equations (3.3)

to generate ocean color spectra associated with various combinations

of oceanographic parameters

where

(K2, K3, <C>, a3, 0)

K2 - is the scaled concentration of non-absorbing particles.

Because of the scaling introduced in Section 3.2.2, K2 is

numerically equal to the volume scattering coefficient b2

which would be measured for a suspension of particles at

the concentration it represents.

K3 - is the concentration of yellow substance, measured on a

scale defined such that unit concentration is that required

to produce the extinction spectrum of Figure 3. 2 (after

Jerlov, 1968, p. 56).

<C> - is NECC of combined phytoplankton pigments and is related

to the number concentration of phytoplankters by the

assumed equation (Sec. 4. 1. 1): 1(4 = 4. 158 x 108<C>.
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a3 - is the mode radius (in micrometers) of the phytoplankton

cell-size distribution (Sec. 4.1.3).

0 - is the local zenith angle of the sun as adjusted, with

Snell's Law, for refraction at the sea surface.

We will first examine theoretical variations in ocean color spectra

which result when these parameters are varied one at a time. Then

from a randomly generated sample of variables (K2, K2, <C>, a3, 0),

we will calculate the corresponding sample of principal components

(Y1, Y2, Y3, Y4) in order to compare the variance distribution thus

obtained with that calculated from our observed sample of ocean

color spectra (Table 2. 2).

5. 1 Regression of Pigment Concentrations on the Principal
Components of the Ocean Color Spectrum

A multiple linear regression analysis was performed using

NECC of total pigments (Table 1.2) as the dependent variable and Y,

i = 1,2,3,4, (Table 2.4) as independent variables. The result was

<C>= 3.948 - 1.972Y1 3.216y2(+5.306y3) (5.1)

where <C> is net equivalent color concentration of total pigments

in mg/rn and where Y4 has been excluded from the analysis by

simultaneous confidence limit checks as explained below. The

squared multiple correlation coefficient is
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R2 = 0.76,

which indicates that the regression equation accounts for approxi-

mately 76% of the observed variance in <C>. The residual standard

deviation is

3
s 1.63 mg/rn

c.

Fishers F-statistic shows the regression to be significant at the

a 0.005 level.

Simultaneous confidence limits were calculated at various

confidence levels for the regression coefficients of Equation (5. 1).

The simultaneous 95% confidence intervals for the coefficients of Y1

and do not include zero. The 90% confidence interval for the

coefficient of Y3 includes zero, but the 75% confidence interval does

not. Even the 50% simultaneous confidence interval of the coefficient

of Y4 includes zero, which strongly suggests that <C> and Y4

are uncorrelated. We have, therefore, excluded Y4 from the

regression equation.

On the basis of confidence limits alone we might also exclude

from Equation (5. 1), but there is more to consider. In Figure

5. 1 each observed value of <C> is plotted at the location in the

(Y1, Y2) plane of the simultaneously observed ocean color spectrum.

Also shown are the contours of the regression planes calculated with
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Equation (5.1) for = (-0.2,0.0,0.2), which approximates the

range of observed Y3 values (Table 2.4). The shifts of the regres-

sion plane associated with variations in Y3 are clearly significant.

Moreover, when Y3 is neglected in (5. 1) the squared correlation

drops to

R2 = 0.66,

which is equivalent to a 10% reduction in the proportion of sample

variance in <C> accounted for by regression. It can thus be seen

that Y3 dependence does shift the <C> vs (Y1, Y2) regression

plane in a manner which measurably reduces residual deviations.

Furthermore, although Y3 accounts for only 2.4% of variance in

observed ocean color spectra (Table 2.2), its degree of linear cor-

relation with pigment concentration is sufficient to account for

approximately 10% of variance in <C>. This result suggests that

may be more closely related to phytoplankton concentrations than

to other oceanographic parameters which influence ocean color. On

this basis we retain Y3 in Equation (5. 1) even though its linear

correlation with phytoplankton pigment concentrations is not nearly

as statistically significant as are those of Y1 and Y2.

5.2 Regression of Secchi-Depth on the Principal Components
of the Ocean Color Spectrum

Because the parameters which affect the color of sea water also
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affect its transparency, we may expect, a priori, that Secchi-depth

D is correlated with the principal components of the ocean color

spectrum. A multiple linear regression analysis with D as

dependent variable and i = 1,2,3,4, as independent variables

gave the result

D = 7.93 + 2.01Y + 8.92Y2 (5.2)

where D is Secchi -depth in m and where Y3 and have been

excluded by simultaneous confidence limit checks as explained below.

The squared multiple correlation coefficient is

R2 0.80

which indicates that the regression equation accounts for approxi-

mately 80% of the observed variance in D. The residual standard

deviation is

5D,y1y2 = 2.6 m.

Fisher's F-statistic shows the regression to be significant at the

= 0.005 level.

Simultaneous 95% confidence limits on the coefficients of

and do not include zero whether Y3 and Y4 are included or

not. The 75% confidence limits on the coefficients of both Y3 and
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Y4 include zero, suggesting that these variables are uncorrelated

with D.

In Figure 5. 2 each observed value of Secchi-depth is plotted at

the (Y1, Y2) location of the simultaneously observed ocean color

spectrum, together with contours of the regression plane given by

Equation (5. 2). Perusal of the subsample of observations made by the

R/V JUDY K(triangles in Figure 5.2) suggests that we might analyze

these observations separately. This was done earlier by Mueller

(1972). Were we to present this analysis for the data in the present

form, we would find, as did Meuller, that D is primarily corre-

lated with Y1 alone for the JUDY K subsample and with Y2 alone

for the CAYUSE subsample. Nevertheless, the overall regression

results for the entire sample are comparable to those reported by

Mueller for the CAYUSE subsample alone (s 2.2 m; R2 0. 82).

We feel justified, therefore, in reporting only the overall regression

Equation (5.2).

5. 3 Theoretical Correlations Between Oceanographic
Parameters and the Ocean Color Spectrum as

Predicted by the "Two-Flow" Radiative
Transfer Model of Ocean Color

Our discussions in Chapters 3 and 4 showed that the ocean color

spectrum may be influenced by phytoplankton size distributions, by

concentrations of yellow substance and non-absorbing particles, and
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by solar elevation, as well as by concentrations of phytoplankton

pigments. We have no data, other than pigment concentrations, with

which to empirically examine correlations between these parameters

and ocean color spectra, but we can describe variations in theoretical

ocean color spectra which result from independently varying each

parameter in model equations (3.3). We may thus, within the limita-

tions of the "two-flow model, assess the relative importance of each

oceanographic parameter with respect to ocean color. Additionally,

we will compute the distributions of variances between the principal

components (i = 1, 2, 3,4) which result when randomly generated

samples of variables

(K2, K3, <C>, a3c, 0)

are substituted, with varying ranges of concentrations K2 (non-

absorbing particles) and K3 (yellow substance), into model equations

(3. 3). The extent to which the theoretical variance distributions agree

with that of the observed sample of spectra (Table 2. 2) provides one

indication of how plausibly the "two-flow" model represents the physi-

cal processes which create the ocean color spectrum.

We will estimate the contributions by phytoplankton to model

equations (3.3) from the results in Chapter 4. Since the specific

extinction spectrum a4 of phytoplankton (per unit NECC of
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pigment) varies as a function of size distribution (Sec. 4. 4), it is

convenient to define coefficients A. (i = 1,2,3,4; k = 1,2, . . . , 6)

55
K

Aik e e a ; (k = 1,2,3,4),
L1 ij kj 4j
j= 1

55
K4

e MaA.
L ii j4j'iS <C>

j

55K
A.6 <> e a , (5.3)

L ij 4j
j= 1

which are functions of mode cell radius a , i. e.

A. A.k(a ).ik i 3c

Similarly, since the spectral volume scattering functions 34.(0) of

phytoplankton populations are functions both of scattering angle and

cell size distributions, it is convenient to define coefficient 13.

(i = 1,2,3,4)

55
K

B. = e (0 ) (5,4)
L1 ij 4j
j= 1

which are functions of scattering angle 0 and mode cell radius

a , i.e.,
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B. B.(O , a
I S

The numerical contributions to Equations (3.3) due to extinction

and scattering by pure water, non-absorbing particles, and yellow

substance are compiled in Tables 3.2 through 3.4 respectively. Sub-

stituting from those tables, and from Equations (5.3) and (5.4), into

Equations (3. 3) we obtain the result

0. 11883
-0. 07428
0. 02605 +

0. 00336

-0. 07428
0. 12338

+ -0.05082 +

-0. 03392

+

+

0. 02605
-0. 05082
0. 12495
0.06891

0. 00336
-0. 03392
0.06891

0. 11644

+

K2 0.06234 A11

0 0. 02624 A21

0
+ 0.02214 K3 +

A31
<> Yl

0 0.00459 A41

o 0.02624 Al2
K2 0.04005 A22

0
+ 0.03418 K3 + A32 <> Y2

0 -0. 00883 A42

0 0.022141 A13

0 0.034181 A23

K2
+ 0.08366j K3 + A33 <> Y3

0 -o.o5iiJ A43

ro.004s rA141

+ + K+i <C>
0 . 008831 jAZ4I

}
0

I
0 05119 3

LA44]



where

ro. 558721
0.199121

{ G(0, 0 )T(O )
0 S 151243

L. 601'6i

+ G(O, 0 )T(O
0 S

0.00731
0.00128
0.00468
0. 00042

A16

A2
+ G(0,O

0 A36

A46

1. 43768
0. 035 11

1.30660 K2

0.21190

:o. 55672
0.53124

-0. 11043
:0. 07410

A15

A25
<C>A35

A45

T(0) (0.5 + 1.73 cos 0 + 1.5 cos2O
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0. 33675
0. 10010
0:19093 K3

0.01692

5.3, 1 Contributions by the Extinction and Scattering Function
Spectra of Phytoplankton Populations to the hTwoFlow
Ocean Color Model

(5. 5)

The estimated specific extinction spectrum a4 is equal to

the integrated extinction cross -section spectrum illustrated in Figure

4. 12a for the mode cell radius a3 which corresponds to the size

distribution function of a given phytoplankton population. These

values of a4. , when substituted into Equations (5.3), give the

values of Aik (i = 1,2,3,4; k 1, 2, . . . , 6) plotted in Figures

5.3a through 5.3d.
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Figure 5.3. Coefficients Aik (i 1,2,3,4; k = 1,2,... ,6) giving
the specific contributions (per mg-pigment m) due to
spectral extinction of light by marine phytoplankton to
the "two-flow" ocean color model as functions of the
mode radius of cell size distribution.
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The specific spectral volume scattering function

related to the spectral scattering functions P'1.(0)

defined by Equations (4.41), by the equation

34j(O ) is
S

(- = 1,2,3,4),

_l -1-2
3 (0 ) K k (' (0 ) + 3' .(0 ))4j s 2 4 4j lj s 2j s

It therefore follows from Equation (4.42) that 134.(0) maybe

obtained from the normalized volume scattering intensity functions

illustrated in Figure 4. 13, for the appropriate mode cell radius a3,
as

b. P .(0 )+P .(0
3 lj s 2j s

K441T 2

where the quantity in brackets is obtained from Figure 4. 13 and the

quantity b./K4 is obtained directly from the appropriate curve in

Figure 4. lZb. Substitution in (5.4) gives the values of B.

(i = 1,2,3,4) illustrated in Figures 5.4a through 5!4d for

o = 155°(5°)165°(2°)169°(3°)175°.
S

5.3.2 Theoretical Variations in Ocean Color Spectra Resulting
From Independently Varying Oceanographic Parameters
in the "Two-Flow" Model

In order to evaluate the sensitivity of the "two-flow" ocean color

model to variations in NECC of phytoplankton pigments <C>, non-

absorbing particle concentrations K2, yellow substance
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concentrations K3, mode phytoplankton cell radius a3, and
scattering angle Os' we varied each of the parameters in turn, with

the others held fixed at the reference vector

(K2, K3, <C>, a3, 0) = (0.10,0.10,2.5,4.5, 165°).

The values through which each parameter was varied are

<C>= 0.0,1.0,2.5,5.0,10.0 (mg-pigment.m3)

= 0.0,0.1,0.25,0.5.1.0 (scalednumber.m3; Sec. 3.2.2)

K3 = 0.0,0.1,0.25,0.5, 1.0 (specific unitsm Sec. 3.2.3)

a 3.5,4.0,4.5,5.0 (sm)3c -
O = 155°, 165°, 175°.
5

In each of the above 22 cases, the parameters (K2,K3<C>,a3,O),

together with the appropriate values of Aik and B. from Figures

5.3 and 5.4, were substituted into Equations (5. 5). The resulting

equations in Y. were solved iteratively using the method of

Fletcher and Powell (1963). Then, the associated ocean color spectra

R. were calculated from the estimated Y. (i = 1,2,3,4) using

Equation (2.2) with the eigenvectors of Table 2.3.

The ocean color spectra thus obtained are illustrated in Figures

5.5 through 5.9.

Theoretical variations in R. associated with independent
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variations in pigment concentrations (Figure 5. 5) agree qualitatively

with field observations (Figures 1. 2 and 2. 3). The inherent non-

linearity of the theoretical correlation is evidenced by the much

larger difference between spectra associated with concentrations of 0

and 1 mg/rn3 as compared to the difference between the spectra

associated with 5 and 10 mg/rn3.

The curves of Figure 5. 6 show that white scattering by large

non-absorbing particles may significantly influence ocean color in a

manner qualitatively similar to variations caused by phytoplankton

concentrations. Measured values of the volume scattering coefficient

of sea water, as cited by Jerlov (1968, p. 58-59) suggest that the

range of concentrations K2 which approximates oceanic conditions

is of the order (0 < K2 < 0.25). (Because of the scaling introduced

in Section 3.2.2 K2 is numerically equal to the volume scattering

coefficient of non-absorbing particles. ) The range of spectral varia-

tions associated with that range of K2 closely approximates varia-

tions due to changes in pigment concentration of the order ±1 (mg/rn3)

(cf Figures 5.5 and 5.6).

Changing concentrations of yellow substance K3 are also

significant, but the primary mode of variation in the spectra of Figure

5. 7 is distinctly different from the modes associated with phyto-

plankton or non-absorbing particles. We know of no experimental data

with which to approximate an appropriate range of K3 for the ocean.
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However, the variance distribution comparisons in Section 5.3.3

suggest that the range is narrow, perhaps of the order (0 < K3 < 0.1).

If that approximation is correct, then the range of spectral variations

associated with yellow substance concentrations is equivalent to

variations due to pigment concentration fluctuations of less than

31 mg/m

Figure 5. 8 shows that spectral variations resulting from shifts

in the mode radius a3 are similar to those resulting from varia-

tions in <C> of approximately 1 mg/m3.

The results presented in Figure 5. 9 suggest that spectral

variations related to changes in 8, i. e. , as caused by changes in

solar elevation, are negligible compared to those associated with any

of the other oceanographic parameters.

5. 3. 3 Comparisons Between Experimental Results and Principal
Components of Ocean Color Spectra Estimated with the
"Two-Flow" Model for Randomly Generated Samples of
Oceanographic Parameters

We may evaluate the behavior of the "two-flow" ocean color

model, as expressed by Equation (5. 5), from a different point of view

by generating random samples of parameters (K2 K3, <C>, a3, 0),

and for each sample computing the distribution of sample variance

among the four principal components (Y1, Y2, Y3, Y4). If the model

actually is a reasonable representation of physical reality, then we
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may expect the variance distribution thus obtained to be similar to

that observed (Table 2.2 and Table 5.2).

We assumed that each of the five parameters was independently

distributed with a uniform distribution over a specified range (Table

5. 1). Then, we used a table of random numbers to generate a master

sample of 35 vectors X. (i = 1,2,3,4,5) in the range

(0 < X. < 10), The variables X. were, in turn, scaled to represent

each of the oceanographic parameters for each of the five cases given

in Table 5. 1 (note that only the ranges of K2 and K3 are varied

between cases), e.g. , for case number 3 scale factors are such that

1C = O.025X1, K3 = O.005X2, etc.

Table 5.1. Maximum ranges of variables (K2K3 <C>,a3,
0) for five randomly generated samples (see
text).

> a eCase K2 K3 <C 3c s

1 (0, 0.25) (0,0.25) (0, 10) (3.5,5. 0) (155, 175)
2 (0,0.25) (0,0. 1) (0, 10) (3.5,5.0) (155, 175)
3 (0,0.25) (0,0.05) (0, 10) (3.5,5.0) (155, 175)
4 (0,0. 1) (0,0. 1) (0, 10) (3. 5,5.0) (155, 175)
5 (0, 0.25) (0, 1.0) (0, 10) (3.5,5.0) (155, 175)

The percentage distributions of sample variance for each of the

five samples generated as above are compared, in Table 5. 2, with

the distribution determined from observed ocean color spectra (Sec.

2.4). The variance distributions associated with relatively wide
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ranges of yellow substance concentrations (cases 1 and 5) are clearly

different from the observed variance distribution.

Table 5. 2. Percent of variance associated with each of
the first four principal components Yj esti-
mated with the 'two-flow" model for five
randomly generated samples of oceanographic
parameters.

Case Yl Y2 Y3 Y4

1 57. 1% 39.5% 1.9% .5%
2 62.1% 34.4% 1.9% .5%
3 63.8% 32.6% 1.9% .6%
4 63.7% 33.4% 1.4% .5%
5 39.2% 57.3% 2. 1% .4%

Observed: 78.6% 17.1% 2.4% .9%

On the other hand, the variance distributions associated with

relatively low, narrow ranges of particle concentrations

(0 < K2 < . 25) and yellow substance concentrations (0 < K3 < 0. 1)

are reasonably similar to the observed variance distribution. We

have already observed that this range of K2 is consistent with

particle scattering values cited by Jerlov (1968, p. 58-59).

We may make yet a further comparison between our theoretical

and experimental results. In Table 5.3 are compiled the average Y.

values for each of the five cases of Table 5. 1. The average principal

component vector of the observed sample is

1,Y2,Y3,Y4) = (0,0,0,0). Again, the closest agreement with



experimental results occurs when we assume narrow ranges of con-

centrations K2 and K3, both at low values.

Table 5. 3. Means of principal components for the samples
of Table 5. 1.

Case _l <C>

1 -0. 195 -1. 136 -0. 857 0.013 3.436
2 -0. 142 -1. 119 -0.848 0.020 3.434
3 -0. 123 -1. 118 -0.844 0.023 3.284
4 0.024 -1.270 -0.858 0.025 3.430
5 -0.428 -1. 190 -0.896 -0.018 3.864

The NECC of total pigment estimated with regression Equation

(5. 1) from the Y. for the first four cases are also given in Table

5.3. These values are within 0.9 residual standard deviations of the

regression result (s = 1.63 mg/m3) of the mean NECC valuec. y1y2y3
<C> for the five samples (<C> 4. 916 mg



6. SUMMARY AND CONCLUSIONS

We have examined the ways in which the ocean color spectrum

R., defined as the ratio of the light spectrum upwelled from the sea

to the daylight spectrum incident on the sea, varies in response to

changes in phytoplankton concentrations and other oceanographic

parameters. A sample of 31 ocean color spectra were measured from

an aircraft, simultaneously with ground-truth measurements of pig-

ment concentration and Secchi-depth, as part of a field experiment

conducted offshore of Oregon in 1970.

By computing the eigenvectors and eigenvalues of the covariance

matrix of the observed R.-spectra, we found that the proportions of

sample variance associated with each of the first four eigenvectors

are respectively 78. 6%, 17. 1%, Z.4% and 0.9%. Therefore, we were

able to satisfactorily represent each 55-component R.-spectrum by

only its first four principal components

(Y1, Y, Y3, Y4)

and recover R. with 99% overall precision from the 55 equations

R. = M. + Y.e.. ; j = 1,Z,...,55,

where M. is the sample mean and e.. is the ith eigenvector of
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the sample covariance matrix.

In Chapter 5 we empirically related net equivalent color concen-

tration <C>, a weighted average of concentrations over depth (Sec.

1.4), of total phytoplankton pigments to the principal components of

the ocean color spectrum through the regression equation

<C> = 3.948 - 1. 972Y - 3. 216y2 + 5. 306Y3

with a residual standard deviation of 1.6 mg /m3. Also in Chapter 5,

we found a regression equation giving estimates of Secchi-depth D

as

D = 7.93 + 2.01Y1 + 8.92Y2

with a residual standard deviation of 2.6 m.

We have also examined the ocean color problem from a semi-

theoretical viewpoint. By neglecting incident skylight and multiple

scattering of light within the sea, we were able to write a simple

"two-flow" radiative transfer model of the ocean color spectrum (Sec.

1.3)
P.(e

R.G(0,0 )
3 0 a.

3

where G( 0) is a function of viewing angle and solar zenith angle,

.(0) is the volume scattering function of sea water for scattering

angle O, and a is the beam extinction coefficient of sea water.
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In order to take advantage of the simple parametrization

afforded by the principal component representation of ocean color

spectra, the radiative transfer model equations were transformed into

the vector space defined by the first four eigenvectors e.. determined

from the covariance matrix of the observed ocean color spectra. We

then separated each extinction and scattering term into separate con-

tributions by pure water, non-absorbing particles, yellow-substance,

and marine phytoplankton. We assumed the commonly accepted

extinction and scattering spectra for water, non-absorbing particles,

and yellow substance, but we challenged the traditional assumption

that the spectral interaction of marine phytoplankton with light may be

expressed as white scattering by the cells superimposed on wavelength

dependent absorption by the pigments.

We first cited empirical evidence from the literature which

shows that phytoplankton do, in fact, scatter light in a wavelength

dependent manner. Then, we devoted Chapter 4 to determining the

spectral scattering properties of a three-layered, spherical cell con-

taming phytoplankton pigments in the intermediate shell, the pseudo-

chloroplast. Our calculations, using rigorous Mie theory, showed

conclusively that scattering of light by polydispersions of such cells,

having radii comparable to phytoplankter sizes, is a significantly

wavelength dependent process. Furthermore, the scattering intensity

spectra of such polydispers ions vary as functions both of scattering
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angle and the mode radius of the function describing the cell size

distribution.

Finally in Chapter 5, we assumed that the Mie scattering

results of Chapter 4 may be applied to approximate the scattering

properties of marine phytoplankton populations. After substituting

these results into the two_flow radiative transfer model of ocean

color, we independently varied particle concentrations, yellow sub-

stance concentrations, NECC of phytoplankton pigments (Sec. 1.4),

phytoplankton size distribution mode radii, and scattering angles in

order to assess the relative theoretical importance of each oceano-

graphic parameter in creating variations in ocean color spectra. In

addition, we generated random samples of these parameters, com-

puted the corresponding samples of principal components Y. with

the twoflow model, and compared the results with our experimental

observations.

It is apparent from the foregoing comparisons that although

varying concentrations of phytoplankton are the major source of varia-

tions in ocean color spectra, similar variations may also be

attributed to scattering by non-absorbing particles, absorption by

yellow-substances and the size distribution of the phytoplankton cells.

We have estimated that the representative ranges of each of the latter

parameters may produce variations in the ocean color spectrum which

are equivalent to those resulting from varying pigment concentrations
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up to 1 mg/rn3. From this observation alone we must conclude that

there is a lower bound on the precision with which pigment concentra-

tions may be estimated from ocean color spectra, and that this bound

is of the order 1 mg/rn3 or larger, rather than the order 0. 1 mg/rn3

standard deviation we might wish for.

If we assume that concentrations of non-absorbing particles K2

and yellow substance K3 are within the ranges (0 < K2 < . 25) and

(0 < K3 < 0. 1), we may conclude that the twoflow radiative trans-

fer model of ocean color gives a plausible description of the main

physical processes which govern the color spectrum of the sea. That

conclusion notwithstanding, it is unclear whether the fourth principal

component of the ocean color spectrum is significant enough to treat

Equations (5. 5) as a closed system in four unknowns. The heuristic

examples of Sections 5.3.2 and 5.3.3 appear to suggest that is

significant, for the proportion of variance associated with it in theory

is nearly identical to the value calculated from our observed ocean

color spectra. That conformance in variance distribution does not

ensure, however, that the system will give stable solutions for K2,

K3, <C> and a3 if we invert the problem and attempt to estimate

these parameters from the ocean color spectrum. If Y4 is not

significant, then there are more independent oceanographic param-

eters which may cause the ocean color spectrum to vary than there are

significant modes in which it may vary. Only additional experimental



194

data can resolve that question.

We have not attempted to investigate the ability of the "two-

flow" radiative transfer model to estimate pigment concentrations

from observed ocean color spectra for several reasons:

1) We do not have adequate ground truth data to conclusively

test such a predictive model. The minimum set of ground

truth data needed for that task includes pigment concentra-

tions as a function of depth, measured vertical diffuse

extinction coefficients k, the beam extinction coefficient

measured in situ as a function of depth, particle density and

size-distribution as measured with a shipboard Coulter

counter, volume scattering coefficients for at least several

wavelengths, and attenuation spectra, measured over at least

a 1 m path, for sea water samples before and after filtering

to remove particulate matter.

2) The single scattering assumption which underlies the "two

flow" model is valid only for scattering volumes of small

optical dimensions. The relevant length scale is optical

thickness T, defined from the Beer-Lambert law as

L = L exp(-az) exp T

where a is the beam extinction coefficient of the medium

and z is pathlength in meters. Typical pathlengths in the
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ocean which correspond to -r = 1 may range from less than

one meter in extremely turbid water to more than 30 m in

extremely clear water. For all locations of interest to the

ocean color problem, the depth and horizontal scales all

correspond to many optical thicknesses. Therefore, a sig-

nificant amount of the light backs cattered from the sea has

traversed several optical thicknesses and it is extremely

likely to have been scattered more than once. Enough of the

upwelled light field is composed of singly scattered light to

make it worthwhile to use the httwoflowu model for a first-

look analysis, but we must not attempt to push that model any

further.

3) The model, as formulated, neglects skylight. This diffuse

light comprised the majority of the incident daylight field on

the several cloudy days we encountered during our experi-

ment and we cannot neglect it beyond this first-look stage of

our analysis

4) The Mie scattering results for polydispersions of three-

layered spherical cells do not necessarily match the scatter-

ing properties of natural phytoplankton populations. Spectral

scattering functions of phytoplankton suspensions should be

measured in the laboratory and compared with spectral Mie

scattering results for similarly distributed polydispe rsions
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of three-layered cells. Such a study could lead to empirical

adjustments to the Mie scattering results which would more

closely approximate the scattering functions of the plant cells.

Furture research on the ocean color problem should focus first

on developing an adequate radiative transfer model which accounts for

both incident skylight and multiple scattering of light within the sea.

Then, additional field experiments should be carried out in order to:

1) Obtain a suitable sample of ground truth data. This data

should include the broader set of parameters mentioned above,

and in addition it is essential that the,incident daylight

spectrum be measured at the site of the ground truth obser-

vations.

Z) Obtain a larger sample of ocean color spectra over a wider

set of oceanic water types. The eigenstructure of a sample

of ocean color spectra representative of worldwide oceanic

conditions should provide a coordinate system to which all

ocean color observations may be accurately referred. We

have no assurance that the eigenstructure obtained as a result

of the present investigation is globally representative.
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Ground Truth Oceanographic Data

Ground truth oceanographic data were measured by the research

vessels CAYUSE and JUDY K. at 31 stations while the NASA aircraft

flew overhead measuring ocean color spectra (Sec. 1. 5). That ground

truth data is summarized in the following tables:

Table A. 1. Ocean color station identification data,

Table A. 2. Miscellaneous station data.

Table A. 3. Observed water properties.

Table A. 4. Observed concentrations of phytoplankton pigments.



1,

Table A. 1. Ocean color station identification data.

Station NASA
Index Ship & Date Time Latitude Longitude Line-Run

Nr. Station (1970) (GMT) (North) (West) Nrs.

1 COl 7 Aug. 2206 44°38.7' 124°35.4'. 6-1,6-2
& 6-3

2 CO3 7 Aug. 2336 44°38. 5' 124° 35.5' 6-6 & 6-7
3 C05 8 Aug. 2046 44° 23. 1' 126° 09.6' 6-1, 6-2

& 9-2
4 C06 8Aug. 2207 44°23.0' 126°05.l' *

5 C07 8 Aug. 2325 44°22.9' 126°01.7' 6-4 & 6-5
6 C08 9 Aug. 2032 45°45.0' 126°30.0' 6-1 & 6-2
7 C09 9 Aug. 2138 4504491 126° 24.4' 6-3 & 6-4
8 ClO 9 Aug. 2242 45°44.5' 126°20.2' 6-6 & 6-7
9 C12 10 Aug. 1956 45°29. 1' 125° 17.5' 6-1 & 6-2

10 C13 10 Aug. 2058 45° 28.2' 125° 19.5' 6-3 & 6-4
11 C14 10 Aug. 2208 45°23.2' 125°23.0' 6-5 & 6-6
12 CiS 10 Aug. 2323 45° 16. 7' 125° 26.6' 6-7, 6-8

& 6-9
13 C17 14 Aug. 2008 44°45.5' 124°25.9' 6-2 & 6-3
14 C18 14 Aug. 2124 44°44.7' 124°31.2' 6-4 & 6-5
15 C19 14 Aug. 2212 44°43.2' 124°32.6' 6-6 & 6-7
16 304 7 Aug. 2002 46° 14. 5' 124° 10. 1' 2-1 & 2-2
17 305 7 Aug. 2124 46° 16.2' 124° 17.0' 3-1 & 2-3
18 J07 8Aug. 2126 46°13.0' 124°16.5' 2-4,2-5

& 2-6
19 308 8 Aug. 2248 46° 12. 8' 124° 15.9' *

20 309 9 Aug. 0014 46°12.0' 124° 14. 6' 2-11 &
2-12

21 310 9 Aug. 2004 46°10.8' 124° 16. 6' 2-1 & 2-2
22 311 9 Aug. 2109 46°10.6' 124°15.7' 2-3,2-4

& 2-5
23 312 9 Aug. 2214 46° 11.7' 124° 14.5' 2-7 & 2-8
24 313 9 Aug. 2310 46° 11.8' 124° 11.8' 2-9&2-10
25 J15 10 Aug. 1934 46°06.5' 124°04.5' 2-1 & 2-2
26 J16 10 Aug. 2035 46°07.5' 124°05.0' 2-3 & 2-4
27 J17 10 Aug. 2144 46°06.0' 124°06.0' 2-5 & 2-6
28 320 13 Aug. 2058 46° 13.2' 124° 11.5' 2-1 & 2-2
29 321 13 Aug. 2004 46°16.0' 124° 13.5' 2-3 & 2-4
30 323 14 Aug. 1902 46° 11.3' 124° 15.2' 2-1 & 2-2
31 324 14 Aug. 2050 46° 11.6' 124° 16.0' 2-3 & 2-4

*Station not included in NASA's logs or tapes. Ocean color spectra
were recorded on the Sanborn strip chart recorder.
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Table A. 2. Miscellaneous station data.

Station Cloud Solar Wind Wind
Index Nr. Cover (%) Elevation Direction (°T) Speed (kts)

1 20 54.0° 180 6

2 10 40.8° 270 5

3 30 61.6° 330 10
4 40 55,0° 340 14
5 30 43.6° 350 15

6 100 60.0° 350 11

7 90 57.0° 340 14
8 90 49.4° 340 12

9 0 59.1° 000 26
10 0 59.3° 000 28
11 0 5350 000 21
12 0 42.6° 000 26
13 60 59.4° 000 19

14 30 56.9° 000 22
15 40 52. 1° 000 23
16 100 59.5°
17 100 57.5°
18 40 57.0°
19 40 48. 7°
20 40 33.5°
21 0 59.4°
22 0 58.4°
23 10 51.7°
24 10 43.6°
25 10 57.9°
26 10 59,3°
27 20 54.5°
28 30 57.3°
29 70 43.6°
30 10 56.4°
31 40 57.6°



Table A.3. Observed water properties.

Station
Index Nr.

k
(m')

D
(m)

Surface
Temp. (°C)

Surface
Salinity (°L)

Water
Depth (m)

1 0.152 9.0 16.3 31.03 208
2 0.145* 11.0 16.4 31.35 208
3 0. 128 14.0 16. 8 32. 14 3000
4 0.142 12.0 16.8 32.13 3000
5 0.145* 11.0 16.6 32.05 3000
6 0.075 19.0 16.5 32.09 2900
7 0.068 18.0 16.6 32.10 2800
8 0.084 20.0 16.5 32.10 2800
9 0.185 6.0 16.3 31.96 1600

10 0. 179 15.0 15.7 32. 19 1600
11 0.267* 6.0 16.2 31.87 1600
12 0. 088* 18.0 16.0 32. 08 2600
13 0.193 6.0 11.0 32.45 180
14 0.268 4.0 12, 8 32. 15 178
15 0.241 6.0 32. 14 150
16 0.699 2.5 17.2 11.16 30
17 0.511 3.0 14.5 27.32 90
18 0.274 6.5 15.9 32.12 100
19 0.378 5.5 17.4 24. 19 96
20 0.400 4.0* 16.7 27.72 80
21 1.200 3.0 16.6 19.91 102
22 ** ** 16.1 19.62 98
23 ** 15.1 24.46 96
24 * * * * 1 5. 1 27. 73 74
25 0.300 5.3* 15. 1 29. 16 48
26 0.310 5.5 13.8 29.26 46
27 0.380 4.2* 13.1 30.44 44
28 0.545 3.5 15.3 18.34 60
29 0.492 3.5 15.0 24.95 66
30 1.053 3.0 25.20 92
31 0.410 39* 25.51 102

*Missing parameter estimated from the equation k = 1.6 D'
(Appendix B).

**Missing both photometer and Secchi-disc data. For purposes of
computing NECC of phytoplankton pigments, we have assumed that
D 3 m for each of these stations.



Table A. 4. Observed concentrations of phytoplankton pigments
in meters, concentrations in mg/rn3).
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(depths

Depth chl-a chl-b chl-c Carot Total

Station 1
0 0.891 0.038 0.871 0.220 2.020

10 2.516 0.082 1.470 0.560 4.628
15 1.973 0.000 0.461 0.440 2.874
25 1, 109 0. 136 0. 890 0.260 2.395
50 0. 508 0. 000 0. 178 0. 090 0. 776

Station 2
0 0. 508 0. 000 0. 178 0. 120 0, 806

10 0.842 0.022 0.151 0.210 1.225
15 3. 748 0. 093 2, 120 0. 770 6.731
25 1.856 0.900 0.782 0.400 3.938
50 0.493 0. 130 0.565 0. 100 1.288

Station 3
0 0.334 0.033 0.248 0.080 0.695

10 0.327 0. 136 0. 167 0. 120 1.445
15 0.443 0.093 0. 120 0. 150 0. 806
25 1.269 0.234 1.210 0.360 3.073
50 0.334 0.033 0.248 0 130 0.745

Station 4
0 0. 580 0. 000 0. 000 0. 080 0. 660

10 0.000 0.000 0.000 0. 120 0. 120
15 0.290 0.000 0.000 0. 160 0.450
25 0.232 0.000 0.000 0. 180 0.412
50 0.000 0.000 0.000 0.070 0.070

Station 5
0 0. 000 0. 000 0. 000 0. 090 0.090

10 0.000 0. 000 0. 000 0. 090 0. 090
15 0. 166 0. 000 0.399 0.310 0.695
25 0.116 0.000 0.000 0.140 0.256
50 0. 000 0. 000 0. 000 0.090 0. 090

Station 6
0 0. 000 0. 000 0. 000 0. 050 0. 050

10 0. 000 0. 000 0. 000 0. 040 0. 040
15 0.000 0.000 0.000 0.040 0.040
25 0.000 0.000 0.000 0.060 0.060
50 0.058 0.000 0.000 0. 150 0.208
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Table A. 4. Continued.

Depth chl-a chl-b chl-c Carot Total

Station 7
0 0.000 0.000 0.000 0.030 0.030

10 0. 000 0. 000 0.000 0. 020 0. 020
15 0.580 0.000 0.000 0.030 0.610
25 0.000 0.000 0.000 0.040 0.040
50 0. 224 0. 000 0.376 0. 080 0. 680

Station 8
0 0.000 0.000 0.000 0.060 0.060

10 0.000 0.000 0.000 0.040 0.040
15 0.000 0.000 0.000 0. 100 0. 100
25 0.000 0.000 0.000 0.040 0.040
50 0. 508 0. 000 0. 178 0. 250 0. 936

Station 9
0 0. 681 0. 000 0.384 0. 220 1. 285

10 0.232 0.000 0.000 0. 130 0.362
15 0.109 0.038 0.147 0.110 0.404
25 0.572 0. 158 0.236 0.250 1.216
50 0. 463 0. 000 0. 089 0. 200 0. 752

Station 10
0 0.471 0.352 1.420 0.360 2.603

10 0. 000 0. 000 0. 000 0. 070 0. 070
15 0. 224 0.000 0.376 0. 100 0.700
25 0.290 0. 000 0.000 0. 130 0.420
50 0.660 0. 147 0.689 0. 190 1.686

Station 11
0 0.386 0. 136 0.000 0. 120 0.642

10 0. 167 0.038 0.000 0, 100 0.305
15 0.385 0. 114 0. 143 0. 140 0.782
25 0.384 0.092 0.418 0.190 1.084
50 0.116 0.000 0.000 0.130 0.246

Station 12
0 0.218 0.076 0.294 0,100 0.688

10 0. 000 0. 000 0. 000 0. 050 0. 050
15 0.058 0.000 0.000 0. 100 0. 158
25 0. 109 0. 038 0. 147 0. 100 0.394
50 0.682 0.000 0. 109 0.260 1.051
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Table A-4. Continued.

Depth chl-a chl-b chl-c Carot Total

Station 13
0 1.392 0. 109 0. 968 0.360 2. 829

10 2.407 0.044 1.320 0.550 4,321
15 2.356 0.000 1. 150 0.570 4.076
25 0. 000 0, 000 0. 000 0. 160 0. 160
50 0. 000 0. 000 0. 000 0. 070 0. 070

Station 14
0 2.696 0.000 1.760 0.620 5.076

10 2.312 0.000 1.070 0.590 3.972
15 2.240 0.027 1.200 0.530 3.997
25 0.290 0.000 0.000 0.220 0.510
50 0. 109 0.038 0. 147 0.080 0.374

Station 15
0 2.797 0.010 2.100 0.690 5.597

10 3.189 0.043 2.050 0.750 6.032
15 2.972 0,000 1.750 0.700 5.422
25 1.116 0.032 0.972 0.390 2.510
50 0. 058 0.000 0.000 0. 100 0. 158

Station 16
0 3,480 1.210 4.700 0. 160 9.550
5 3.597 0.290 1.673 0.143 5.703

Station 17
0 6.405 0.000 0.000 0.175 6.580

10 0. 232 0. 000 0. 000 0. 060 0.292
Station 18

0 0.464 0.000 0.000 0.100 0.564
13 1. 013 0.000 0.906 0. 190 2. 109

Station 19
0 5.380 0.078 2.250 0.710 8.418
5 2.710 0.000 0.822 0,370 3.902

10 1.680 0.089 0.000 0.250 2.019
15 0.116 0.000 0.000 0.070 0,186

Station 20
0 6.780 0.000 1.310 0.810 8.900
4 0.928 0.000 0.000 0. 140 1. 068
8 2.550 0.349 1,470 0.510 4,879

12 1. 590 0. 000 0. 125 0. 290 2. 005
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Table A-4. Continued.

Depth chl-a chl-b chl-c Carot Total

Station 21
o 6.310 0.000 1.330 0.540 8.180
5 5.480 0.285 1.490 0.520 7.775

Station 22
0 5.620 0.000 1.770 0.530 7.920
5 6.931 0.239 4.080 0.430 11.680

Station 23
0 5.250 0.417 1.030 0.500 7. 197
5 5.420 0.000 1.640 0.570 7.630

Station 24
0 5.880 0.000 1.450 0.340 7.670

Station 25
0 3.680 0.284 1.230 0.440 5.634
4 3.700 0.121 0.851 0.480 5.152
8 3.830 0.000 0.418 0.480 4.728

Station 26
0 3.710 0.000 1.560 0.410 5.680
4 3.440 3.870 0.000 0.360 7.670

Station 27
0 3.490 0.000 0.721 0.430 4.641
5 2.970 0.000 0. 000 0.320 3.290
9 2.040 0.000 0.326 0.210 2.576

Station 28
0 2.018 0.121 0.000 0.310 2.449
2 2.018 0121 0.000 0.270 2.409
4 4.046 0.000 1.260 0.060 5.366

Station 29
0 3.960 0.925 3.580 0.370 8.835
3 4.990 0.000 0.505 0.500 5.995
6 6. 580 0. 000 1. 720 0. 760 9. 060



Table A-4. Continued.

Depth chl-a chl-b chl-c Carot

Z13

Total

Station 30
0 3.420 0.000 0.000 0.330 3.750
4 4, 930 0. 176 0. 952 0.480 6. 538
7 3.610 0.000 0.000 0.440 4.050

Station 31
0 4.380 0.000 1.510 0.430 6.320
4 4.800 0.000 0.000 0.460 5.260
7 3.570 0,329 1.280 0.420 5.599
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APPENDIX B

Estimation of the Diffuse and Beam Extinction Coefficients
of Sea Water From Secchi-Depth Observations

The vertical diffuse extinction coefficient k and the beam

extinction coefficient a have been shown by Tyler (1968) to be

theoretically related to Secchi-depth D through the equation

(a+k) = D' ln(C/CD)

where C and CD are the inherent and apparent contrasts of the

Secchi-disk against its background, and a and k are averages

over wavelength. Unfortunately, C and CD are not well known,

and there has been only one attempt to empirically relate (a+k) to

'J (Holmes, 1971). There are, however, several reported empirical

results separately relating each coefficient to D'.
Regression results relating a to D' have been reported

by Jones and Wills (1956), Otto (1966), Visser (1970) and Holmes

(1971). For lack of a better approximation, we have simply taken the

weighted average of the several reported regression coefficients to

obt3in the approximation

a 4. 32D' + 0. 197 m'. (B. 1)

The first published attempt to correlate k with D 1 was
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made by Poole and Atkins (1929), who reported the average product

kDz 1.7.

Sverdrup etal. (1941) cited this result, and Equation (B. 2) thus

became the accepted approximation relating k and D, even

though it was based on only 14 observations. Additional paired

observations of k and D have since been reported by Clarke

(1941), Holmes (1971), and the present dissertation (Table A.3).

Pooling all of these observations into one sample of size 75, we

obtained the regression result

(B. 2)

k = l.336D 1 + 0,022 (B.3)

with correlation coefficient

r = 0.97

and residual standard deviation 0.054 m1. The mean product cor-

responding to (B.2) is, for the pooled sample,

kD = 1.6. (B. 4)

The residual standard deviation from estimates obtained with (B. 4)

is 0.057 m, which is not significantly greater from that obtained

using the least squares equation (B. 3). For simplicity, we will use

(B. 4) to estimate k from (or D from k') as the

occasion may arise.
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APPENDIX C

Background Data for Estimating Incident Daylight Spectra

The following tables contain data used to estimate the spectrum

of daylight incident on the sea surface at each of the 31 ocean color

ground truth stations (Sec. 2.3):

Table C, 1. Mean reflected radiance L' (watts /cm2-sr-nm) and air-

mass m' for 12 horizontal "Grey Card" observations of

incident daylight at Portland, Oregon.

Table C. 2. Mean of 12 log-transformed spectra of relative radiance

reflected from a horizontal "Grey Card" exposed to

natural daylight, and the first four eigenvectors of the

sample covariance matrix.

Table C.3. Principal components Y. (i 1,2,3,4) of 12 spectra of

relative radiance reflected from a horizontal "Grey Card"

exposed to natural daylight.

Table C.4. Mean radiance L (watts/cm2-sr-nm) upwelled from the

sea and solar airmass m for 31 ocean color ground truth

stations.

Table C. 5. Estimated principal components of incident daylight

spectra for 31 ocean color ground truth stations.
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Table C. 1. Mean reflected radiance L' (watts /cm2sr nm)
and airmass rn for 12 horizontal "Grey
Card" observations of incident daylight at
Portland, Oregon.

L'

1 154,906 1.214
2 62.765 2.290
3 304.223 1.226
4 575.987 2.392
5 229.501 1.243
6 88.880 2.410
7 137.257 1.246
8 248.662 1.178
9 215,831 1.274

10 112.734 2.357
11 217.752 1.334
12 55. 675 2.063



Table C. 2. Mean of 12 log-transformed spectra of
relative radiance reflected from a hori-
zontal 'Grey Card" exposed to natural
daylight, and the first four eigenvectors
of the sample covariance matrix.

X(nm) M e' . e' e'
1 11 2i 31 4

422.5 -ri.BrjS(jrjrj -rj.198304 -0.421343 1rj1119 -0.205668
427.5 -0.7213100 -0.185396 -0.361032 .073839 -0.146999
432.5 -0.593100 -0.185516 -0.309765 .rjl2r,53 -rj.0878rj6
437.5 -0.417000 -0.193007 -0.248406 .069636 .037094
442.5 -0.298900 -0.198460 -0.195006 .075655 .060373
447.5 -0.163400 -Ij.189299 -rj.119596 .014916 .071985
452.5 -rj.1116rj0 -0.182304 -rj.rj69706 -rj.0rj6156 .093054
457.5 -0.044600 -rj.17525fj -rj.r,3271i0 -0.016159 13634r,
462.5-0.031400 -0.164624-0.001121 -0.057072 .rj9ls5rj
467.5 -0.019600 -0.159127 .002453 -0.086266 035207
472.5 .008600 -0.155756 .rjrj6l2S -0.072849 .032527
477.5 rJ39rJrJ -0.147552 .032372 -0.009428 .064571
482.5 .041200 -0.138043 .050031 -rj.rjlls6rJ .042835
487.5 rjS4lrjo -0.128743 .038967 -r,.166076 -0.005068
492.5 .090100 -0.124996 .060107 -0.121310 .036188
497.5 .131000 -0.122390 .086935 -0.094083 .018431
502.5 .137700 -01A3847 O8s505 -0.098376 -0.026835
507.5 .143700 -0.108672 .111273 -0.021546 .087103
512.5 .124300 -rj.096709 .132584 -0.023608 .102276
517.5 .109600 -0.089947 .116984 -0.108546 .029290
522.5 .126100 -0.086046 .115882 -0.113242 .030424
527.5 .137000 -0.081460 .137602 -0.041321 .064871
532.5 .118600 -0.075308 .149306 -0.007092 .060607
537.5 .114600 -0.064395 .150414 -0.056673 .008615
542.5 .112200 -0.057477 .146028 -0.038179 -0.021250
547.5 .111500 -0.053218 .143277 .003363 .028463
552.5 .105500 -0.044754 .145361 .043901 .012447
557.5 .097100 -0.037199 .139469 .080383 -0.037903
562.5 .059000 -0.028811 .138006 .108307 -0.069819
567.5 .084900 -0.021879 .126392 .166056 -0.146475
572.5 .rj9r30rj -0.014868 .117939 .154135 -0.223018
577.5 099800 -0.006545 .114039 .169701 -0.183180
582.5 .055600 .003054 .125593 .292697 -0.058778
587.5 .058600 .010395 .105402 24327rj -rj.164295
592.5 .rj5030rj .020761 rj67697 .104840 -0.252597
597.5 .058000 .034300 .074016 -0.001598 -0.257210
602.5 .066000 .044226 r,75122 -0.048111 -0.173151
607.5 r,64200 .056366 .083030 .018285 -0.115268
612.5 .066900 .070970 .082373 -0.007230 -0.128627
617.5 .045400 .081186 .063492 .005592 -0.105315
622.5 .025100 .091565 .035228 .083187 -0.083201
627.5 .003100 .101674 .022246 .055658 -0.181697
632.5 .005300 .110309 -0.000065 -0.073921 -0.086358
637.5 .006400 .120678 -0.009653 -0.093484 .056797
642.5 .002500 .129283 -0.012983 -0.042970 .057002
647.5 -0.013200 .139870 -0.028688 -rj.rj57938 .043346
652.5 -0.019700 .156773 -0.053510 -0.190607 -0.042759
657.5 -O.r,02400 .166956 -0.085639 -0.357305 -0.145325
662.5 .020400 .169636 -0.077153 -0.280367 .017818
667.5 .034900 .1131425 -0.066298 -0.216696 .109062
672.5 .027500 .193857 -0.0133658 -0.146659 .172141
677.5 .017800 .216107 -0.065714 .151656 .361571
682.5 -0.030000 .2394341 -0.085257 .463449 .400239
687.5 -0.036300 .240066 -0.177171 .155342 -0.047753
692.5 .009200 .244970 0.230073 -0.052165 -0.286554
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Table C.3. Principal components Y.' (i = 1,2,3,4) of
12 spectra of relative raiance reflected
from a horizontal "Grey Card" exposed to
natural daylight.

1 .2601 -0.0516 .0031 -0.0056
2 .4772 -0.0101 -0.0543 -0.0062
3 .2624 -0.0177 .0107 -0.0581
4 -0. 4132 -0. 0084 -0. 0843 -0. 0006
5 -0.4065 -0.0742 .0139 -0.0235
6 .3088 .1620 -0.0310 .0025
7 -0.2990 -0.0227 .0477 .0076
8 -0.0260 .2301 .0462 -0,0038
9 -0. 4639 -0. 0633 -0. 0163 -0. 0197

10 -0. 1590 -0. 0015 -0.0077 .0818
11 -0.2651 -0.0291 .0431 .0034
12 .7242 -0. 1495 .0288 .0222
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Table C. 4. Mean radiance L (watts /cm2sr nm) upwelled
from the sea and solar airmass m for 31
ocean color ground truth stations.

L m

1 42.477 1.235
2 39.493 1.528
3 40. 105 1. 136
4 43.329 1.220
5 43.455 1.448
6 37.433 1. 154
7 46.585 1.191
8 37.706 1.316
9 64.792 1.165

10 45.359 1.162
11 51.732 1.243
12 35.728 1.475
13 48.314 1.161
14 56.444 1.192
15 59. 141 1.265
16 59.262 1. 160
17 60.530 1.184
18 44.188 1.191
19 39.326 1.355
20 37.386 1.808
21 51. 173 1.161
22 51.952 1.173
23 45.500 1.272
24 42.632 1.448
25 50.680 1. 179
26 53.516 1.162
27 44.414 1.228
28 44. 462 1. 187
29 41.900 1.448
30 47.649 1. 199
31 51.588 1.183
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Table C. 5. Estimated principal components of incident daylight
spectra for 31 ocean color ground truth stations.

Yl Y2 Y4 Y4

1 -0.114700 -0.008200 .024100 .006700
2 -0. 122000 -0.272200 .024300 .001900
3 -0. 097100 . 162800 .019600 .002400
4 -0. 111700 .016900 .023200 .007800
5 -0. 138800 -0. 228000 . 024800 .006500
6 -0. 105600 .118800 .021900 .001600
7 -0. 102700 .072700 .020800 .012100
8 -0. 119000 -0. 123000 . 027900 . 000700
9 -0. 075500 . 156000 . 014600 . 032600

10 -0. 095100 . 124000 .019600 .010500
11 -0.117700 -0.003100 .021300 .017600
12 -0.107900 -0.252200 .027700 .001400
13 -0.091000 .132700 .018600 .014400
14 -0.096500 .090000 .018000 .023500
15 -0.128000 -0.024200 .019700 .024300
16 -0. 077900 . 156600 .015600 .027200
17 -0. 089900 .111800 .016600 .027900
18 -0.104600 .067500 .021600 .008900
19 -0. 123400 -0. 160200 .027500 .002800
Z0 -0.076200 -0.287600 .009700 .003900
21 -0.087400 .138800 .017800 .018000
22 -0.091600 .117000 .018300 .018800
23 -0. 122800 -0. 055200 .024100 .010300
24 -0.136000 -0.228900 .025100 .005700
25 -0.095200 .103100 .019000 .017200
26 -0.085200 .141600 .017200 .020800
27 -0113300 .006500 .023100 .009200
28 -0.103300 .075200 .021300 .009300
29 -0. 133400 -0. 229700 . 025400 .005000
30 -0.104500 .060900 .020900 .013400
31 -0.096000 .097500 .018900 .018300
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APPENDIX D

Eigenstructure of Smoothed W.-Spectra

Mueller (1972) reported preliminary results from this investiga-

tion in terms of the smoothed W.-spectra (Sec. 2. 1), defined as

W. ln(L.IL)
3 3

where (L./L) is the normalized spectrum of radiance upwelled

from the sea. To provide continuity with that earlier paper, the

mean of 31 W-spectra and first four eigenvectors of the sample

covariance matrix are reported in this appendix.

The percent of sample variance associated with each of the first

four eigenvectors is given in Table D. 1. The mean vector M' and

irst four eigenvectors e". (i = 1, 2, 3,4) are illustrated in Figure

D. 1 and compiled in Table D. 2, and the first four principal compo-

nents yU of each observed W.-spectrum are compiled in Table

D.3. The double primes are to distinguish these vectors and princi-

pal components from those presented in Chapter 2,

Table D. 1, Percent of sample variance in 3 1 Wi -spectra accounted
for by the four eigenvectors e?, i 1,2,3,4.

Eigenvector %-Variance Cumulative %-Variance
e. 77.6% 77.6%lj
e". 18. 1% 95.7%

I,e .

101
.

U 01
7 /0

e".4j 1.3% 99,1%
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Figure D. 1. The mean of 31 log-transformed upwelled radiance
spectra and the first four eigenvectors of the sample
covariance matrix.



- o.c

0

0
b

0)
>
.4

-i.0

.400

0

400

05

0

o.g

400

o.c

O

-0.5

40C

0

-Os
1100 coo 600

WAVELENGTH



Table D. 2. Mean of 31 log-transformed upwelled radi-
ance spectra and the first four eigenvectors
of the sample covariance matrix.

X(nm) M' e". e '. e". e
1 ii Zi 4i

4.S -1j.755
427.5 -0.567335
432.5 -0.454090
437.5 -r.55r35
442.5 -rj.17r,045
447.5 -r).1J'1'1519

452.5 .01,8756
457.5 r)7365
462.5 .085913
467.5 .100619
472.5 .135074
477.5 .174742
462.5 .184416
457.5 .199416
492.5 .234000
497.5 .267742
502.5 .263574
507.5 .252568
512.5 .21811,0
517.5 .197416
522.5 .211906
s27.5 .214568
532.5 .188635
537.5 .176167
542.5 .166848
547.5 .158065
552.5 .142697
557.5 .129065
562.5 .115116
567.5 .097529
572.5 .077174
577.5 .045335
582.5 -rJ.011248
587.i -0.065735
592.5 -0.151555
597.5 -0.198490
602.5 -0.226026
607.5 -0.236100
612.5 -0.234697
617.5 -0.251952
622.5 -0.264274
627.5 -0.272955
632.5 -0.258258
637.5 -0.243361
642.5 -0.235132
647.5 -r,.234171
652.5 -0.224116
657.5 -0.202045
662.5 -0.167794
667.5 -0.129552
672.5 -rj.100797
677.5 -0.063023
682.5 -r,.052326
687.5 -0.023458
692.5 .024574

.105023 -0.179572 .266117

.128838 -0.176000 .228491

.156701 -0.146730 .161185

.165561 -0.130859 .149470

.171074 -0.114612 .120272

.173824 -r,.106133 .107622

.176250 -0.101843 .093116

.176350 -0.102341 .089713

.173669 -0.100847 .083838

.170797 -0.090918 .066669

.169341 -r,.0756r,6 .045632

.168679 -0.067966 .034264

.166050 -0.053279 - .1)24077

.161140 -rj.1j31259 .1r4555

.157604 -I,.011912 -0.019881

.145960 .010195 -0.034029

.134162 .1,41959 -0.044811

.114605 .075643 -0.040358

.093523 .104353 -0.037630

.1,75896 .130894 -0.046253

.064869 .147930 -0.057303

.1,52632 .161093 -0.061161

.038400 .174925 -0.062014

.025301 .187169 -0.060201

.1,13028 .199706 -0.052131
-0.00fi855 .210043 -0.034327
-0.015953 .220909 -0.018328
-0.030287 .228125 -0.002483
-0.044620 .230703 .021530
-0.058426 .226331 .045571
-0.073418 .214878 .076213
-0.089022 .194341 .119289
-0.105957 .163964 .161,859
-0.123904 .129320 .198743
-1j.139373 .087292 .238840
-0.147463 .040265 .255451,
-lj.j51,943 .004437 .254461
-0.154634 -0.017239 .239557
-0.157752 -0.033980 .217695
-0.158251 -0.045462 .200454
-0.157630 -0.054315 .180719
-r,.j55640 -0.059562 .152175
-0.154541 -0.069494 .120016
-0.157327 -0.083404 .088827
-0.156711 -0.097079 .056976
-0.154942 -1,.110173 .017682
-0.152858 -0.124242 -0.024123
-0.149078 -1j.134561 -0.1)51,279
-0.147533 -0.146962 -0.072182
-0.147921 -0.151790 -0.106983
-Ij.148979 -I.j45554 -0.140315
-1,.149515 -0.152897 -0.1701,66
-1j.151535 -0.163653 -0.225490
-0.14949 -0.169629 -0.280132
-0.119317 -0.144343 -0.209128

.691 '190

452 735
1202

-0.094436
-1j.j 31564
-0. 143006
-0.1 50482
-1,.1 36731
-0.1 34146
-0.12)39 3

129 688
-0.127669
-0.119234
-0 107762
-1, 11,7952
-0.011 55
-0.066457
-1j .048263
-0.026946
-0.1,1,7683

.00 1896

.005246
6423

.0 10907

.013118

.008702

.1,1239 2

.0169 16

.017793

.1,226 69

.1)2 1 129

.006681
-0.01,9539
-0.017035
-0.035904
-lj .1,61,579

-0.1,92285
-0.11 7276
-0.112094
-0.11,7704
-0 .099 470
-lj .1,88 237

-0.073133
-0.067056
-0.052627
-0 .04138 3
- 1, .0 39 132

-0 046647
-0 .0 54218
- 1j 1, 43 1 31,

-1, .049484
-0.1,13235

.1,27046

.1,47447

.051261

225
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Table D. 3. Principal components Y1 (i = 1,2,3,4) of log-
transformed upwelled radiance spectra observed at 3 1
ocean color stations.

Y1 Y Y

1 1.310167 -0.187199 .007600 .155756
2 .066699 -0. 702592 -0. 382014 -0. 090341
3 1.442525 -0.427293 -0.094147 .031291
4 1.766192 -0.153318 -0.017323 .077569
5 . 891205 -0.256350 -0. 167401 -0. 012758
6 -0.615817 -0,931570 .025889 -0.125317
7 .249017 -0,792158 .238698 -0. 137916
8 -0.389533 -0. 923073 .050524 -0. 116106
9 1.712491 .605788 .078763 -0.075241

10 .737520 -0.602821 .079927 .056872
11 1.634762 .287097 .036453 .064548
12 .659175 -1,058661 .074515 .069007
13 .663419 .221081 -0.165535 -0.067000
14 .986449 .766688 . 137278 .046330
15 1.472389 .730333 .043992 .060979
16 -1. 548141 . 148994 .037308 -0. 045417
17 -0. 535298 -0. 061633 .408791 -0. 039820
18 -0. 168771 .296325 -0. 168947 .066656
19 .083690 .478498 -0. 107822 . 107905
20 -0.709682 .271491 -0.498926 .000511
21 -0. 906779 . 169674 . 116927 -0. 019713
22 -0. 819010 .229129 . 160761 -0. 008241
23 -1.563406 .007840 .026623 .215972
24 -1.646675 -0. 134782 .066372 .518130
25 -0.331616 .301484 .156042 -0.044849
26 -0. 437395 .367470 .006753 -0. 156758
27 -0.465335 .151263 -0.002118 -0.038996
28 -1.195672 .035301 -0.109617 -0.067514
29 -1.211720 .163825 -0. 170140 -0. 065097
30 -0.617824 .517870 .098076 -0. 181425
31 -0. 513025 .481296 .032698 -0. 179018
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APPENDIX E

Computation of Mie Scattering Functions for
Three-Layered Spheres

The so-called Mie solution to Maxwell's equations, which

rigorously gives the scattering properties of a homogeneous sphere of

arbitrary size, is derived and discussed in many placed in the litera-

ture; important English-language references include Born and Wolf

(1970), Kerker (1969), and van de Huist (1957).

Aden and Kerker (.1951) derived the extension of Mie theory to

the case of a concentrically coated sphere, and Kerker (1969, Ch. 5)

generalized that result to scattering by a concentrically stratified

sphere having an arbitrary number of layers. We have adapted

Kerker's result to the particular case of the three-layered cell

described in Chapter 4.

Our notation follows that of Kerker (1969), with the subscript

"j" added to denote wavelength dependence (Sec. 1. 1). In order to

determine the spectral scattering properties of a spherical particle,

it is necessary to repeat the Mie scattering calculations at several

wavelengths (Sec. 4. 3 and 4. 4).

The Mie problem is solved once we have computed the complex

scattering amplitudes S.(0), i 1,2, (Sec. 4.3.1) and the cross

sections C . C and C . (Sec. 4,3.3) for a givensca3 abs,j ext,j
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particle. From these parameters we may calculate all other quanti-

ties of interest using the equations given in Sections 4.3 and 4.4.

The complex scattering amplitudes are obtained from the series

(Kerker, 1969, p. 47)

00

V' Zn+lS .(O ) a ,1T (cos 0 )-f-b .r (cos 0lj s n(n+1) nj n s nj.n s
n= 1

(E.1)
00

V
S .(e ) = 1 [a .T (cos 0 )+b .ir (cos B

s n(n+1) nj n s nj n s
n= 1

where the coefficients a . and b , called "Mie coefficients,"
n3 nJ

are functions, at each jth wavelength, of the particle's radii

(a1,a2,a3) and complex refractive index (Sec. 4.1 and 4,2)

= n. in
.1 3 3

The functions 11 (cos 0 ) and T (cos 0 ) are functions of the
n S n s

scattering angle only and are defined in terms of Legendre poly-

nomials.

The extinction and scattering cross sections of the particle may

be calculated directly from the Mie coefficients with the equations

(Kerker, 1969, p. 50)
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C = 2k2 (2n+1){Re(a ,+b .)] (E.2)ext,j j n3 nJ
n=l

C , = 2k.2 (Zn+l)(Ia .12+lb .12) (E3)sca,) 3
fl3 flJ

n=l

The absorption cross section may then be calculated with Equation

(4. 32).

Equations (E. 1) through (E.3) are equally applicable to homo-

geneous and concentrically stratified spheres; the two cases differ

only in the computation of Mie coefficients a and b .. For the
fl3 flJ

case of a three-layered sphere the Mie coefficients are given by the

equations (after Kerker, 1969, p. 220-223)

At
anj B.nj

(E.4)
cl

flJbnj Dl.nj

where the determinant Al . is defined asnj
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IBI is obtained by substituting r (a ) for 4jt (a ), and (a
nj n3 n3 n3

for 4i (a ), in Al ., CI . is obtained by raising the "m's"
n 3 nj nj

one row from where they occur in
I
AI ., and

I

is obtained
nJ nJ

by substituting ,'(a3) for qi'(a3), and (a3) for n3' in

CI .. The arguments a, i = 1, 2, 3, are the non-dimensional
n.j I

radii of the cell, defined as

k a.
1 41

where is the propagation constant of the medium containing the

cell, and a are the outer radii of the cell layers (Figure 4. 1). The

functions 4i and x are the Riccati-Bessel functions defined as
n n

(Abramowitz and Segun, 1965)

.1.
qi (ma) iTmai J 1(ma)n n+

1 1/2
x (ma) (- ma) N 1 (ma)n

where J and N are the half integral order Bessel and
n+

Neumann functions respectively. The Hankel functions are

defined as

(ma) = iji (ma) + ix(ma)

Primes denote differentiation with respect to the argument. To save

space, we have introduced the convention of subscripting the entire
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determinant with the wavelength index "j," which we will take to

imply that every term in the determinant is wavelength dependent,

e. g., m1 = m1 ii(m2a1) = ij(m2jct1j)i etc. It is convenient to

temporarily continue to use this convention and drop explicit subs cris

from the tIm; s," "& S," '4i' s," etc. in the following algebraic

development.

If we expand
I

A . and C . by the cofactors of ii (a
n.j n.j n3

and 4i' (ci. ), and expand B
I

and D . by the cofactors of
n 3 n.j n.j

and ç(ct3), we may then rearrange the resulting cofactors

by simple row and column operations, partition the cofactors, and

compute the four original determinants with the equations

Al = [i(a3)i(m1a)III m (ci )i (ma)IIIIn in 3 nn.j

- p'(a3)i(m1u1)lIIrl +m1(ci3)j(m1a)lIVl}.

IBI. R(ct3)(m1a1)JIl -

(a3)'(mu)IIIII + m1,'(a3)t4i(m1a1)IIVl].
(E. 5)

CI. [m1(u3)i(m1a1)IVI

m1p'(a3)4i'(m1a1)VIIl +

DI. [m1(a3)i'(m1a1)IVI (a3)(m1a1)IVII

m1c,'(a3)i(m1a1)j VIII + a3)Lp(m1a1)VIII].
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3 '2'3 '2
III = [m2(m3[xqi] [xqi]' - m2[xqi]2' [xqi] )1.

3n3

32 2,1' 32'
'Ii = [m3[x] [X]n m2[x]21 IX1n ]nJ

[m2m3(m3 32 21
[ 121 32'

nh = [x] [xL.J] m x4' [xi ].
n.j n n n n 3

32
[ 121' 21' 32'

lvi = [m3(m3[xqij x'1i m2[X]n [xi]
n.j n n

(E. 6)
3'Z 2,1' 21 32'

lvi . [m3(m2[Xln [x'ii] m3[x4i1 [xtIJ]n
Ijfl3

32 2,1' 21' 3'Z'
vii [m3m2(m2[XJ] [x4J]n m3[xqij [x'ii] )1.

3nJ

21 32'32 21
viii [m2[x4i] [xi1 m3[X4i] [xi] 1.n n 3n.j

{
32 21' 21' 32'

viiiI . = m2(m2[x.Ii] [xii] - m3[xqi] {xiii] )l
fl3

The linear operators [X4i]nj in Equations (E. 6) are formed from the

two basic operators

21
[XlIi]nj [X(m2a2)qi (m a ) '.P

(m a )X(m2a1)l3n 21 n 22
(E.7)

32
{xqi] . = [X(m3a3),Ii (m a ) ip (m a )x (m a )J.

n.j n 32 n 33 n 32j
The primed superscript operators are formed simply by substituting

the derivatives of LjJ and x for terms in which the argument con-

tains ak where k corresponds to the primed index (or indices),

e.g.,



234

32'[xJ]j = [Xn(m3a3)ii'(m ) qi (m a )X'(m a )]n 32 n 33 n 32j
and so forth to obtain the remaining operators.

Equations (E.4) through (E.7) reduce to the equation for a

homogeneous sphere when we set m1 m2 = m3 = m. The algebra

is too lengthy to present here, but it is easily confirmed that this

substitution reduces Equations (E. 4) through (E. 7) to

(a ))'(ma ) mi (ma )i'(a3)n3n 3 na =nj t (a )4i'(ma ) - m4i (ma )'(a3)n3n 3 n 3n
mj (a )'(ma ) (ma )'(an 3n3n3n 3

bnj m (a )'(ma3) (ma3)'(a3)n3

which are the well known equations giving the Mie coefficients for a

homogeneous sphere (e. g., Kerker, 1969, P. 45). This result gives

a useful check on programming accuracy, since by setting the refrac-

tive indices equal numerically, we should obtain the same results as

with the simpler equations for the homogeneous sphere.

We computed the Riccati -Bessel functions using the algorithm

described by Ross (1972). The functions Xn(Z) are computed using

the stable forward recursion equation

x(z) 2(n-l)z'X1(z) Xn2(Z) (E-8)

with starting values
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x0(z) = cos

1
(E.9)

x1(z) = z cos z + sin z

The recursion is repeated to order n = NMAX such that
10XNMAX(Z) > 10

The functions 4i(z) also satisfy the recursion equation (E. 8),

but because of the functions behavior at large orders, serious

round-off errors may result from forward recursion. To avoid these

errors, Ross (1972) has proposed a backward-forward recursion

algorithm that is stable for real values of the argument z and for

complex z when Im(z) < 5. This limit on Im(z), together

with the magnitude of the complex refractive index, determines the

radius of the largest absorbing particle for which we may compute

Mie scattering coefficients (cf Sec. 4.4.2).

In Ross's algorithm, the values of and

are estimated using the asymptotic relationship (nD)

where

z
iji (z) (E. 10)

n 2t(z)

2 21/2t = [(n+0.5) -z ]

Then, successively smaller orders of are computed using the

backward recursion equation
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(z) = (2n+3)z' +i(z) (E. 11)
n

Backward recursion is continued, for real values of z, until a local

maximum is found in t4i(z) at order n n. Then, starting from

values

40(z) = sin z
(E. 12)

4i1(z) z sin z - cos z

the series {(z)}, n 0, 1, n' is computed with the forward

recursion equation

(z) = (2n-1)z' (z) (z) (E. 13)
n n-i n-Z

At order n n', the backward error ratio f is computed as

i4i(z) from fcrward recursion

n' from backward recursion

In the case of complex argument z, the backward recursion

is continued to n 0 and the error ratio is computed as

f slnz
t4i0(z) from backward recursion

In either case, if the computations have been done accurately,

the value of f should be 1.00 (±O.01diO.O1).

Finally, the series obtained by backward recursion is adjusted



237

as

t4i (z) = f(qi (z) from backward recursion), (n > n)
n n

to obtain the complete series {qi(z)}, n 0, 1, . . ., NMAX.

The Hankel functions are computed as

(z) = 4i (z) + iX (z) . (E. 14)
n n n

The derivatives of the Riccati-Bessel and Hankel functions all

satisfy the recursion equation

F(z) F1(z) - nz'F1(z), (E. 15)

where for F we may substitute 4i, x or as appropriate.

The angular functions ir (cos 0 ) and T (cos 0 ) in Equa-n s n s

tion (E. 1) are both computed, for each value of Os' by forward

recursion as

r (cos 0 ) cos 0 (Zni fl
n s s n_i n-1 n-i n-2

(E. 16)
T (cos 0 ) cos 0 ( -r ) sin20 (Zn-1)ii + T
n s 5 n fl-2 5 n-i n-Z

using the starting values

ir(cosO)0 T(cosO)0
0 S 0 s

ir1(cos 0) 1 T1(cos 0) = cos ( 17)

it (cos 0 ) 3 cos 0 T (cos 0 ) = 3(cos2O -sin20 )2 s s 2 s s s
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The equations and algorithms discussed above were programmed

for machine computation of Mie scattering functions and cross sections

on the CDC 3300 computer at Oregon State University. Eleven signifi-

cant digits are carried in all calculations.

The subroutines used to calculate Bessel functions were checked

against tabulated values for real arguments z (Abramowitz and

Segun 1965) with exact agreement, and against asymptotic series

values (Abramowitz and Segun, 1965, Eqn. 10. 1.51).

The coefficients a . and b . were checked, for non-nj
absorbing spheres, for closeness to the non-absorbing circle in the

complex plane using the parameter

s ([0.5-Re(a ,)]2 + {Im(a )]2)1/2 - 0.5 (E. 18)
nJ nJ

(with a similar expression for b) introduced and discussed by

Brunsting and Mullaney (1972). For all non-absorbing cases checked

si < 1.5 x lOu, indicating that the coefficients were within one

part in 1010 of lying exactly on the non-absorbing circle. For

absorbing spheres the coefficients lie within the non-absorbing circle

and asymptotically approach it at large orders. Our results are

essentially the same as those reported earlier by Brunsting and

Mullaney (1972).

The programs were also checked against results in the literature

for nonabsorbing and absorbing homogeneous spheres (Diermendjian,
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1963; Deirmendjian and Clasen, 1962; Kerker, 1969, van de Huist,

1957) and for non-absorbing two-layered spheres (Kerker et al.,

1962; Brunsting and Mullaney, 1972). Agreement was within 5%. 6

Our computational results for three-layered spheres containing

plant pigments are presented in Chapter 4.

minor error in the recursion for the derivatives of the
Bessel functions was discovered by David Roach and accounts for the
5% discrepancy.




