Contribution of water-leaving radiances to muiltiangle,
multispectral polarimetric observations over the open
ocean: bio-optical model results for case 1 waters

Jacek Chowdhary, Brian Cairns, and Larry D. Travis

Multiangle, multispectral photopolarimetry of atmosphere—ocean systems provides the fullest set of
remote sensing information possible on the scattering properties of aerosols and on the color of the ocean.
Recent studies have shown that inverting such data allows for the potential of separating the retrieval
of aerosol properties from ocean color monitoring in the visible part of the spectrum. However, the data
in these studies were limited to those principal plane observations where the polarization of water-
leaving radiances could be ignored. Examining similar potentials for off-principal plane observations
requires the ability to assess realistic variations in both the reflectance for and bidirectionality of
polarized water-leaving radiances for such viewing geometries. We provide hydrosol models for use in
underwater light scattering computations to study such variations. The model consists of two components
whose refractive indices resemble those of detritus—minerallike and planktonlike particles, whose size
distributions are constrained by underwater light linear polarization signatures, and whose mixing ratios
change as a function of particulate backscattering efficiency. Multiple scattering computations show that
these models are capable of reproducing realistic underwater light albedos for wavelengths ranging from
400 to 600 nm, and for chlorophyll a concentrations ranging from 0.03 to 3.0 mg/m?®. Numerical results
for spaceborne observations of the reflectance for total and polarized water-leaving radiances are pro-
vided as a function of polar angles, and the change in these reflectances with wavelength, chlorophyll a

concentration, and hydrosol model are discussed in detail for case 1 (open ocean) waters. © 2006 Optical

Society of America

OCIS codes: 010.0010, 280.0280, 290.4210, 290.5850.

1. Introduction

The linear polarization of light observed over the
ocean from an aircraft or spacecraft contains a wealth
of information that is not readily available from total
radiance data. Light, in its most general form, can be
described as the sum of an unpolarized component
and a fully polarized component.! Linearly polarized
light makes up most of the latter component (with
typically only a very tiny fraction of circular polarized
light), and originates in atmosphere—ocean sys-
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tems from particle scattering in the atmosphere and
ocean, from skylight reflection by the ocean surface,
and from transmission of light by the ocean surface.
Both the total and polarized radiance exhibit features
as a function of scattering angle and wavelength that
can be used to extract information about the atmo-
sphere and the ocean. However, the polarized radi-
ance features are generally much sharper, more
numerous, and show larger variations than the total
radiance features because of their large sensitivity to
aerosol properties and weak sensitivity to multiple
scattering. To match such polarimetric variations re-
quires the use of sophisticated numerical techniques
to model the scattering properties of complicated
aerosol particles?; however, they also allow these
properties to be retrieved with accuracies far exceed-
ing those of photometric retrievals.34 Examples of
such retrieval differences are given by Chowdhary et
al.’ and Gérard et al.® for observations in the near
infrared, where one can neglect the contribution of
water-leaving radiances. The situation becomes more
complex for visible wavelengths, where one must ac-



count for light emerging from the ocean body. The
radiance of this light contributes less than 20% of the
total observed from space, but its absolute magnitude
varies substantially with the amount of phytoplank-
ton.”8 This makes it extremely difficult to retrieve the
properties of aerosol particles and especially of ocean
bodies from photometric measurements at such wave-
lengths. Commonly, one incorporates the infrared
measurements to constrain the amount of atmo-
spheric scattering in the visible,® but such extrapola-
tions still require assumptions on the spectral
behavior of aerosol optical properties.

In a recent paper'® we explored inverting visible
polarized radiances obtained over the ocean by the
Research Scanning Polarimeter (RSP) instrument,?
an airborne version that is functionally similar to the
Aerosol Polarimetry Sensor (APS).12 Using for the
computation of underwater light contribution a hy-
drosol model whose scattering function resembled the
ones measured by Petzold!? for turbid waters, we
showed that the polarized contribution of this light to
our data set was negligibly small. This important
observation enabled us to expand the range of wave-
lengths used for aerosol retrieval and to obtain addi-
tional valuable information of aerosol refractive
indices in the visible part of the spectrum. Similar
conclusions were reached by Chami et al.,'* who em-
ployed a phytoplankton model for their underwater
light scattering computations. However, it has been
known in the ocean color monitoring community that
phytoplankton alone cannot provide the amount of
backscattering necessary to produce observed ocean
albedos,® and that the use of Petzold’s scattering
functions can lead to uncomfortably high ocean albe-
dos.16 This does not much affect the conclusions
drawn by Chami et al.'* and by Chowdhary et al.1°
since both analyses were confined to the observations
in the principal plane where the polarization of
water-leaving radiances is inherently small near the
backscattering direction, and relatively small for
forward-scattering directions coinciding with the
sunglint region. But expanding such studies to in-
clude sideward-scattering directions and/or total ra-
diances require hydrosol models that lead to more
realistic ocean albedos, especially if the results are
going to be used for quantitative analyses of actual
remote sensing data.

Unfortunately, only few measurements of angular
scattering by hydrosols have been reported thus far
(Volten et al.1” and references therein). While these
measurements can be reproduced fairly well by Mie
computations,’819 they provide insufficient data on
the change in backscattering efficiency with phyto-
plankton concentrations.? The existence of such
changes has been derived from theoretical consider-
ations and underwater light measurements, and is
routinely used to explain ocean color variations.® It
has been approximated by variations in particle size
distribution2! and/or the refractive index22 of hy-
drosols, but data to substantiate such relationships
are even scarcer. Most radiative transfer studies of
underwater light up to the present have thus focused

on sensitivity analyses rather than remote sensing
applications; i.e., hydrosol properties and/or turbid-
ity were simply varied within acceptable boundaries
to examine their relative effects on fluxes,23-25 total
radiance distributions,?6-27 and polarized radiance dis-
tributions282% in atmosphere—ocean systems. Some
studies adopted elaborate hydrosol models consisting
of 5+ microbial species to study variations in the in-
herent optical properties of ocean bodies and their im-
pact on remotely sensed reflectances3?31; however, the
complexity of such models (including the large number
of free parameters) is difficult to implement for use in
remote sensing. Ocean properties relevant to the de-
termination of ocean color can, on the other hand, be
retrieved without precise knowledge of the hydrosol
scattering function by measuring ratios of upwelling to
downwelling underwater light irradiances.32:33 Never-
theless, the need for hydrosol scattering functions that
are more realistic than those used by Chami et al.14
and by Chowdhary et al.1° has also been expressed in
ocean color retrieval studies; in particular those that
examine approximations made for the bidirectionality
of water-leaving radiances.34-36

In this study, we seek to perform vector radiative
transfer computations of underwater light whose
scattering properties and ocean body albedo are con-
sistent with ocean color statistics, such that the re-
sulting water-leaving radiances can be used to study
the separation of aerosol retrieval and ocean color
monitoring in polarimetric remote sensing observa-
tions. We develop for this purpose a hydrosol model
consisting of two components whose particle proper-
ties are constrained by maximum underwater light
polarization signatures, and whose mixing ratios are
determined by the backscattering efficiency predicted
by ocean color algorithms. The ocean color algorithms
are for case 1 waters, i.e., waters whose optical prop-
erties are dominated by living organisms and their
associated by-products.3” According to Morel,® more
than 98% of the world’s ocean can be classified as
such. We show that the resulting hydrosol scattering
functions lead to ocean albedos that are in excellent
agreement with predictions made for visible wave-
lengths and a wide range of ocean biomass concentra-
tions (oligotrophic to moderately eutrophic waters)
when combined with bio-optical relations for the scat-
tering and absorption coefficients. Our results are not
unique, i.e., we provide multiple solutions of our model
that lead to the same ocean albedos and color varia-
tions. However, the purpose of this study is not to
derive hydrosol properties, but to provide a simple ra-
diative transfer model for underwater light scattering
that allows for the study of total and polarized radi-
ance distributions emerging from ocean bodies with
realistic albedos and ocean colors, as might actually be
observed from an aircraft or spacecraft. To address
differences that might arise from assumptions made in
the course of our model derivation, we compare water-
leaving radiance distributions obtained from a solution
of our model with those obtained from a hydrosol
model whose single scattering radiance and polariza-
tion properties resemble extreme observations.
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The two-component hydrosol model approach to rec-
oncile underwater light scattering computations with
ocean color statistics has been suggested before. For
example, Gordon2° concludes that in order to repro-
duce the change in backscattering efficiency with phy-
toplankton concentration, one must accept at least two
particulate components for hydrosol scattering. He de-
fined these components as detritus and phytoplankton,
and adopted for their scattering functions the orig-
inal measurements by Petzold’® and a modified
version, respectively. Haltrin3839 on the other hand
provides the parameterization of a two-component hy-
drosol scattering function and a two-term Henyey—
Greenstein scattering function, respectively, based on
extensive measurements taken by a number of re-
searchers. Both Gordon2° and Haltrin3® force their
models to agree with ocean colors statistics by tuning
their mixing ratios. However, their scattering func-
tions are given in analytical formats rather than Mie
solutions, which makes it impossible to extend their
results to include polarization. Twardowski et al.22 use
altogether a different approach in which the refractive
index and size distribution of a one-component hy-
drosol model are varied to fit observed backscattering
efficiencies and attenuation coefficient spectra, respec-
tively. Mobley et al.40 use a similar approach except for
postulating a relationship between particle refractive
index and size distribution. Both their models can be
used to compute polarization properties of hydrosols,
but we found the resulting values to be much higher
than suggested by underwater light polarization mea-
surements [e.g., see Fig. 3(b) and related discussion in
Subsection 3.A]. Furthermore, their models imply the
use of a hydrosol model whose microphysical proper-
ties vary continuously with phytoplankton concen-
tration, which is more cumbersome to employ for
operational purposes than the use of two hydrosol com-
ponents whose mixing rations are varied continuously.
Finally, the approach followed by Mehrtens and
Martin%! and by Morel et al.42 is quite similar to the
one presented in this work: Marine particulates are
decomposed into two components, the scattering prop-
erties of each of which are defined by a set of particle
refractive index and size distribution parameters, and
the mixing of which leads to realistic ocean color vari-
ations. Both their models address, therefore, the need
expressed by Morel and Gentili34-36 for more realistic
hydrosol scattering functions. However, the set of pa-
rameters chosen for each hydrosol component in these
models is not constrained by polarization measure-
ments. Consequently, their mixtures lead to underwa-
ter light polarization that is not necessarily consistent
with such measurements. Furthermore, they do not
discuss uncertainties associated with the nonunique-
ness problem of viable hydrosol models.

2. Theory

A. Basic Radiative Transfer Concepts

Consider first the occurrence of unidirectional light in
a plane-parallel atmosphere—ocean system (AOS).
Let the direction of light propagation be denoted by
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Fig. 1. Local geometry of light traveling through O in the direction
of k, where k is a unit vector specified by the polar angles (6, ¢).

the real unit vector k. To describe the geometry of
light propagation, we use a right-handed Cartesian
coordinate system with the positive z coordinate mea-
suring height from the ocean surface (Fig. 1). Then k
can be specified by the coordinates (u, ¢), where
u = —cos 0, 0 is the zenith angle measured from the
positive z axis, and ¢ is the azimuth angle measured
in the clockwise direction from the positive x axis
when looking upward (see Appendix A for notations).
Note that © < 0 for upwelling radiation while u

> 0 for downwelling radiation. For future use, we
also define p = |u|. The intensity and state of po-
larization of light traveling in the direction k can be
described by the (4 X 1) Stokes vector I given by

I
Q
\%4

which has as its components the Stokes parameters I,
@, U, and V. Stokes parameter I is equal, apart from
a constant, to the net monochromatic energy flux
(Wm ?nm'). Stokes parameters @ and U describe
the linearly polarized component of this flux, while its
circular polarized component is described through
Stokes parameter V. We define further the linear
polarized component of I as

P=\@*+ U~ (2)

A more detailed discussion on the Stokes parameters
I, @, U, V, and on the direction of polarization for P is
provided by Hovenier and van der Mee.#3 Multiple
scattering by randomly distributed particles causes
the field of light to depend also on the direction and
size of solid angle considered. The quantity that takes
these properties into account, and which is also ap-
propriate for use in radiative transfer computations,



is the (4 X 1) so-called specific intensity or radiance

vector I. We refer to Mishchenko#* for a thorough
discussion on the specific intensity vector and its re-
lation to the Stokes vector. We use a tilde to identify
the radiance equivalents of I, @, U, V, and P. That
is, I is the first parameter of the specific intensity vec-
tor I and is equal to the total radiance (W m % nm*
sterad ') of a beam of light, for example.

Consider now a small-volume element dV of the
atmosphere or ocean body containing randomly ori-
ented particles. To locate the volume element we de-
fine its optical depth T as in Hansen and Travis:! We
assume that each scattering process in dv occurs in-
dependently of the others, which requires that the
particle centers are separated by at least four times
their radius.4* Also, we ignore internal emission

sources. Let I(t, u, ¢) denote the specific intensity
vector of a quasi-monochromatic beam of light illu-
minating dv in the direction of k given by («, ¢), and
dI(m, u’, ¢') the specific intensity vector of the fraction
of light emerging from dv in the direction of k’ given
by (u', ¢'). Choosing the meridional plane (i.e., plane
containing the direction of light propagation and the
z axis) as a reference plane for intensity vectors, one
can describe the transfer of polarized light in our
plane-parallel atmosphere—ocean system by

1
- - ®
wdl(v', u', ¢")=-I(1, u, cp’)dﬂr+47rf udu

-1

2m
XJ deZ(u’', ¢'; u, ¢)
0
x1(r, u, ¢)dr, (3)

where dt and o are the optical thickness and single
scattering albedo of dv, respectively, and Z is the
(4 X 4) phase matrix given by

Z@w', ¢';u, ¢) =L(m—i))F(@)L(—i;). (4)

In Eq. (4), F is the scattering matrix of dv and de-
pends only on the so-called scattering angle ® be-
tween (u, ¢) and (u', ¢') because it assumes the
scattering plane (plane through k and k') as the ref-
erence plane for I(t, u, ¢) and I(r, u’', ¢'). Matrices
L(—i,) and L(w — i,) describe the transformation of
I(7, u, ¢) and I(7, u’, ¢’') when rotating their reference
planes to and from the scattering planes, respec-
tively, and are provided by Hovenier and van der
Mee.43 If each of the particles in dv can be character-
ized by a plane of symmetry (e.g., homogeneous
spheres and spheroids), or if it is accompanied in dv
by a mirror particle, then F takes the form46

a;(©) by(®) 0 0

by(©) ax(®) 0 0 -
0 0 ay® 0 |
0 0 0 ay0)

F(0) =

where a; is just equal to the scattering function of dv.
We omit the bold font face of F when referring to its
scattering function, i.e., F = a;, and normalize it
according to Hansen and Travis!:

dQ
F©), =1, (6)

4w

where dQ) is the volume element of the solid angle
(sterad). Note that this normalization differs by a
factor of (4m)"' from the normalization commonly
adopted by the ocean color community (e.g., Gor-
don47). In addition, it is customary to use —Fy;/F1; (%)
for the degree of linear polarization of light singly
scattered by dv when illuminated by a unidirectional
beam of unpolarized light.

B. Bio-Optical Equations for Case 1 Waters

To describe the color of the bulk ocean, it is conve-
nient to approximate the reflection properties of the
ocean body by a Lambertian reflector whose albedo
Ay varies with the wavelength A(nm). Albedo A, is
then equal to the ratio of the upwelling irradiance E,
to downwelling irradiance E, just below the ocean
surface, i.e.,

E,(\)
Eq(\)

Ap(N) = (7)

which is independent of instrumental calibration and
can therefore be measured relatively easy. Note how-
ever that E; and E, vary with the sun angle and
ocean properties, respectively. Morel and Prieur3?
show that A, can be expressed in terms of the back-
scattering coefficient sy (m ) and absorption coeffi-
cient ay (m ') of bulk oceanic water according to

Spic(N)
ap(N)’

Ablk()\) = (8)

where « is about 0.3 for oligotrophic waters and clear
skies with the sun overhead. Variations of the factor
« with decreasing solar zenith angles and increasing
biomass concentrations are given by Morel and Gen-
tili3¢ and by Morel et al.42 The bulk backscattering
coefficient sy in Eq. (8) can be written as®

sp(\) = 0.5, (\) + q,(\)b,(\ = 550), (9)

where b,, and b, are the scattering coefficients (m™)
of the pure water and particulate components of the
ocean, respectively, and g, is the backscattering effi-
ciency of the particulate scattering function F,, i.e.,

" F,0,)\) |
qp()\) =2 T SlD(@) d@, (10)
/2
1 August 2006 / Vol. 45, No. 22 / APPLIED OPTICS 5545



where the factor of (4m)! derives from the normal-
ization of F,(®) in Eq. (6).

In situ measurements have shown b, to be system-
atically correlated with [Chl], the concentration
(mg m~?) of chlorophyll a, in case 1 waters. Chloro-
phyll @ is a photosynthetic pigment found in micro-
scopic plants and phytoplankton that absorbs
strongly in the blue part of the spectrum. Hence [Chl]
affects the color of the ocean and can also be used as
a proxy for the amount of phytoplankton biomass. Its
magnitude varies from 0.01 mg m? for oligotrophic
oceans to over 10 mgm™® for strongly eutrophic
oceans, but is, according to Morel and Gentili,34 for
most open oceans smaller than 1 mg m *. Following
Morel and Maritorena,'¢ we use for b,:

b,(\) = b,"[Chl]>766 (550/X), b,°=0.416, (11)
where the dependence on [Chl] of b, on the left-hand
side is implicitly assumed. We adopt this convention
for all parameters relating to particulate matter in
the present work. The nonlinear relationship be-
tween b, and [Chl] in Eq. (11) can be attributed to the
relative increase in amount of nonchlorophyllic par-
ticles (e.g., detritus) with decreasing [Chl].48 The ac-
companied change in hydrosol scattering function is
thought to be the source for the variation in the back-
scattering efficiency g, derived from ocean color ob-
servations. Morel® parameterized this variation as a
function of A and [Chl] based on theoretical consider-
ations and in situ measurements. We use the modi-
fied version of this parameterization given by Morel
and Maritorena,!®¢ which reads as

g,(\) = 0.002 + 0.01{0.50 — 0.25 log;,[Chl]}

X (\/550Yt, (12)

where

- 0.5(log;o[Chl] - 0.3), 0.02=<[Chl]=2mgm*
o0, otherwise.
(13)

The variation of absorption coefficient a;, with A and
[Chl] has been studied by Bricaud et al.4® for sus-
pended particulate matter. They found similar non-
linear relationships with [Chl] as in Eq. (11) for both
phytoplankton and nonalgal particles, with the value
of the exponent depending on \.5° However, as
pointed out by Morel and Maritorena,'® such mea-
surements do not account for absorption by colored
dissolved organic matter (CDOM, or “yellow sub-
stance”), which can be substantial in the blue. In-
stead, we retrieve ay, and A,, simultaneously by
solving Eq. (8) together with

My
api(N) = Kpi(MN{1 — Api(M) } m, (14)
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where p,; and p, are the average cosine directions
with respect to the vertical for the downward and
upward underwater light flux, respectively, and

Kblk()\) = Kw()\) + Kbio()\) (15)

is the attenuation coefficient (m™') for downward ir-
radiance with

K,(\) = a,(\) + 0.5b,(\) (16)
and
Kbio()\) - X()\)[Chl]e(}‘), (17)

In Egs. (16) and (17), a,, is the absorption coefficient
(m™ ') for pure seawater, and x(\) and e(\) are the
coefficients tabulated by Morel and Maritorenalé to
fit observed spectra of the attenuation coefficient K,;,
of all biogenic matter (particulate and dissolved).
Equation (14) is an exact relationship derived from
Gershun’s divergence law for irradiance in which the
change of Ay, with depth is neglected (Prieur and
Sathyendranath5!). It has the advantage of relating
ay to in situ measurements of K,;, and thus incorpo-
rates absorption by all materials present, including
yellow substance. Note that substituting Eq. (8) for
Ay in Eq. (14) leads to a second-order polynomial
expression for a,y, which can be handled analytically
instead of using the iterative method proposed by
Morel.8 We solve this equation as a function of A and
[Chl] using for p,; and p, the values provided by Morel
and Maritorena.6 The coefficients b,, and a, in Egs.
(9) and (16) for seawater are taken from Smith and
Baker52 and from Pope and Fry,53 respectively.

C. Single Scattering Properties for Case 1 Waters

The bio-optical model described in Subsection 2.B
implies that, from an optical standpoint, one can
treat the bulk ocean of case 1 waters as a mixture of
pure seawater and a particulate component with
scattering properties (b,, a,) and (b,, G — Qu, G,)s
respectively. The bulk scattering matrix and single
scattering albedo for such mixtures are given by

bu(MF,(O, N) + b,(M)F,(0, \)

Fo(®, ) = bu(\) + b,(N) , (18)
bu(N) + by(N)
DN = 5 )+ by(N) + (N’ (19)

respectively, where F,, is the scattering matrix of
pure seawater. Measurements performed by Morel54
show that F,, can be approximated by Rayleigh scat-
tering with a depolarization factor §, of 0.09. Hence
to solve the equation of transfer for case 1 waters
requires finding appropriate models for F, whose
scattering function satisfies Eqgs. (10), (12), and (13).

There are many sources of elastic scattering that
can contribute to F, such as scattering by inorganic



and organic particles, which include living (bacterio-
plankton, phytoplankton, and zooplankton) and non-
living varieties, and even by air bubbles.1555 The
angular features of these scattering contributions are
determined by the size, shape, and composition of
their scattering sources. The magnitudes of these
scattering contributions depend in addition on the
abundance of their scattering sources. In what fol-
lows, we assume the shape of each scattering source
to be spherical, and the composition of each scatter-
ing source to be represented by a single value of re-
fractive index. Both assumptions are generally not
true, e.g., phytoplankton exhibit a wide variety of
shapes!?-5¢6 and are often heterogeneous.57:5¢ How-
ever, they allow the scattering properties of these
particles to be computed from the Mie theory, which
is relatively simple to use and requires only the size
distribution and refractive index as input parame-
ters. While it is becoming possible to compute the
scattering properties of complex nonspherical parti-
cles,? there is simply not enough information avail-
able on the detailed structure of marine particles to
compile representative cases. Furthermore, labora-
tory measurements show that while the shapes of
phytoplankton scattering functions are sensitive to
particle inclusions such as gas vacuoles, they show
mainly changes in the forward-scattering hemi-
sphere.l” These measurements suggest that the in-
ternal variation of phytoplankton particles may have
a bigger impact on the backscattering efficiency®® g,
than on the distribution of radiance reflected in the
backscattering hemisphere. We will account for the
former impact by fitting g, in our hydrosol models to
the semiempirical variations with [Chl] given by Eq.
(12). Furthermore, Mueller matrix measurements
performed for various oceans®! and phytoplankton
cultures®2 show linear polarization signatures that
can be reproduced from scattering by homogeneous
spheres (Fig. 1 in Kouzoubov et al.63) even though
differences were observed for the diagonal elements
a,, as, and a4 of the scattering matrix. Nevertheless,
theoretical computations show that internal struc-
tures such as spherical layers can change the shape of
scattering functions for sideward and backward di-
rections.?® And nonspherical shapes have been used
to modify the backscattering lobes of these func-
tions.42 We will address the significance of ignoring
such effects by comparing our results with those ob-
tained for highly refractive spheres which exhibit
more pronounced backscattering lobes.

Both the equation of transfer given by Eq. (3) and
the bio-optical model presented in Eqs. (8)—(17) ig-
nore inelastic scattering processes such as Raman
scattering and fluorescence. Fluorescence by chloro-
phyll a leads to a distinctive peak in Ay, at A =
685 nm,%* which can be avoided by limiting our anal-
yses to A = 600 nm. Yellow substance fluorescence
can also contribute to A, in the blue—green but its
magnitude becomes only important in coastal regions
influenced by terrestrial dissolved organic matter
(DOM) discharge,®s i.e., in case 2 waters.3” Raman
scattering, on the other hand, can contribute signifi-

cantly (15%—-20%) to the water-leaving radiance for
A = 520 nm and 0.05 =< [Chl] < 0.1 mg m *.66 For-
tunately, the bio-optical model is capable of reproduc-
ing measurements of Ay, (which include Raman
scattering contributions) quite well for green light
and small [Chl]. Morel and Maritorenal¢ argue that
this should not be surprising given the statistical
nature of the bio-optical equations and the span of
Ay values with \. Indeed, we shall see that Ay, can
vary with [Chl] by several factors, i.e., much larger
than the contribution of Raman scattering for given
[Chl]. Simulations performed by Morel et al.42 show
further that ignoring Raman scattering in underwa-
ter light scattering computations does not notably
change the angular distribution of upwelling light.
We conclude that the uncertainty in Fy; due Raman
scattering can be ignored in the present work. The
corresponding uncertainties in the polarized radiance
of scattered light are not addressed, but are assumed
to be small because they originate from a fixed per-
centage of Fy.

The variation of g, with [Chl] implies that there are
at least two types of particulates present in case 1
waters whose scattering matrices Fy 4 contribute to
F, and whose relative abundance varies with [Chl].
While g, is likely to originate from scattering by
many more classes of marine particulates,5 it is con-
venient to use only two effective particulate compo-
nents given the limited understanding on the
scattering contributions of each such class and the
increase in hydrosol model complexity with number
of classes. To obtain the scattering properties of two
such components, we take note of the following ob-
servations. First, laboratory measurements and anal-
yses of light scattering show that the real refractive
index Re(my,y,) (relative to seawater) of marine par-
ticulates is often bimodal, falling either between 1.02
and 1.09 or between 1.15 and 1.25.19:67 The former
mode is typical for living plankton?3° and organic cell
debris with high (>60%) water content.6® The latter
mode is indicative of minerals from aeolian input®?
and inorganic cell debris with low (<25%) water
content.®® While intermediate values of refractive in-
dices have been reported,22:70 it is convenient to con-
fine Re(myy,) to these modes, and to use the
corresponding boundaries to define two particulate
components of oceanic matter: phytoplankton [1.02
= Re(my,y) = 1.09] and high-refractive detritus
[1.15 = Re(myyq) = 1.25]. We will denote the refrac-
tive index values of these components by m, and
Mye, respectively, and assume them to be indepen-
dent of \ for visible light. The corresponding scatter-
ing matrices will be referred to as F,, and Fg,
respectively. Usually, one must specify also the imag-
inary part Im(m,,q) of the refractive index in order to
obtain the single scattering albedo from Mie compu-
tations. However, the bio-optical equations already
provide us with the quantities necessary to compute
this parameter, including its dependence on [Chl]
and \. Furthermore, Im(m) is usually less than 102
for marine particulates,?! at which its impact on g,
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becomes negligible.2! In what follows, we therefore
set Im(my,yq) to zero and use my, q to denote Re(my,yq).

Second, measurements of the differential size dis-
tribution n,.4(r) of ocean particulates are often found
to follow a power-law (or Junge-type) distribution
(Stramski and Kiefer'® and references therein), i.e.,

nhyd(r) = Crﬂ“‘yd, (20)
where dng,(r) is the number of particles per unit
volume with radius between r and r + dr, and the
constant C is chosen such that

J nhyd(r)dr =1. (21)

0

The value of the exponent v;,,q in Eq. (20) varies in the
majority of cases between 3.0 and 5.0 (Fig. 10 in
Jonasz). Accordingly, we assume 3.0 = v,,;¢ = 5.0 for
each m;, and mg, and denote the corresponding val-
ues of Yuyq by Yo and vger, respectively. Note that vy,
and vg are allowed to differ from one another, i.e.,
the total differential particle size distribution be-
comes also a two-component model. Such models
have been found to fit measured distributions better
than single-component models.?273 The radius r of
marine particulates can range from tens of nanome-
ters for viruses to hundreds of micrometers for dia-
toms. There is unfortunately little information
available on the size population of submicron parti-
cles, while incorporating large diatomlike particles in
the computation of scattering matrices can be very
time consuming. However, results obtained by Riso-
vi¢’® and by Ulloa et al.2! show that g, becomes in-
variant for particles with r,;, = 0.025 pm, and that
particles with r,,,, = 50 wm contribute less than 1%
to g,. We therefore set r,;, and r,, to 0.01 and
100 wm, respectively, for Egs. (20) and (21).

Third, measurements of F, performed for various
open ocean samplesfl.74 and phytoplankton cul-
tures'”-62 show that its linear polarization percentage
—F,,/F,; remains relatively stable, exhibiting a
bellshaped curve as a function of the scattering angle
similar to that of Rayleigh—Gans scattering. The
maximum value of this curve and its position were
seen to vary from 0.6 to 0.8 and from 87° to 97°,
respectively. The corresponding numbers for pure
seawater are 0.84 and 90°, i.e., the —F,,/F; values of
F, can be taken as an upper bound for those of F,.
These observations provide valuable constraints for
(Mo Vo) @nd (Mg, Yaer). For example, it is com-
mon'5 in underwater light modeling to take m;, =
1.06 from laboratory measurements results and to
assume that vy, = 4. The corresponding g, are less
than 0.009, i.e., smaller than observed for strongly
oligotrophic ((Chl] = 0.03 mg m ?) ocean waters (e.g.,
Ulloa et al.2'). It has been suggested!> that this
deficiency in g, is indicative of the presence in the
open ocean of small (r,,, = 1.0 wm), low-refractive
(mgey = 1.05) detritus particles that have a high g,,.
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However, the scattering matrix of both these plank-
ton and detritus particles exhibit —F,,/F;; values
that are in excess of 0.92, which is too high even if one
were to correct this number for nonspherical effects
(see Voss and Fry®1). Note that mixtures of such par-
ticles will then also lead to polarized water-leaving
radiances that are (much) higher than observed in
remote sensing data. Instead, we vary both sets of
parameters (my, Vo) and (mge, Yaer) until Fy and
F,., show —Fy,/F,, values that are similar to those of
F,. For simplicity, we will refer to the —F,,/F;, val-
ues of Fy, ;4 (that is, of F, or of Fy,;) as pyyq, to those of
F, as p,, and for future reference to those of Fy as
Puix- Hence the requirement put forward here is that
Dhya 1s approximately equal to p,,, which is the max-
imum observed in case 1 waters. We will discuss in
Subsection 3.A another bimodal hydrosol model
whose —F,,/F;; values constitute a possible lower
bound for those observed in the open ocean. The total
particulate scattering matrix F, can be derived from
F, and Fy using

F,(0,)N)
_ (1 - fdet)o-plk()\)Fplk(®5 )\) + fdetcdet()\)Fdet(®a )\)

(1 = faet) Opie(N) + faetTaet(N) ’
(22)

where fy. is the fraction of the total number of
particles that is detritus, and o, and oq, are the
scattering cross sections (wm?) obtained from Mie
computations for (myy, yu) and (Mger, Yaer), respec-
tively. Note that

(1 —f det)Opik(N)gpi(N) + faeto det(N)Qaet(N)
(1 = faet)Tpi(N) + faetTaet(N) ’
(23)

qp(\) =

where g, and g, are the backscattering efficiencies
defined similarly to g, in Eq. (10) except for using the
scattering functions F;, and F, respectively. That
is, fue can be determined from g, which is given by Eq.
(12) as a function of [Chl] and \. We will compute F
and F,, for A = 550 nm and assume them and the
corresponding scattering cross sections to be invari-
ant for 400 = A = 600 nm. We shall see later that
such assumptions still lead to good results for Ay if,
in Eq. (12) N is chosen midway between 400 and
550 nm.

D. Multiple Scattering in the Atmosphere-Ocean System

Let I, denote the specific intensity vector of a unidi-
rectional beam of sunlight illuminating the Earth’s
atmosphere in the direction of k, defined by the solar
zenith angle 6, and azimuth angle ¢, Also, let
o = cos 6,. To describe the specific intensity vector I
of light reflected by the atmosphere—ocean system,
we proceed as follows. First, let k given by (u, ¢) de-

note the direction of light propagation for I. We



choose the meridional plane for k (i.e., the plane con-
taining the z axis and k) as the reference plane for the

parameters of I and do the same for k, and I,,. Then,
following Hansen and Travis,! we define the (4 X 4)
reflection matrix R(w, ¢; o, @o) from

"Ti(ll«, ¢) = Rk, @5 Ros ‘-Po)io(Mo, ¢o)- (24)

Note that for the type of scattering matrices given by
Eq. (5), only differences in the azimuthal angle are rele-
vant because of the rotational symmetry with respect
to the z axis. This implies that R(w, ¢; o, @) =
R(w, po; @ — @). The AOS reflection matrix thus de-
fined incorporates all scattering processes that
occur in the atmosphere—ocean system, and can be
obtained relatively easily from the corresponding re-
flection and transmission matrices for the atmo-
sphere, ocean surface, and ocean body components
using the adding method.”> We adopt this method,
and complement it according to the work by de Haan
et al.’® and Chowdhary.”” The former work presents a
detailed study on the adding method for planetary
atmospheres and applies new features such as a spe-
cial Fourier expansion for the adding equations and a
so-called product method for the repeated reflections
between two layers. The latter work builds on this
study and discusses modeling problems that arise
when including the ocean surface and ocean body and
their remedies.

The atmosphere—ocean system specification for our
radiative transfer computations allows the ocean
body to be subdivided into a number of plane-parallel,
optically homogeneous layers, and to have a Lamber-
tian bottom with albedo A, . The user-provided scat-
tering properties for each of these layers include: the
bulk optical thickness ATy,; the scattering coefficients
b, and b, of water and particulate matter, respec-
tively; the depolarization factor 3, of ocean water;
and the bulk absorption coefficient a,;. In addition,
expansion coefficients of the particulate scattering
matrix F, in terms of generalized spherical func-
tions”® are given. For the current study, we assume
the ocean body to consist of a single layer with
an optical thickness At of 10 and no bottom (.e.,
Ay = 0). The reason for this is that while it is usual
for the vertical chlorophyll profiles of oligotrophic
oceans to develop a maximum below the nutrient-
depleted mixed layer,”® most of the water-leaving
radiance originates from scattering in the top
(z = —60 m) layer.8° The latter layer was found to
have an optical thickness of less than 8 for wy, =
0.9, and can be approximated by a homogeneous
layer if the chlorophyll maximum resides lower than
—45 m or if [Chl] = 0.4 mg/m® near the ocean sur-
face.81

The specification and computations for the atmo-
sphere are similar to those for the ocean body with
the following exceptions. The user-provided scatter-
ing properties for each atmospheric layer are the mo-
lecular scattering and absorption optical thickness
AT sea and ATy s TEspectively; the molecular depo-

larization factor 3,,; the aerosol extinction optical
thickness A7, .,; the aerosol single scattering albedo
W,er; and the expansion coefficients of the aerosol scat-
tering matrix in terms of generalized spherical func-
tions. Our radiative transfer program allows for the
option to retrieve the upwelling internal radiation
field in the atmosphere (to analyze aircraft observa-
tions as in Chowdhary et al.6-10-82) rather than at the
top of the atmosphere. We therefore also specify for
each atmospheric layer whether it is situated above
or below the observer. Here we will study only the
radiation field emerging from the top of a molecular
(i.e., homogeneous) atmosphere. While such pristine
atmospheres occur rarely, we want to examine first
the variation in magnitude and bidirectional behav-
ior of the water-leaving radiances as a function of
wavelength and chlorophyll a concentration before
including the highly variable effects of aerosol scat-
tering.

The reflection and transmission matrices of the
ocean surface are derived from the Gaussian-
distributed slope distribution given by Cox and
Munk.83 The user-provided surface properties are the
windspeed W (m s~ %) at 10 m above the surface, and
the (complex) refractive index mg. relative to air. Op-
tional features include the correction for shadowing
effects,®4 scattering by ocean foam with user-provided
foam albedo A,,85%¢ and the wind-direction s for
computations of the direct (i.e., not scattered by the
atmosphere) sunglint contribution.®2 Note that the
ocean surface matrices thus obtained do not account
for multiple scattering by adjacent waves.87 Also, we
use N, and N,, Gaussian quadrature points for sky-
light and underwater light scattering, respectively,
the directions of which are not related by Snell’s law.
To correct for the resulting energy deficiency v, the
ocean surface transmission matrix is normalized
along the two directions closest to the refraction peak
for a smooth surface, and a modified version of
Hansen’s®8 iterative normalization method is used to
update the ocean surface reflection matrix. The par-
titioning of  amongst these matrices is based on the
flux transmitted and reflected by a smooth surface.
This approach leads to good results for N,, N, = 20 if
the windspeed is fixed at 7 m s™* for ocean surface
transmission only, and allows the underwater light
field computations to be decoupled from those for the
skylight.”” Note that water-leaving radiances depend
very little on the ocean surface roughness?9.89.90 ag
opposed to the skylight reflected off this surface, and
that for most polarimetric applications N,, N, > 20 in
order for the computations to be sufficiently accurate.
For this study, we take shadowing effects into ac-
count, include the presence of foam, ignore wind di-
rectionality, and adopt W = 7m s™' for the ocean
surface wind.

In addition to upwelling radiation in the atmo-
sphere, the skylight field just above the surface is also
provided. The matrix describing this field is rendered
either as a by-product when adding the entire atmo-
sphere to the ocean system, or updated using the
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Fig. 2. (Color online) On the relation between the Junge exponent

Yhya and refractive index my,4 of hydrosol particles. Circles, results
obtained from minimizing Eq. (25). Error bars, range for which
d = dyin + 1% in Eq. (25). Solid line, line given by Eq. (26) to fit
circles. Hydro I and II, results obtained from other considerations
(see text).

method described by Stamnes et al.9* when adding an
additional layer to the atmosphere to retrieve its in-
ternal upwelling radiation. The radiative transfer
program accepts further the option to decompose all
radiation fields into scattering contributions originat-
ing from the atmosphere, ocean surface, and ocean
body. We invoke the latter option when studying the
contribution of water-leaving radiances to top-of-the-
atmosphere (TOA) observations in Subsection 3.C.
Extensive tests have been performed to validate the
computational output. Internal tests include moni-
toring the conservation of energy, verifying that
R(w, po; ¢ — @) and other atmosphere—ocean system
matrices obey the symmetry rules given by Hove-
nier,2 and comparing results obtained for different
specifications of identical atmosphere—ocean sys-
tems. The external tests include comparing results
with those computed according to Mishchenko and
Travis® and Jin et al.?3 for atmosphere—ocean sys-
tems, with those tabulated by Hovenier and de
Haan,*4 and de Haan et al.7¢ for atmospheres, and
with field measurements obtained 25 km off the coast
of Virginia during the Chesapeake Lighthouse and
Aircraft Measurements for Satellites (CLAMS) ex-
periment.82

3. Results and discussion

A. Hydrosol Models for Case 1 Waters

Figure 2 shows the results (open circles) for the re-
trieval of plankton (my,, = 1.09) and detritus (myq
= 1.15) particle properties. The retrieval is based on
a least-squares fit method in which vy, is varied for
given my,,q until
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11 N~
d =1\ 2 APwa(9) ~Pu(®)F (25)

attains its minimum d,;,. In Eq. (25), 0° = 0, =
180° and |®; — O, ;| = 1° so that N = 181. Also,
h = 4 for O, if for this angle p,,q = 85% and 1 if
otherwise to avoid solutions for which p,,q = p,,. The
error bars correspond to solutions with d = d;, +
1% and provide a measure for the sensitivity of py,q to
Ynya for given my,,. Conversely, they present reason-
able ranges for vy, if pyya = p.,, or upper bounds for
Yhya if Prya < Pw, When using monomodal hydrosol
models for underwater light computations. The solid
line in Fig. 2 is given by

Yhya = 6.63my,,q — 3.25 (=0.05) (26)

and provides a simple but useful parameterization of
our solutions for 1.03 = my = 1.25. The correspond-
ing results for py 4 are shown in Figs. 3(a) and 3(b),
where we also included the values for p,. Because of
the strong similarities of linear polarization for
myyq = 1.15, only two cases are shown for this group
in Fig. 3(b). The dotted line in these figures corre-
sponds to —F,/F;, = 85%, which is the upper limit for
Dhya used in Eq. (25).

To illustrate our motive for using Eq. (25) to con-
strain v;yq, we also computed vy, and m,,yq using only
the extinction coefficient ¢, = a, + b, (m™Y) and the
backscattering efficiency g,, respectively, according
to the method described by Twardowski et al.22 Note
that this method assumes the hydrosol particles to be
monomodal. We employed for this purpose the ab-
sorption coefficient given by Morel and Gentili34:

a,(\) = 0.06 A(\)[ChI]s, @27)

where A()N) is the specific absorption coefficient nor-
malized to the one for A = 440 nm and tabulated by
Prieur and Sathyendranath.5! The results (referred
to “hydro I” particles) for A = 550 nm are shown in
Fig. 2 for [Chl] = 0.03, 0.1, 0.3, 1.0, and 3.0 mg m 2,
and in Fig. 3(b) for [Chl] = 0.3 mg m *. Observe now
how the values for y,,q are much higher than those
obtained by minimizing Eq. (25), leading to py,q = p,,.
We remark on the other hand, that analyses per-
formed by Twardowski et al.2° for data obtained for
the upper (z = 50 m) layers of the Gulf of California
result into (myyq, Ynya) Pairs that vary from (1.05, 4.0)
to (1.08, 3.7), which is only slightly larger than the
range denoted by the error bars in Fig. 2. The con-
clusion to be drawn here is that the bio-optical
equations for a,(\) and b,(\) contain too large uncer-
tainties in the description of their spectral behavior
to provide useful information on vy, (for example, the
A" dependency for b, is explicitly assumed in Mo-
rel®), even though substituting b,(\) in Egs. (8) and
(9) leads to realistic values of Ay (N). This problem is
circumvented in the current study by using p,,, rather
than extinction spectra, to retrieve vy,,. It should
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once again be stressed that Eq. (26) provides only real
solutions for bimodal hydrosols whose p;,q exhibit
about the same values as those of p,. That is, it is
possible to encounter hydro I-type particles in open
ocean waters and at the same time observe that
—F,,/F,; = p, for the underwater light; they are then
accompanied by particles with p,,4 << p, such as
those with properties denoted by “hydro II” in Figs. 2
and 3(b). In addition, one may encounter hydrosol
particles that all exhibit p,,4 < p, (e.g., Adams
et al.?>). However, there exists little information to
parameterize such variation of p,,4 other than
—F,,/F,; = p, for bulk case 1 waters. Hence Eq. (26)
provides a simple tool when combined with the bio-
optical model of case 1 waters to simulate the mauxi-
mum of linearly polarized water-leaving radiances as
might be observed from an aircraft or spacecraft for
given Ay.. As more information becomes available on
the variation of underwater light polarization, one
may substitute p,, in Eq. (25) with such data to obtain
corresponding variations of Eq. (26).

Figure 4(a) provides a representative set of scat-
tering functions for the solutions given by Eq. (26).
The corresponding backscattering efficiencies are
given in Fig. 5 for my,,, = 1.12 with errors bars re-
trieved from those in Fig. 2. We remark that these
backscattering efficiencies constitute an upper bound
for case 1 waters; lower values for given my,g4 such as
those found by Twardowski et al.22 imply that
—F,,/F,; < p, for the underwater light. The dashed
lines in Fig. 5 are for the minimum (g, i) and max-
imum (g, ..,) value of g, according to Egs. (12) and
(13) as [Chl] varies from 3.0 to 0.03 mg m ? while
410 = N\ = 600 nm [see also Fig. 6(a)]. Note that g,
must be smaller than or equal to g, yin, and g larger
than or equal to g, ..., for Eq. (23) to reproduce the

full range of g, min = @) = @) max- All the detritus scat-
tering functions shown in Fig. 4(a) satisfy the latter
criterion for g4 However, Fig. 5 shows that the
plankton models derived from Eq. (26) satisfy g,
= @pmin Only if my,y = 1.06. We choose my, = 1.04
and mgy. = 1.15. The Junge exponents for these two
choices are, according to Eq. (26), v, = 3.7 and
Yaet = 4.4 (rounded off to the nearest decimal), respec-
tively. The corresponding cross sections o, and o,
and backscattering efficiencies g, and g, are given
in Table 1. Note though that any 1.03 = m,q = 1.06
can be chosen for m,,, and similarly that any 1.15
= myy = 1.25 suffices for my,, as input for Eq. (26) to
obtain viable hydrosol components for case 1 waters.
Consequently, there are many bimodal hydrosol so-
lutions, each of which can be identified by a unique
pair of refractive indices (1., myn). We will refer to
the collective of hydrosol components and their mix-
tures of each such solution as a detritus and plankton
particles (D—P) mixture. For the number fractions fg
of each D-P mixture we require g, in Eq. (23) to be
0.0138,0.0109, 0.0087, 0.0071, and 0.0058 for [Chl] =
0.03, 0.1, 0.3, 1.0, and 3.0 mg m ® respectively.
These values of g, (see also Table 2) are consistent
with the ones given by Eq. (12) for corresponding
[Chl] and 410 = \ = 550 nm [Fig. 6(a)], and lead to
excellent agreements between Egs. (7) and (8), as will
be shown in Subsection 3.B. The values for f re-
trieved in this manner for the D-P mixture specified
in Table 1, which we designate as our reference hy-
drosol model, are given in Table 2. They can be nicely
reproduced as a function of [Chl] from the following
fit [Fig. 6(b)]:

f1e(Chl) = 0.91[Ch1] 005 — 0.49 (=0.015), (28)
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respectively. (b) Same as (a) except for the plankton, detritus, and mineral particles specified in Table 1. Also shown are cases for the mixture
of detritus and plankton particles (D-P Mix), for the mixture of mineral and detritus particles (M—P Mix), for the TTHG used by Walker (Ref.
89) to fit Petzold’s (Ref. 13) measurements, and for scattering by pure seawater. The cases for the D—P mixture correspond to fj.

=0.1,0.2,...,0.8,0.9.

which states that the relative abundance of small,
highly reflective detritus particles decreases as [Chl]
increases. Such behavior is consistent with observed
relationships between the particle size and phyto-
plankton abundance as mentioned in Morel et al.42
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Fig. 5. (Color online) On the relation between the backscattering
efficiency gpyq and hydrosol refractive index m,yq. Circles, results
obtained from the Mie theory with -y,,4 given by Eq. (26). Error
bars, range in gy corresponding to the range in <,y shown in
Fig. 2 by the error bars. Minimum g,, smallest backscattering
efficiency for [Chl] = 3.0 mg/m® and 410 = A = 600 nm accord-
ing to Eq. (12). Maximum g,,, largest backscattering efficiency for
[Chl] = 0.03 mg/m®and 410 = A = 600 nm according to Eq. (12).
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Substitution of Eq. (28) into Eq. (22) provides the
change of F, with [Chl] for this D-P mixture. To
illustrate this change, we provide the variation of F,
with f;.; in Fig. 4(b) (green-dotted lines), where fi;
corresponds to 0.1, 0.2, . .., 0.8, 0.9. The perspective
numbers for [Chl] are found from inverting Eq. (28).

For comparison, we included in Fig. 4(b) the fit
obtained by Walker8® using two-term Henyey-
Greenstein (TTHG) functions® for the particulate
scattering functions measured by Petzold!3 in clear
ocean waters (i.e., his AUTEC and HOACE data
sets). The asymmetry parameters g; and g, for this fit
are 0.95 and —0.7; the corresponding weights w; and
w, are 0.9975 and 0.0025, respectively. Note that this
fit exhibits a broad enhancement in scattering toward
the backward (® = 180°) direction. This feature is
much narrower for our D—P mixture, and although
there are measurements of such narrow, so-called
glory features (e.g., Lee and Lewis®7), other data (e.g.,
Kullenberg?®) support the broad glory exhibited by
the TTHG fit. To evaluate the effect on water-leaving
radiances of these variations in glory, we consider
also hydrosol blends of mineral and plankton parti-
cles (hereafter referred to as M—P mixtures). We
adopt for the mineral particles a lognormal size dis-
tribution! with effective radius r. and effective vari-
ance v given by 1.0 wm and 5.0, respectively, and a
refractive index m,,,, given by 1.20. The resulting
scattering function F,,, is shown in Fig. 4(b) (blue-
dashed line). Note that while our choices for r.s and
v are much larger than the ones for the mineral
particles in seawater modeled by Wozniak and
Stramski,®® they cause F,,,, to exhibit a broad glory
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(see Fig. 9). (b) The change in particle fraction f,; with chlorophyll a concentration [Chl]. Circles, f;.; values given in Table 2. Dotted line,

line given by Eq. (28) to fit circles.

similar to that shown by the TTHG fit. The scattering
cross section o,,,, and backscattering efficiency g,
(defined similarly to g, except for using F\,,,) for this
M-P mixture are given in Table 1. Also shown in Fig.
4(b) are two scattering functions F), for this mixture
(red-dotted lines) corresponding to [Chl] = 0.03 and
1.0 mg m 2. The fractions f,,,, of particles that are
mineral for these and other values of [Chl] are listed
in Table 2.

The variation of —F,,/F;; with [Chl] is shown in
Fig. 7 for the D-P and M-P mixtures of Table 1. The
results in Figs. 7(a) and 7(b) are for the F, and Fy,
scattering matrices, i.e., for excluding and including
seawater, respectively. The —Fy,/F;; values for F,
F4. and F,,,. are also shown in Fig. 7(a) for compar-
ison, and similarly for F,, in Fig. 7(b). The D-P curves
in Fig. 7(a) correspond to [Chl] = 0.3 and 30 mg m .
They lie, as intended, close to one another and to the
—Fy/F,, values for F,, and F,, The change of
—F,,/F;; with [Chl] becomes even less noticeable for
this D-P mixture when including seawater; hence
only one such example (corresponding to [Chl] =
0.3 mg m®) is shown in Fig. 7(b) (D-P Bulk). The
small sensitivity to [Chl] is the result of the require-

ment p,,q = p, posed in Eq. (25), which causes any
mixture of hydrosols and seawater to exhibit —F,/
F,, values similar to those of F,. The —F,,/F,; values
for F,,, on the other hand are much smaller from
those obtained for F),. Consequently, one can clearly
see —F,,/F,; grow steadily for the M—P mixture in
Fig. 7(a) as [Chl] increases from 0.03 to 3.0 mg m>.
The variation with [Chl] becomes, however, compli-
cated for this M—P mixture when adding seawater.
This is because the change of b, with [Chl] in Eq. (11)
is opposite in sign to that of F,, with [Chl] in Fig. 4(b),
which causes Fi, in Eq. (18) to oscillate with increas-
ing [Chl]. Rather than discussing in detail the result-
ing fluctuations in —Fy, /F; values, we simply provide
in Fig. 7(b) their lower limit (M-P Bulk correspond-
ing to [Chl] = 1.0 mg m?) and upper limit (M—P Bulk
corresponding to [Chl] = 0.03 mg m ?) for the [Chl]
values listed in Table 1. Finally, we remark that the
M-P curves in Fig. 7(b) exhibit a smaller maximum
than the ones measured in case 1 waters for
sideward-scattering angles®! except perhaps for near
the coast,5 and that they can contain a second local
maximum closer to the backscattering direction. This
implies that the differences in polarized water-

Table 1. Reference D-P and M-P Mixtures

Plankton Detritus Mineral
Size distribution® Junge Junge Lognormal
Yo = 3.7 Yaer = 4.4 Tore = 1.0
Uegr = 5.0
Refractive index myy = 1.04 Myey = 1.15 My = 1.20

oo = 8.874 X 1077
Qi = 2.663 X 1072

Scattering properties®

Oger = 1.388 X 107° Crone = 2.186 X 1072
Gaer = 4.444 X 1072 Gonne = 2.581 X 1072

Uoge IN L.
: 2
Oplk> Tdets and Ompy 111 107
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Table 2. Mixing Ratios of the D-P and M-P Mixtures Referenced

in Table 1
[Chl]* 0.03 0.10 0.30 1.00 3.00
9, 0.0138 0.0109 0.0087 0.0071 0.0058
faet 0.70 0.61 0.52 0.43 0.34
fonr 0.00375 0.00224 0.00143 0.00096 0.00063

2[Chl] in mg/m3.

leaving radiances between the M—P and D-P ocean
mixtures are consistent with (if not larger than) what
one would expect for the actual range of p;,,q found in
the open ocean.

B. Ocean Colors and Albedos

In Fig. 8 we compare results obtained from radiative
transfer computations with predictions for the ocean
color of case 1 waters. The hydrosol models used for
the underwater light scattering computations are the
D-P and M-P mixtures specified in Table 1 (see also
Fig. 7), and the TTHG scattering function discussed
in Subsection 3.A and shown in Fig. 4(b). As dis-
cussed in Subsection 2.D, we performed computa-
tions for a homogeneous ocean body with optical
thickness At = 10, an ocean surface ruffled by a
surface wind with W = 7 m/s, and a purely molecular
atmosphere. The solar zenith angle 6, for Fig. 8 is
30°. The curves show the values of A, predicted by
Eq. (8), where for o we used the parameterization
given by Morel and Gentili.3¢ The symbols denote
results from radiative transfer computations at se-
lected M.

In Fig. 8(a), we consider only multiple scattering

for fixed F, i.e., where the scattering function of the
particulate matter is not allowed to vary with [Chl].
The circles in this panel correspond to computations
for the Petzold-like!3 TTHG scattering function. Note
that the results from these computations are reason-
ably close those predicted by the bio-optical model if
[Chl] = 0.1 mg/m? but that they also significantly
overestimate A,; for even moderately high [Chl].
Such shortcomings of Petzold’s13 data are caused by
the relatively large value (>1.5%) of g, for his scat-
tering functions as discussed in Morel et al.42 The
additional picture that emerges from this figure, how-
ever, is that using such scattering functions can also
cause the variation of A, with [Chl] to be either too
large or too small by a factor of at least 2, depending
on the wavelength. We also performed computations
for f;.. = 0.68 of our D—P mixture, the results of which
are shown by the plus symbols in this panel. We chose
this value for f,., because it reproduces almost per-
fectly the results obtained for the TTHG scattering
function. This confirms for a wide range of A and [Chl]
the conclusion by Mobley et al.,*° namely, that A
depends little on the underwater light scattering
function as long as F,(®) remains approximately the
same. From Fig. 4(b), we observe indeed that the
TTHG function is similar to the scattering function of
the D-P mixture member with f3, = 0.7. Finally,
we remark that it is possible to obtain good results for
high [Chl] and fixed F, by choosing a smaller
far—note, for example, in Fig. 8(a) the agreement
between computed and predicted values of Ay for
[Chl] = 3 mg/m® using fi, = 0.32. However, the
agreement then disappears for lower values of [Chl]

100%_““ T T[T T[T T [T T[T T[T T[T [TT7T] RRRRNRARE R RR RN AR RRRRN RAREE RRRRE AR
[ (@ 1 ¢ (b) 1
r 1 [ Seawater .
r Plankton i . i
50%" 1 F \ \ k
B© 1L ' A b
i 1T “7 7 [Chl] = 1 mg/m3 ™ ]
Fll(g) i 1t .~ i S RN
0%f; R S
[ — Detritus Mineral 1 [ &
L D-P Mix M-PMix 1 [ D-P Bulk M-P Bulk ]
_50% —l 111 | 111l I L1l | Ll I L1l I L1l | Lk I L1l | 111 |_ —l 111 | 111l | 111l | L) | L1l I 111l | 111l I Rlkk | L) |_
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Scattering angle © (deg)

Fig. 7.

Scattering angle © (deg)

(Color online) (a) Degree of linear polarization for single scattering of unpolarized light by the plankton, detritus, and mineral

particles specified in Table 1. Also shown are cases for the mixture of detritus and plankton particles (D-P Mix), and for the mixture of
mineral and detritus particles (M—P Mix). The cases for the D-P mixture correspond to [Chl] = 0.3 and 30.0 mg/m?, while those for the
M-P mixture to [Chl] = 0.03, 0.1, 0.3, 1.0, and 3.0 mg/m®. (b) Same as (a) except for including scattering by seawater for the D—P mixture
(D-P Bulk) and for the M—P mixture (M—P Bulk). The chlorophyll a concentration [Chl] is 0.3 mg/m® for the D—P bulk mixture, and 0.03

and 1.0 mg/m?® for the M—P bulk mixture.
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(Color online) (a) The ocean body irradiance ratio Ay, just below the ocean surface as a function of A and [Chl]. Curves, statistical

predictions by the bio-optical model discussed in Subsection 2.B. Circles, radiative transfer (RT) results for the TTHG hydrosol scattering
function of Fig. 4(b). Pluses, RT results for the mixture of plankton and detritus particles specified in Table 1 with f;.; fixed at 0.68. Crosses,
RT results for the mixture of plankton and detritus particles specified in Table 1 with f fixed at 0.32. (b) Same as (a) except for the
following. Circles, RT results for the mixture of plankton and detritus particles specified in Table 1 with f;. varied according to Table 2.
Crosses, RT results for the mixture of plankton and mineral particles specified in Table 1 with f,,,,, varied according to Table 2. Pluses, RT
results for a one-term Henyey—Greenstein function with varying asymmetry parameter g, (see Fig. 9).

except perhaps for extreme oligotrophic oceans,
where Fy is least sensitive to F,, because of small b,
[cf. Egs. (18) and (11), respectively].

The symbols in Fig. 8(b) denote results obtained
when F), is allowed to change such that its backscat-
tering efficiency g, varies with [Chl] as predicted by
Eq. (12) [see also discussion of Fig. 6(a)]. The circles
and crosses in this panel are for the D-P and M-P
mixture, respectively, while the plus symbols corre-
spond to a case in which F), is represented by a one-
term Henyey—Greenstein function. The asymmetry
parameter g, of the latter function was tuned to pro-
vide the same backscattering efficiency g, as the D-P
mixture for given [Chl] [Table 2 and Fig. 6(a)l, and
can be reproduced as a function of [Chl] by (Fig. 9,
below):

2,(Chl) = 0.991 — 0.024[Chl] °2 (+0.001).
(29)

We observe first from Fig. 8(b) that the irradiance
ratios Ay computed for any of these scattering
functions are practically identical to one another for
given [Chl] and \. Hence the scattering functions
apparently meet the condition that their overall
shapes are similar to one another even though they
differ somewhat in the backscattering direction.
Figure 9 confirms that the asymmetry parameters
of the D-P and M—P mixtures are very similar to g,
for all [Chl] considered. Second, the computed Ay,
values agree quite well with their predicted values
for 0.03 mg/m®< [Chl] = 3.0 mg/m? and for 400 nm
= A= 600 nm. The differences are reasonable if one
considers that the computed values of A,y ignore
the wavelength dependency of g, (which, according

to Fig. 6(a), becomes significant for [Chl] <
1 mg/m?®), and that the predicted values of A, are
sensitive to the parameterization of « and of p,. For
example, the values of o provided at specific wave-
lengths by Morel et al.42 lead to an excellent fit for
all [Chl] if A = 500 nm but they also increase the
prediction of A, for A > 500 nm, and keeping p,
fixed at 0.9 as in Morel® rather than deriving p,

100 [ LANL N B S S B AN S (R B N O Y L B S B ]
g - i
g I — o E
e 4 ]
N R :
g ,'v,“'x ,
2 095 % N
E i o f(‘:let(Chl) B
g 3 1
7 - tog ]
i X fadchy
T fit & ]
PRSI R R NSRS S S ISR S ST SO B S W

0.90

0 1 2 3 4

Bulk [Chl] (mg/m®)

Fig. 9. On the relation between the asymmetry parameter of
hydrosol particles and chlorophyll a concentration [Chl]. Circles
results for the mixture of plankton and detritus particles specified
in Table 1 with f.; varied according to Table 2. Pluses, values used
for the one-term Henyey—Greenstein functions in Figs. 6(a) and
8(b). Crosses, results for the mixture of plankton and mineral
particles specified in Table 1 with f,,,,. varied according to Table 2.
Dotted line, line given by Eq. (29) to fit crosses.

1 August 2006 / Vol. 45, No. 22 / APPLIED OPTICS 5555



Water-leaving radiation

D-P mix / M-P mix
o =0°

Water-leaving radiation

D-P mix / M-P mix
9o =0°

[ChI] = 0.1 mg/m®
[T T 1 T T
0O 60 64 68 72 76 80 84 88 92 96 99 100

TOA TOTAL REFLECTANCE
normalized to | ., (%)

max

Water-leaving radiation
D-P mix / M-P mix

Water-leaving radiation
D-P mix / M-P mix

00239 P

Pyay = 00715 S8 P oy = 00591 .= 00258 < P
180° 180°
A =410 nm A =550 nm
[ChI] = 0.1 mg/m®
BT (T T T .
0 2 5 10 20 40 60 80 90 94 97 99 100

TOA POLARIZED REFLECTANCE
normalized to P, (%)

max

Fig. 10. Polar diagrams of the spaceborne total (first two columns) and polarized (last two columns) reflectance for water-leaving
radiances normalized by I, and P,,,,, respectively. Results are for an atmosphere—ocean system consisting of a molecular atmosphere that
is bounded from below by an ocean system with W = 7 m/s and [Chl] = 0.1 mg/m?. The solar zenith angle corresponds to w, = 0.9 (first
row), 0.7 (second row), and 0.5 (third row), and is depicted by a yellow star in the antisolar point. The left- and right-hand-side hemispheres
are for the D-P and M-P mixture, respectively, defined by Tables 1 and 2. The wavelength \ is 410 nm for diagrams (a)—(c) and (g)-(),

and 550 nm for diagrams (d)—(f) and (j)—(1).

from simulations with Petzold-like particulate scat-
tering®® decreases Ay if N = 500 nmor if [Chl]
= 1 mg/m®. Note also that these differences are
small compared to changes in A, caused by [cf. Eqgs.
(8) and (9)] the large natural variability in b, (Loisel
and Morel?) and in the particulate component of
ay (Bricaud et al.49). We conclude that the scatter-
ing functions of the D-P and M-P mixtures speci-
fied in Table 1 lead to realistic variations of the
ocean color for case 1 waters. Similar variations
were observed for other D—P mixtures; i.e., the rel-
ative difference in A, was (much) less than 10% if
m,, was changed to 1.06 and/or mg, to 1.20 pro-
vided that we use Eq. (26) to constrain vy, and that
we preserve the values of g, in Table 2. Because the
intensity of linearly polarized light is a fixed per-
centage of these scattering functions for the D-P
and M-P mixtures, use of these models for under-
water light scattering computations lead also to re-
alistic upper and lower bounds for water-leaving
polarized radiance, respectively.
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C. Top-of-the-Atmosphere Reflectance for Total and
Polarized Water-Leaving Radiance Distributions

Figures 10 and 11 explore the bidirectional properties
of water-leaving radiances for four ocean color cases
of Fig. 8(b), namely, the D-P and M-P mixtures for
[Chl] = 0.1 and 1.0 mg/m®. We remark first that the
TOA reflectance for these radiances is given by

j TrIrs
e moSo’

(30)

where S is the extraterrestrial solar flux, and sub-
script rs stands for TOA remote sensing of radiance
emerging from the bulk ocean system. Hence, I is
the underwater light contribution to the radiance
vector obtained from reflection matrix R in Eq. (24).
The linearly polarized reflectance for this contribu-
tion is given by
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Same as Fig. 10

A F‘T‘PI‘S F‘TV““QI‘S2 + 01‘52
P. .= = . (31)
MOSO MoSo

The reflectances in Eqgs. (30) and (31) vary with the
Sun and viewing angles, but they can also change by
several factors in magnitude if [Chl] changes from 0.1
to 1.0 mg/m?® and/or if the wavelength changes from
blue to red (see the corresponding ocean albedos in
Fig. 8). To compensate for such changes, we examine
instead the bidirectional values of these reflectances
defined as

st _ jI'S _ jI'S (32)
= max(jrs) L
) pK'S PI‘S
P, = = , (33)

" max(P,)  Pres

respectively, where max(x) is the maximum of reflec-
tance x for given range of viewing geometries. The
study of these reflectances relative to the reflectance
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except for [Chl] = 1.0 mg/m?®.

of the Earth depends on the highly variable proper-
ties of acrosols, which is beyond the scope of this work
and reserved for a future paper. We will further refer
to Eqgs. (30) and to (31) as the reflectance of I, and of
P,., respectively. The left two columns of Figs. 10 and
11 show the polar diagrams of I, and the right two
columns show the polar diagrams of P,,. The center
point and circumference of each diagram correspond
to viewing angle 6 = 0° (u = 1) and 60° (u = 0.5),
respectively, the latter of which is the largest viewing
angle for the RSP instrument. A yellow star locates
the antisolar position of the Sun, which varies be-
tween p, = 0.9 (first row), 0.7 (second row), and 0.5
(third row). The wavelength \ is 410 nm in the first
and third columns, and 550 nm in the second and
fourth columns. The value of [Chl] is 0.1 mg/m® in
Fig. 10, and 1.0 mg/m?® in Fig. 11. Each polar dia-
gram is further divided into a left- and right-hand
side hemisphere for D-P and M-P mixture results,
respectively. The bidirectional values in each hemi-
sphere are computed for 26 viewing angles X 90 az-
imuth angles = 2340 viewing geometries. The
corresponding values for I, are given below each
hemisphere in the left two columns, and the same for
P, in the right two columns.
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1. Total Reflectance at A = 410 nm for

[Chl] = 0.1 mg/m®

From the first column in Fig. 10 we observe for
N\ = 410 nm and [Chl] = 0.1 mg/m? that I, is largest
in the ¢ — ¢, = 180° half-plane at a viewing angle
that varies with (but does not necessarily align with)
the Sun angle, and that I, decreases from this max-
imum with decreasing azimuth angle down to about
75% in the ¢ — ¢, = 0° half-plane at p. = 0.5. Com-
parison between the left- and right-hand side hemi-
spheres shows further that replacing the D-P
mixture with the M—P mixture causes the maximum

reflectance and bidirectional values of I,. to change

by less than 3%. The fact that the I, maxima do not
always occur in the backscaftering direction, and that
the reflectance of these maxima does not vary much
with Fy,, implies that they cannot simply be attrib-
uted to the glory of underwater light for direct
(defined as attenuated but not scattered by the atmo-
sphere) sunlight illumination of the ocean. Rather,
one has to consider also

(i) the increase in atmospheric attenuation with
decreasing p, and p, and

(i) the increase in ocean surface reflection with
decreasing p, and ..

These AOS properties follow from the optical path
length for the atmosphere being equal to the product
of its optical thickness with p, ! for downwelling sun-
light and with ! for upwelling diffuse light,! and
from the Fresnel coefficients for reflection,1%° respec-
tively. Both the ocean surface reflection and atmo-

spheric attenuation reduce the reflectance of I, for
underwater light originating from direct sunlight il-
lumination of the ocean. The decrease caused by AOS
property (ii) in this reflectance is less than 15% if, as
in Figs. 10 and 11, p, and w remain larger than 0.5.
The decrease caused by AOS property (i) varies, how-
ever, for a molecular atmosphere at A\ = 410 nm from
a factor of slightly less than 2 for p, = w = 1, to more
than 3 for p, = p = 0.5. The large attenuation factors
of such an atmosphere, and the variation of these
factors with scattering geometry, cause the maxi-
mum of this reflectance to appear at viewing angles
that are closer to the nadir direction than the back-
scattering direction. The change in viewing angle is
large for the D—P mixture (up to more than 20° for
Lo = 0.5), and slightly less for the M—P mixture be-
cause of the large underwater light glory for this
mixture. The attenuation factors cause also the bidi-
rectional values of this reflectance to decrease toward
the horizon by up to 40% for both ocean mixtures.
Because the attenuation occurs by means of atmo-
spheric scattering rather than by absorption, one has
to consider for this wavelength also the reflectance of

I, for underwater light originating from diffuse sky-
light illumination of the ocean. Computations show
that the reflectance of this contribution exhibits a
minimum in the ¢ — ¢, = 0° half-plane close to the
nadir direction, and that it gradually increases with
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increasing azimuth angle to a maximum in the
¢ — @y = 180° half-plane at p. = 0.5. The azimuthal
change of this reflectance is therefore similar to the
one for the reflectance originating from direct sun-
light illumination. However, the magnitude of the
former reflectance increases with moderate-to-large
viewing angles as opposed to the magnitude of the
latter reflectance, and the two reflectance fields be-
come comparable for p, = w = 0.5. Furthermore, the
former reflectance is especially for ¢ — ¢, > 120° less
sensitive to the difference in Fy) between D-P and
M-P mixtures than the latter reflectance. Hence add-
ing the reflectance for underwater light originating
from diffuse skylight illumination counters the rapid
decrease of I, toward the horizon. It also causes the

maximum reflectance of I, to increase by up to 80%,
to be less sensitive to the hydrosol mixture, and to
move several degrees back toward the backscattering
direction.

2. Total Reflectance at N\ = 550 nm for

[Chl] = 0.1 mg/m®

The variations of I, shown in the second column in
Fig. 10 for N\ = 550 nm are similar to those at
A = 410 nm for [Chl] = 0.1 mg/m?®. That is, there is
a distinct maximum in the ¢ — ¢, = 180° half-plane
from which I, decrease with decreasing azimuth an-
gle down to a minimum in the ¢ — ¢ = 0° half-plane.
The differences are that this maximum occurs by up
to 10° closer to the backscattering direction and that
the reflectance of this maximum decreases 75%—80%
(70%-"175%) for the D-P (M-P) mixture. We note also
that replacing the D—-P mixture with the M—P mix-
ture leads for A = 550 nm to changes by up to about
15% for both the maximum reflectance and bidirec-
tional values of I,. The resulting change in I, be-
tween N = 410 and 550 nm can be more than
10% (15%) near the nadir direction for the D-P (M—-P)
mixture. The causes for these changes are

(iii) theincreaseinratiob,/(b, + b,) with increas-
ing wavelength;

(iv) the decrease in single scattering albedo wyy,
with increasing wavelength; and

(v) the decrease in atmospheric attenuation with
increasing wavelength.

AOS properties (iii) and (iv) derive among others
from the moderate spectral decrease in b, [i.e., A"
according to Eq. (11)] and from the strong spectral
decrease in b, (i.e., \"** from Morel54). They lead to
the increase of the fraction of light scattered by par-
ticulate matter [see Eq. (18)], and to the reduction of
the order of underwater light scattering (1 — wyy) *
(see Morel and Gentili34), respectively. AOS property
(v) follows from the molecular optical depth for the
Earth’s atmosphere being proportional® to A%, and
reduces the irradiance of diffuse skylight just above
the ocean by a factor of up to 3. It also increases the
irradiance of direct sunlight illumination of the ocean
by 30% to 60% for p, = 0.5.



AOS property (v) implies that the reflectance of I,
originating from diffuse skylight illumination is of
secondary importance at A\ = 550 nm. Consider there-
fore the reflectance of I, originating from direct sun-
light illumination. Sensitivity studies show that both
AOS properties (iii) and (iv) cause the maximum of
this reflectance to decrease by a total of 80% to 85%.
However, the studies show opposite trends for the
bidirectional values of this reflectance, i.e., the values
increase in case of AOS property (iii) and decrease in
case of AOS property (iv) for ¢ — ¢, = 90° and
Lo, v = 0.7. The former change in these values is of
the same order of magnitude as the latter change if
\ changes from 410 to 550 nm and [Chl] = 0.1 mg/m?,
i.e., they tend to compensate one another for these A
and [Chl] values. Analyses performed for the D-P
mixture confirm that the bidirectional values of this
reflectance change for these scattering geometries by
less than 4% for the sum of AOS properties (iii) and
(iv). In fact, one can derive the spectral variation of I,
in Fig. 10 for this mixture to within 6% for all angles
by isolating the reflectance of I, originating from
direct sunlight illumination of the ocean, and by de-
creasing the atmospheric attenuation of direct light
conform a change in A from 410 to 550 nm [AOS
property (v)]. Analyses performed for the M—P mix-
ture show that the change in I,, by AOS property (iii)
is larger for viewing geometries corresponding to the
range of underwater light single scattering angle ®
between 130° and 170°, and slightly smaller for the
other geometries. Note that F), is smaller for the M—P
mixture than for the D-P mixture for this range of ©
when normalized by the glory (see Fig. 4), and that
AOS property (iil) causes Fy; to be more sensitive to
this difference in F,. The net change in I,; by the sum
of AOS properties (iii) and (iv) varies therefore also
with the shape of F,. For the M—P mixture and direct
sunlight illumination, it can be up to 15% for viewing
geometries corresponding to 130° = ® = 170° and up
to 10% for the other geometries, which cannot be

ignored in the spectral variation of I, in Fig. 10.

3. Polarized Reflectance at N\ = 410 nm for

[Chl] = 0.1 mg/m®

The third column of Fig. 10 shows for A = 410 nm and
[Chl] = 0.1 mg/m?® very different patterns for the
polarized component of I,,. We observe first that P, is
largest in the ¢ — ¢, = 0° half-plane, where it re-
mains for various sun angles close to but not at
p = 0.5 for the D—P mixture. Second, P,, decreases
with increasing azimuth angle down to one or more
minima of less than 2% in the ¢ — ¢, = 180° half-
plane. Third, replacing the D-P with the M—P mix-
ture moves the maximum of P, by up to 5° toward the

nadir direction, and increases P,, by up to over 10%
for ¢ — ¢, = 90°. It also causes the maximum reflec-
tance of P,, to decrease by about 10% for p, = 0.9 to
almost 20% for p, = 0.5. These observations are, to a
first approximation, consistent with the polarization

of underwater light single scattering for unidirec-
tional, unpolarized incident light. Note that the re-
flectance of this polarization is proportional to the
product pyy X Fyy. The observations differ, however,
from this approximation in the lack of a polarization
minimum in the backscattering direction, where py,
is zero, and in the occurrence of a polarization max-
imum at p > 0.5, where py; X Fy is not largest. The
former difference can partially be attributed to the
multiple scattering of underwater light and the latter
one to the decrease in atmospheric transmission of
this light by AOS property (i). However, one should
also consider

(vi) the change with p and ., of polarization by
ocean surface transmission.

This AOS property follows from the Fresnel coeffi-
cients for refraction,°® and causes the ocean body
just below the surface to be illuminated by a linearly
polarized, rather than by an unpolarized, light field
for direct incident sunlight. The degree of polariza-
tion for this field increases with incident angle up to
30%.1°1 Furthermore, its direction of polarization is
perpendicular to the one for single scattering by hy-
drosols. This modifies the polarized reflectance of un-
derwater light scattering for direct incident sunlight,
and changes it again upon transmission back to the
atmosphere by the ocean surface. The largest
changes occur in the principal plane (i.e., plane con-
taining the ¢ — ¢; = 0° and ¢ — ¢, = 180° half-
planes) where they lead to a decrease in this
reflectance throughout the ¢ — ¢, = 0° half-plane
except for w = 1, and to an increase in the ¢ — ¢,
= 180° half-plane around the backscattering direc-
tion. The former decrease in reflectance causes of the
maximum of this reflectance to appear at smaller
viewing angles and in case of the M—P mixture and
Lo = 0.5, even outside the ¢ — ¢, = 0° half-plane
because of the small gradient of py, X Fyy at
sideward-scattering angles for this mixture (see also
P,, at A = 550 nm). The increase in reflectance for
@ — ¢ = 180° causes the minima of this reflectance
to move in the principal plane away from the back-
scattering direction, and is accompanied by a rota-
tion of 90° in the direction of polarization along this
move.

In addition, one has to consider the reflectance of
P, for underwater light originating from diffuse sky-
light illumination. Computations show that this re-
flectance exhibits a maximum in the ¢ — ¢, = 0°
half-plane at n, = 0.5, and a minimum outside the
¢ — ¢y = 180° half-plane at viewing angles that follow
the sun. The changes caused by AOS property (vi) in
this reflectance are again largest in the principal
plane, but they amount to a decrease in reflectance in
both the ¢ — ¢, = 0° and ¢ — ¢, = 180° half-planes
except for @ = 1. The change in the ¢ — ¢, = 0°
half-plane causes the maximum of this reflectance to
appear at smaller viewing angles for p, = 0.5, but it
does not increase the azimuth angle of this maximum
even for the M—P mixture. The reflectance decrease
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in the ¢ — ¢, = 180° half-plane causes the minima of
this reflectance to appear at larger azimuth and view-
ing angles, but it does not rotate the direction of
polarization along this half-plane.

The resulting differences between the reflectances

of P, originating from direct sunlight and from dif-
fuse skylight illumination are as follows. Results ob-
tained for ¢ — @, = 90° show that both reflectances
differ by less than 10° in the direction of polarization,
but that the reflectance originating from diffuse sky-
light illumination is between 1.5 to 3 times smaller in
magnitude than the one originating from direct sun-
light illumination. Adding the latter reflectance to
the former one increases therefore the reflectance of

P, for this azimuth range, but it changes the corre-
sponding bidirectionality only by several percent for
the M—P mixture and less for the D-P mixture. Re-
sults obtained for ¢ — ¢, > 120° show, on the other
hand, that the directions of polarization for these
reflectances can become mutually perpendicular in
the ¢ — ¢, = 180° half-plane, and that the latter
reflectance can become comparable to the former re-
flectance. The sum of these reflectances causes the
minima of the former reflectance to move substan-
tially toward the backscattering direction, and the
magnitude of the former reflectance to reduce be-
tween these minima by a factor of up to 2 for the M—P
mixture and up to 3 for the D-P mixture.

4. Polarized Reflectance at N = 550 nm for

[Chl] = 0.1 mg/m®

The results for P, at A = 550 nm in the fourth column
of Fig. 10 show remarkable changes from A =
410 nm in case of the M—P mixture. That is, the
polarization maximum for this ocean mixture resides
now at azimuth angles larger than 60° if n, = 0.7,

which causes P, to differ between the two ocean mix-
tures by up to more than 25% for ¢ — ¢, = 90°. The
reflectance of this maximum also decreases more
than 25% from the maximum for the D—P mixture if
o = 0.5. In addition, we observe for both ocean mix-
tures the viewing angle for this maximum to increase
by up to 15°, the reflectance of this maximum to
decrease by 65% to 70%, and the viewing angles of
the polarization minima to vary by up to more than
5°. The resulting spectral change in P, can be more
than 15% near the nadir direction in case of the D-P
mixture, and up to 15% near p = 0.5 for ¢ — ¢,
~ 90° in case of the M—P mixture. Note that the
Fresnel coefficients for the ocean surface do not
change much in the visible part of the spectrum
which means that AOS property (vi) is virtually con-
stant between N = 410 and 550 nm. The spectral
changes seen in Fig. 10 for P,, must therefore origi-
nate from changes in the reflectance contributions to
P, with AOS properties (iii), (iv), and (v). Computa-
tions for the reflectance of P, originating from direct
sunlight illumination of the ocean show that the max-
imum of this reflectance is particularly sensitive to
AOS properties (iii) and (v). The latter property
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causes this maximum to not only move toward sub-
stantially larger viewing angles, but because of the
change in polarization by ocean surface transmission
[AOS property (vi)] to also appear outside the
¢ — ¢y = 0° half-plane if n, = 0.5 (0.7) for the D-P
(M-P) mixture. AOS property (iii), on the other hand,
increases the gradient of py, X Fy; at sideward-
scattering angles for the D—P mixture and decreases
it for the M—P mixture, which causes this maximum
to move back to and further from the ¢ — ¢, = 0°
half-plane, respectively. Both AOS properties (iii)
and (iv) further cause the minima for this P, to move
toward the backscattering direction. The change in
viewing angle for these minima amounts is slightly
larger for AOS property (iii) and for the M—P ocean
mixture, and is accompanied by a rotation of 90° in
the direction of polarization.

Computations for the maximum and minima of P,
for underwater light originating from diffuse skylight
illumination show similar angular sensitivities to
AOS properties (iii)—(v) except that the maximum
remains within the ¢ — ¢, = 0° half-plane for the D-P
mixture in case of AOS property (v), and that the
minima move away from the ¢ — ¢, = 180° half-plane
in case of AOS properties (iii) and (iv). They further
show a decrease by more than 90% in the reflectance
of this maximum as result of AOS properties (iii), (iv),
and (v). The maximum reflectance of P, originating
from direct sunlight illumination decreases also (by
close to 80% with AOS properties (iii) and (iv); how-
ever, it increases with AOS property (v) such that its
magnitude becomes more than sevenfold the reflec-
tance maximum from diffuse skylight illumination.
This causes the contribution from diffuse skylight
illumination to change the reflectance and bidirec-

tional values of P, by less than 15% and 2%, respec-
tively, if ¢ — ¢4 = 90°. The corresponding changes for
© — @y = 120° are larger especially in the ¢ — ¢,
= 180° half-plane because the reflectance contribu-
tions to P, differ there by a factor of (much) less than
7, and because the directions of polarization can there
be mutually perpendicular. Still, the contribution
from diffuse skylight illumination causes the reflec-
tance values of P, to decrease there by less than 50%
for the D—P mixture and 20% for the M-P mixture,
and the minima of P, to move by only a couple de-
grees for both ocean mixtures.

5. Total Reflectance at N\ = 410 and 550 nm for
[Chl] = 1.0 mg/m®

Changing [Chl] from 0.1 in Fig. 10 to 1.0 mg/m? in
Fig. 11 affects the bidirectionality and reflectance of
L, as follows. From the first columns of these figures,
we derive for A = 410 nm that for both ocean mix-
tures the maximum of I, occurs a few degrees closer
to the backscattering direction for p, = 0.7, that the
reflectance of this maximum decreases 55%—60%,
and that I, exhibits the emergence of a second max-
imum in ¢ — ¢, = 0° half-plane. The difference in
maximum reflectance and bidirectional values of I,



between the two mixtures is about 6% or less for
[Chl] = 1.0 mg/m® and A = 410 nm. However, the
appearance of the second maximum for this [Chl]

value causes the variation of I, with [Chl] to be
larger; i.e., it approaches for A = 410 nm up to 15%
for both ocean mixtures. From the second columns of
these figures, we derive for I, at \ = 550 nm that the
change with [Chl] in I, can now amount up to 25% for
the D—P mixture and up to 30% for the M—P mixture.
The corresponding change in maximum reflectance of
.. is an increase by 55%—65% (50%—60%) for the D—P
(M—-P) mixture. However, the differences in this re-
flectance or in the bidirectional values of I, when
replacing the D-P by the M—P mixture remain less
than 15% for [Chl] = 1.0 mg/m® and X = 550 nm.
Changing [Chl] causes the largest variations in I,
especially if A = 550 nm. The causes for these varia-
tions are

(vii) the decrease in detritus fraction f,, with in-
creasing [Chl];

(viii) the increase in ratio b,/(b, + b,) with in-
creasing [Chl]; and

(ix) the increase in single scattering albedo wy,
with increasing [Chl].

AOS property (vii) is the relation in Eq. (28) derived
from the change in g, with [Chl], and AOS properties
(viii) and (ix) follow from the increase with [Chl] of b,
in Eq. (11). The former two AOS properties increase
the fraction of light scattered by in particular plank-
ton particles [see Eqs. (18) and (22)], and computa-
tions show this to cause a decrease in the maximum
reflectance of I, for both direct sunlight and diffuse
skylight illumination between 65% and 70% at
N\ = 410 nm if [Chl] changes from 0.1 to 1.0 mg/m?®.
The corresponding decrease for N = 550 nm is be-
tween 55% and 65%. AOS property (ix), on the other
hand, raises the order of underwater light scattering
[see discussion on AOS property (iv)]. The raise at
A = 410 nm is moderate (30%) if [Chl] changes from
0.1 to 1.0 mg/m® but it almost triples at A =
550 nm for the same range of [Chl]. Calculations for

the maximum reflectance of I, show a corresponding
increase for both direct sunlight and diffuse skylight
illumination by about 30% for A\ = 410 nm, and by a
factor between 3.5 and 4 for A = 550 nm.

The differences between Figs. 10 and 11 in bidirec-

tional values of I, derive mostly from the changes
with AOS properties (viii) and (ix) of the reflectance of
I, originating from direct sunlight illumination.
Computations performed for A = 410 nm show that
AOS property (viii) causes the maximum of this re-
flectance to appear closer to the backscattering direc-
tion by up to more than (less than) 5° for the M-P
(D—P) mixture. AOS property (viii) also increases the
bidirectional values of this reflectance for ¢ — ¢,
= 90° and p, = 0.7 by up to (slightly less than) 20%
for the D—P (M—P) mixture. AOS properties (vii) and
(ix), respectively, reduce and enhance the change in

bidirectional values by less than 5%; i.e., their effect
on these values tend to cancel each other for N =
410 nm. In fact, most of the changes in I, between
Figs. 10 and 11 can for A = 410 nm be reproduced to
within 1% (2%) for the D—P (M—P) mixture simply by
increasing the ratio b,/(b,, + b,) conform AOS prop-
erty (viii). The case for A = 550 nm is somewhat
different because of the large variation in oy for this
wavelength and range of [Chl]. In addition, the
change with AOS property (viii) of I, for ¢ — o,
= 90° and py = 0.7 becomes now more complicated for
the M—P mixture because of an increase in sensitivity
to the shape of F, [see discussion on AOS property
(ii1)]. Computations confirm that to approximate the
change with [Chl] of I,, for this wavelength well
within 5%, one has to vary both w,, and b,/(b,
+ b,) conform AOS properties (viii) and (ix). They also
show that, because of the small spectral variation of
oy for [Chl] = 1.0 mg/m?, one can still derive the
spectral change of I for [Chl] = 1.0 mg/m?® to within
6% (8%) for the D-P (M—P) mixture if AOS property
(iv) is ignored.

6. Polarized Reflectance at N\ = 410 and 550 nm
for [Chl] = 1.0 mg/m?

The reflectance and bidirectional values of P, exhibit
each a different sensitivity to a change in [Chl] from
0.1 to 1.0 mg/m?. That is, from the third columns of
Figs. 10 and 11 we derive for A = 410 nm that the

maxima of P, vary up to a few degrees in viewing
angle, that the reflectances of these maxima decrease
50%—-55% (55%—60%) for the D-P (M-P) ocean mix-
ture, and that the minima of P, can move up to 5°
toward the backscattering direction. We observe also

for the D-P mixture a substantial decrease in P,
between its minima, and for the M—P mixture the
appearance of its polarization maximum outside the
principal plane for p, = 0.5. As a result, the difference
in bidirectional values of P,, between the two mix-
tures can now reach up to about 15% for ¢ — ¢,
~ 90° if [Chl] = 1.0 mg/m® and A\ = 410 nm. The
corresponding change in maximum reflectance is also
large, i.e., a decrease from almost 15% for p, = 0.9 to
almost 30% for p, = 0.5. Nevertheless, the change
with [Chl] in P, is only about 5% or less for both
ocean mixtures if A = 410 nm. Comparisons between
the fourth columns of Figs. 10 and 11 show the an-
gular features of P,, to be less sensitive to [Chl] if
A = 550 nm. Consequently, changing [Chl] from 0.1
to 1.0 mg/m?® causes P,, at this wavelength to vary
even less than 5% for both ocean mixtures. Also, re-
placing the D-P by the M-P mixture leads at
A = 550 nm to changes in P,, that remain similarly
large (i.e., up to ~25%) for [Chl] = 0.1 and
1.0 mg/m?. Still, the maximum reflectance of P,, in-
creases 70%—80% (50%—60%) with [Chl] for the D-P
(M-P) mixture if A = 550 nm. And switching the D-P
with the M—P mixture at [Chl] = 1.0 mg/m?® and A=
550 nm causes this reflectance to decrease around
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20%(35%) for p, = 0.9 (0.5), i.e., more than at

N = 410 nm.

To dissect the changes in P, between Figs. 10 and
11, we proceed by examining the variations in the
contributions to P, with AOS properties (vii), (viiii),
and (ix). Note that AOS property (viii) causes the
gradient of p,; X Fy) to increase (decrease) for the
D-P (M—P) mixture in the same fashion as AOS prop-
erty (iii) does. However, single scattering analyses
show that this change is partially compensated by an
opposing change with AOS property (vii). Computa-
tions for direct sunlight illumination of the ocean
confirm that AOS property (viii) causes the maximum

of P, for the two ocean mixtures to move in opposite
directions in the ¢ — ¢, = 0° half-plane, and for the
M-P mixture to move away from this half-plane sim-
ilar to the case of AOS property (iii). They also show
that the largest angular changes occur for the maxi-
mum of the M-—P mixture at A\ = 410 nm, and that
these changes are reduced by more than half when
including AOS property (vii). The corresponding re-
sults for ¢ — @, > 90° are that AOS property (viii)
causes the minima of P, to move toward the back-
scattering direction, and that changes in viewing an-
gle for these minima are largest for the M—P mixture
and/or A = 410 nm, come with a rotation of 90° in the
direction of polarization, and are rather insensitive to
AOS property (vii). Including AOS property (ix) in
these computations causes the polar angles of the P,
maxima and minima to change by ~2° or less for both
ocean mixtures if A = 410 nm. The corresponding
changes for A = 550 nm can be much larger; however,
they tend to cancel the changes incurred by the sum
of AOS properties (vii) and (viii) for this wavelength.

Polar angle computations for the maxima and min-

ima of P, originating from diffuse skylight illumina-
tion show similar changes with AOS properties
(vii)—(ix) except that the M—P maxima move further
from the ¢ — ¢, = 0° half-plane in case of AOS prop-
erty (ix) at 550 nm. The exceptions for the minima of
P,, are that they move away from the ¢ — ¢,= 180°
half-plane, and that the changes are occasionally
larger for the D-P than for the M—P mixture. Reflec-

tance computations for P,, show a decrease in maxi-
mum with AOS properties (vii) and (viii) by about
60% to 70% at A = 410 nm, and by 50% to 60% at
N = 550 nm, if [Chl] changes from 0.1 to 1.0 mg/m?.
The decrease is slightly larger for diffuse skylight
illumination than for direct sunlight illumination of
the ocean, which causes the ratio of the correspond-
ing reflectances for P, to drop if ¢ — @, = 90°. On the
other hand, the ratio of these reflectances increases
around the backscattering direction because of the
changes in their minima discussed above. The reflec-
tance ratio becomes there closest to unity—and the
sum of its reflectances therefore closest to zero—for
A = 410 nm and the D-P mixture. It remains, how-
ever, below 0.3 for either ocean mixture if A=
550 nm, and is further not very sensitive to AOS
property (ix). The computations show further AOS
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property (ix) to increase the maximum reflectance of

P, by 20% to 25% at 410 nm, and by a factor of 3 to
3.5 at 550 nm.

4. Summary

The present work provides a hydrosol model for use
in underwater light scattering computations to study
variations in the reflectance for total and polarized
water-leaving radiances observed from space. The
model consists of two components whose refractive
indices resemble those of detrituslike and plankton-
like particles, whose size distributions are con-
strained by underwater light linear polarization
signatures, and whose mixing ratios are set by user-
defined backscattering efficiencies. The latter effi-
ciencies are given by bio-optical relations for case 1
(open ocean) waters as a function of chlorophyll a
concentration [Chl], but they can also be taken from
field measurements. The underwater light linear po-
larization signatures are bounded by the one for pure
water. The advantages of such so-called D-P mix-
tures are that their microphysical properties are con-
sistent with in situ measurements of oceanic
particulates, that the resulting scattering function
can be made dependent on the chlorophyll a pigment
concentration [Chl] and on the wavelength \ as is
commonly assumed for case 1 waters, and that the
polarization of light scattered by such mixtures con-
stitutes an upper bound for real observations. They
do not address, however, the uncertainty in glory of
hydrosol scattering functions, and may on occasion
lead to an overestimate of the underwater light po-
larization. To examine variations in the reflectance
for total and polarized water-leaving radiances re-
sulting from such uncertainties, a second hydrosol
model is provided consisting of a mixture of detritus-
like particles and mineralike particles. These so-
called M-P mixtures possess the same particles
backscattering efficiencies as the D-P mixtures, but
the glory is significantly different for the scattering
functions of these mixtures. It is also the case that the
polarization of light scattered by the M—P mixtures is
lower than actually observed for sideward-scattering
in the open ocean, and that it exhibits a small but
unusual second maximum closer to the backscatter-
ing direction.

Multiple scattering computations performed for case
1 waters and a molecular atmosphere show that both
the D-P and M—P mixtures lead to realistic variations
with [Chl] and A in the ocean body albedo (Ayy)
just below the surface for 0.03 mg/m?®= [Chl]
= 3.0 mg/m? and for 400 nm =< \ = 600 nm. They also
show that the TOA maximum reflectance I,,,, for
water-leaving radiances follows these variations to a
significant degree. That is, I, (Ayi) decreases by
55%—60% (60%—65%) at A = 410 nm, and increases
by 55%—65% (70%-90%) at N = 550 nm, for ., p,
= 0.5 if [Chl] varies from 0.1 mg/m? to 1.0 mg/m? in
a case 1 ocean containing D—P mixtures. The corre-
sponding change in I, for a case 1 ocean containing
M-P mixtures is slightly smaller (50%-60%) if



A=550 nm. The results for the maximum polarized
reflectance P,,, for remotely sensed water-leaving
radiances exhibit the same decrease (55%—60%) at
A = 410 nm, and the same increase (50%—-60%) at
A=550 nm, as I, for this range of [Chl] in a case 1
ocean containing M-P mixtures. The change with
[Chl] in P,,, for N = 410 is also similar (i.e., a de-
crease of 50%—55%) to the one for I, if the ocean
contains D-P mixtures. However, it becomes signifi-
cantly larger for such an ocean if A = 550 nm, i.e.,
P, .. increases then by 70%—80%. Replacing a D—P by
a M—P mixture at [Chl] = 0.1 or 1.0 mg/m® causes
L. to vary less than 5% for \ = 410 nm, and by up
to 15% for A = 550 nm. The corresponding changes in
P,.. are much larger, i.e., from =20% for A = 410 nm
to =25% for A = 550 nm at [Chl] = 0.1 mg/m? and
from =30% for N\ = 410nm to =35% for A=
550 nm at [Chl] = 1.0 mg/m®.

The computations confirm further the bidirec-
tional nature of the reflectance for total and polar-
ized water-leaving radiances observed from space.

Common features of I, include a maximum near or
at the backscattering direction, and the emergence of
a second maximum in the ¢ — ¢, = 0° half-plane
for midvisible wavelengths A and mesotrophic chlo-

rophyll a concentrations [Chl]. The features of P,
include the occurrence of one or more minima in the
¢ — ¢ = 180° half-plane depending on the Sun angle,
\, and [Chl], and a rapid increase by more than an
order of magnitude toward a maximum in the
@ — @ = 90° azimuth range. Calculations show that
the variation of I, with A\ and with [Chl] depends on

the reflectance contribution to I, originating from
diffuse skylight and direct sunlight illumination of
the ocean, on the variation of each of these contribu-
tions with the underwater light single scattering
properties oy and Fy;, and on the variation of each
of these properties with N\ and [Chl]. The same holds
for the reflectance contributions of P, except that
their sum depends also on direction of polarization of
each contribution, and that this direction may vary
with wpy, Fyi, and (not discussed in this paper) the
polarization of skylight. The resulting change in I,
can for p, py = 0.5 reach 15% at A = 410 nm, and
~25% at N\ = 550 nm, if [Chl] varies from 0.1 mg/m?®
to 1.0 mg/m?® in a case 1 ocean with D-P hydrosol
mixtures. The corresponding change in P, is much
smaller, i.e., by ~5% or less for both A = 410 and
550 nm. These upper bounds for changes in bidirec-
tionality remain the same whether the ocean con-
tains D-P mixtures or M-P mixtures. However,
replacing a D-P by a M—P mixture for a given [Chl]
causes I,, to vary ~5% or less for A = 410 nm, and
=15% for A = 550 nm. The corresponding variation in
P,. is much larger, i.e., from =15% for A = 410 nm to
=25% for A = 550 nm.

There are a number of observations emerging from
this study that are of interest to the aerosol and ocean
color communities. First, they show that underwater
light polarization data can provide useful relation-

ships between the size distribution and refractive in-
dex of hydrosol particles. This is among others of
interest in identifying the particulate sources of the
backscattering coefficient s,;, which is an ongoing
field of research in underwater light studies.192 Sec-
ond, they explain why the reflectance for polarized
water-leaving radiances becomes small (i.e., <10 ?)
in the ¢ — @, = 180° half-plane for a wide range of
viewing angles on each side of the backscattering
direction, and they show this to be occurring for a
broad range of [Chl], A\, and hydrosol mixtures. This
observation provides support for the method used by
Chowdhary et al.1982 to retrieve aerosol properties
over the ocean from polarized reflectances remotely
sensed in the principal plane. Third, they reveal that
while such reflectances become larger than 10~® for
© — @ < 150° the corresponding bidirectionality
changes very little with [Chl] for given wavelength
and hydrosol mixture. Note that this bidirectionality
can differ significantly from the one for polarized re-
flectance of an atmosphere that is bounded from be-
low by an ocean surface. This implies that the
polarimetric analyses by Chowdhary et al. 1982 may be
extended to off-principal plane viewing angles by
scaling the polarized reflectance for water-leaving ra-
diances of a reference ocean to fit TOA observations
as a function of aerosol properties. The best-fit result
leads not only to an aerosol retrieval but also to the
spectrum of polarized water-leaving radiances, which
provides an estimate of [Chl] and therefore a useful,
additional constrain for the photometric color of the
true ocean. The fourth observation emerging from
this study is that the bidirectionality of polarized
water-leaving radiance is quite sensitive to the mix-
ture of hydrosols, or more precisely, to the uncer-
tainty in the degree of underwater light linear
polarization. The change in this bidirectionality with
underwater light polarization is significant in this
study because of our choice for the scattering proper-
ties of the D-P and M—P mixtures, but it also repre-
sents the maximum range to be expected for open
oceans. One can therefore reduce the uncertainty in
this bidirectionality by forcing the degree of bulk
ocean underwater light linear polarization p; to re-
side between those of the D-P (py,. = 85%) and those
of the M-P (py = 65%) ocean mixtures. Indeed, pre-
liminary results show this to decrease the uncer-
tainty in this bidirectionality to well below 5% (paper
in preparation).

Appendix A: Notation

Ag Albedo of the ocean surface foam
(dimensionless)

A Albedo of the bulk ocean body
(dimensionless)

Ap Albedo of the ocean bottom (di-
mensionless)

Absorption coefficient for the par-
ticulate matter of ocean waters
and for pure seawater, respec-
tively (m™1)
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bp, bw

[Chl]

ATy

A'Tmol,abs

A'Tmol,sca

ATaer,ext

8mob 6w

Ed$ Eu

Fblk

Fp; Fw

Fdet> ann Fplk

thd

fdet’ frnnr

81, 82

8p

Yplks Ydet

Yhyd

Scattering coefficient for the par-
ticulate matter of ocean waters
and for pure seawater, respec-
tively (m 1)

Chlé)rophyll a concentration (mg
m~°)

Extinction coefficient for the par-
ticulate matter of ocean waters
(m™)

Bulk optical thickness of an oce-
anic layer (dimensionless)
Molecular absorption optical thick-
ness of an atmospheric layer (di-
mensionless)

Molecular scattering optical thick-
ness of an atmospheric layer (di-
mensionless)

Aerosol extinction optical thick-
ness of an atmospheric layer (di-
mensionless)

Depolarization factors for molecu-
lar scattering in the atmosphere
and ocean body, respectively (di-
mensionless)

Downward and upward irradiance
just below the ocean surface, re-
spectively (W m™~2)

Scattering matrix of a volume ele-
ment in the atmosphere—ocean
system (4 X 4 matrix; dimension-
less)

Bulk scattering matrix of an oce-
anic layer (4 X 4 matrix; dimen-
sionless)

Particulate matter and pure sea-
water scattering matrix compo-
nents of Fy;, respectively (4 X 4
matrices; dimensionless)

Detritus, mineral, and plankton
scattering matrix components of
F,, respectively (4 X 4 matrices;
dimensionless)

Hydrosol scattering matrix Fl,,,
F,nr, or F (4 X 4 matrix; dimen-
sionless)

Fraction of particles that are detri-
tus and mineral, respectively (di-
mensionless)

Asymmetry parameters of a two-
term Henyey—Greenstein (TTGH)
function (dimensionless)
Asymmetry parameter of a partic-
ulate matter scattering function
consisting of a one-term Henyey—
Greenstein function (dimension-
less)

Junge exponent for the size distri-
butions of plankton and detritus
particles, respectively (dimension-
less)

Junge exponent y, or yg.; (dimen-
sionless)
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I

max

Kblk7 Kw’ Kbio

L

A
mplk7 M get,
Momnr

~

~

max

DPhyd> Pws Prik

4»

Single scattering angle (degrees)
Zenith angle of the direction of
light propagation, measured from
the positive z axis (degrees)
Stokes vector (4 X 1 matrix; W
m 2nm™ b

Radiance vector (4 X 1 matrix;
Wm Z2nm tsrl)

Reflectance vector (4 X 1 matrix;
dimensionless)

First, second, third, and fourth pa-
rameter of [Wm 2 nm™)

First, secondL third, and fourth
parameter of I (Wm ?nm 'sr!)
Radiance of water-leaving radia-
tion at TOA (W m 2nm !sr?)
Reflectance for water-leaving radi-
ation at TOA (dimensionless)

Bidirectional values of I, (dimen-
sionless)

Maximum value of I (dimension-
less)

Diffuse attenuation coefficient for
the bulk ocean and for its pure sea-
water and biogenic (particulate
and dissolved) components, re-
spectively (m™1)

Matrix to rotate reference systems
(4 X 4 matrix; dimensionless)
Wavelength (nm)

Complex refractive index of plank-
ton, detritus, and mineral parti-
cles, respectively, relative to
seawater (dimensionless)

Complex refractive index myy,
Mget, O My, (dimensionless)
Complex refractive index of the
ocean surface, relative to air (di-
mensionless)

|z | (dimensionless)

Differential particle size distribu-
tion of hydrosol particles (m~®)
Linearly polarized component of
IWm?2nm)

Linearly polarized component of
I.(Wm2nm' sterad ™)

Linearly polarized component of I
(dimensionless)

Bidirectional values of ﬁrs (dimen-
sionless)

Maximum value of f’rs (dimension-
less)

Linear polarization percentage
_F21/F11 of thd, Fw, and Fblk, re-
spectively (%)

Backscattering efficiency of F), (di-
mensionless)



Qdets Trnr> Iplk Backscattering efficiencies of F,
Fr, and Fyy, respectively (dimen-
sionless)

R Atmosphere—ocean system reflec-
tion matrix (4 X 4 matrix; dimen-
sionless)

r Radius of hydrosol particle (pum)

Tefr Effective radius of hydrosol size
distribution (pm)

Spik backscattering coefficient of bulk
oceanic water (m 1)

Odets Omnrs Oplk Scattering cross sections of detri-

tus, mineral, and plankton parti-
cles, respectively (um?)

T Optical depth in the atmosphere—
ocean system (dimensionless)

u —cos 0 (dimensionless)

Vet Effective variance of hydrosol size
distribution (dimensionless)

[ Azimuth angle of the direction of

light propagation, measured in the
clockwise direction from the posi-
tive x axis when looking upwards

(degrees)

w Ocean surface wind speed (m s™ 1)

wi, Wy Weights of a two-term Henyey—
Greenstein function (dimension-
less)

s Ocean surface wind direction (de-
grees)

Wk, Dger Single scattering albedo for bulk

oceanic water and aerosol parti-
cles, respectively (dimensionless)

Z Phase matrix of a volume element
in the atmosphere—ocean system
(4 X 4 matrix; dimensionless)
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