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Current models of the transfer (absorption, scattering) of
sin1ight within the ocean predict a reflectance factor R, either
above the surface, or just below R, as a function of radiation
geometry (solar and viewing angles) and water composition (e.g.,
phytoplankton pigment concentration). The reflectance factor
an be either an irradiance ratio, easy to compare with underwa-

thr measurements, or a normalized radiance, closer to a spaceborne
cr airborne sensor measurement. The irradiance ratio, or flux
Ileflectance, may be considered directional but varies only with
the sun zenith angle. Normalized radiance, or bidirectional re-
f1ectance, depends on both sun and viewing zenith angles, as well
as their relative azimuth angles.

The two most popular models of flux reflectance, based on
extensive in situ measurements, have been developed and pub-
1shed concurrently by Morel (1988) and Gordon et al. (1988).
They predict flux reflectance as a function of pigment concentra-
tion for Case I waters (Morel and Prieur 1977). Discrepancies exist
between the two models, not because of the quality of the radiative
1ransfer modeling, but because the optical properties of sea water
re specified differently as a function of pigment concentration.

Examples of bidirectional reflectance modeling are scarce, not
because the problem is difficult to solve from the radiative
transfer point of view, but because very few data exist to support
and validate this type of modeling. The radiative transfer mod-
eling requires, as input, the scattering phase function of the
particles, either phytoplankton or inorganic material, and the
result depends heavily on the definition of the phase function.
Excepting the work of Petzold (1972) and Morel (1973), practi-
cally no information exists in the literature about actual (mea-
sured) scattering phase functions. In fact, most of the simulations
have been made with convenient Heyney-Greenstein functions,
but with no precise reference to measurements.

Bidirectional reflectance computations are generally made
with Monte Carlo or exact codes that require extensive computer
time. This prevents the operational use of these codes. Simula-
tions suggest a significant dependence of the water body reflec-
tance with solar and viewing geometries (e.g., Bréon personal
communication). In addition, ocean color sensors such as the
future Sea-viewing Wide-Field-of-view Sensor (SeaWiFS) or the
Polarization and Directionality of the Earth Reflectance (POLDER)
instrument measure radiance, not irradiance. Therefore there is
a need for fast, yet accurate radiative transfer modeling to simu-
late the bidirectional properties of the water body reflectance.

Searching the literature, we found that the approximate, ana-
lytical solutions of the radiative transfer equation proposed nearly

30 years ago by Sobolev (1963) are appropriate. In a classic way,
Sobolev expands an arbitrary phase function in Legendre poly-
nomials but keeps only the first two terms in the expansion. The
scattering of the first order is computed precisely (using the
actual phase function), whereas the higher orders of scattering
are computed approximately (using the expanded phase func-
tion).

To test Sobolev's formalism, his solutions for a homogeneous,
semi-infinite, and flat ocean illuminated by a direct solar beam
were first computed with scattering phase functions characteriz-
ing pure water and phytoplankton, and they were compared
with exact (Monte Carlo) calculations. The Monte Carlo code, a
version of Bréon's (1992), was operated in flux mode. To make
comparison possible, the bidirectional reflectance values pre-
dicted by Sobolev were angularly integrated over viewing angles.
Scattering and absorption properties of phytoplankton were
specified as a function of pigment concentration according to
Morel (1988), and the scattering phase function of the particles
was taken from Morel (1973). The water and particle scattering
phase functions are displayed in figure 1. While the agreement
was excellent for pure water, the values obtained for phytoplank-
ton were negative. This was due to the strong anisotropy of the
phytoplankton phase function (see figure 1), which cannot be
described properly by two Legendre polynomials. We then
resorted to the familiar procedure of truncating the forward peak
of the phase function and modifying the backscattering coeffi-
cient accordingly. Replacing the values below the 18' scattering
angle by those extrapolated using an exponential law as in
Viollier (1976), however, did not improve the results significantly
(values were still negative).

Noticing that photons scattered in the forward direction have
little probability of being scattered backwards due to the strong
forward peak of the phase function, we assumed that photons at
scattering angles less than 40' could only be absorbed by phy-
toplankton. (The 40' value gave the best agreement with exact
calculations.) If the photons were not absorbed by phytoplank-
ton, however, they could still be scattered or absorbed by water
molecules. The scattering coefficient, a, the single scattering albe-
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Figure 1. Scattering phase functions of pure water (solid line) and
of particles (dashed line).
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Figure 2. Flux reflectance vs. wavelength as predicted by various	Figure 3. Angular dependence of the bidirectional reflectance of
models. The ocean contains 0.1 milligrams per cubic meter of	the ocean at 440 nanometers. The ocean contains 0.1 and 1.0
phytoplankton pigments, and the sun is at 0 and 60 degrees from	milligrams per cubic meter of phytoplankton pigments '(top and
zenith (top and bottom figures, respectIvely), bottom figures, respectively), and the sun zenith angle Is 30

degrees. Note the peak at about 22-degree viewing zenith angle
In the principal plane, backscattering conditions (dash-dot line).

do, 03, and the scattering phase function of the particles, p, then	procedure indeed yielded an anisotropy factor of the phase
became a'=aa,p'=p/a, and n=aw/[1-(1-a)o], respectively, where	function that was much smaller, which makes Sobolev's solu-
a is half the integral over the scattering angle, 'y, of p(y)sin(y). The	tions accurate.
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We first compare, for a realistic ocean containing both mol-
ecules and particles (concentration of 0.1 milligrams per cubic
meter), the analytical solutions with exact calculations (figure 2).
Only flux reflectance just under the surface, R, is displayed in
figure 2, where we have also reported the values predicted by the

odel of Morel (1988). Two sun zenith angles, 0' and 60', and
avelengths ranging from 400 to 700 nanometers are considered.
e agreement with exact calculations is good (a few percentage

oints difference) at all wavelengths and for both solar geom-
tries. Sobolev's values, however, are slightly lower than exact
nes. Compared to the model of Morel (1988), which is not
irectional, Sobolev's model generally performs better.

Figure 3 shows, for particle concentrations of 0.1 and 1 milli-
grams per cubic meter, the bidirectional reflectance just below the
urface, R, as a function of the viewing zenith angle. Results are
resented at 440 nanometers for the principal and perpendicular
lanes (the sun is 30' from zenith). Angular effects are substan-

• al, especially in the principal plane. Maximum reflectance is
omputed near the 22' viewing angle in backscattering condi-
Sons due to the backward peak of the particle phase function (see
gure 1). Because of refraction at the air-sea interface, the
aximum is at 22' instead of 30'. In the perpendicular plane, the
gular dependence is much smaller. The bidirectional reflec-

ance decreases as expected when the amount of phytoplankton
creases, but the angular effects are more important. Thus,

^aypending on the viewing geometry, the bidirectional reflectance
 change by a factor of more than 3. This is far from constant,

ind the effects are not completely eliminated when ratioing
ralues at two wavelengths, the classic procedure to infer phy-

toplankton concentration from spectral reflectance (ocean color)
measurements.

We have shown that the approximate solutions of the radia-
tive transfer equation proposed by Sobolev can be used to simu-
late the bidirectional reflectance of the ocean. Because Sobolev's
solutions are not suitable for strongly anisotropic phase func-
tions, accurate results can only be obtained by considering that
the photons at scattering angles below 40' can only be absorbed
by phytoplankton. This substantially decreases the anisotropy

factor of the phase function, making Sobolev's formalism appli-
cable. Depending on the particle phase function, the scattering
angle threshold may vary, but 40' should provide reasonable
results in most cases. The advantage of Sobolev's solutions is not
only their accuracy but also their analytical nature.

We have only considered however the case of a semi-infinite,
homogeneous, flat ocean illuminated by a direct solar beam.
Sobolev's solutions are also applicable to a stratified ocean and
can easily be modified to account for bottom effects, other types
of particles (e.g., inorganic), and diffuse solar illumination. Gen-
eralizing Sobolev's solutions is work under progress.

This research was supported in part by the National Aeronau-
tics and Space Administration under grant NAG W-2774 to Rob-
ert Frouin and the Scripps Undergraduate Research Fellowship
Program.
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Photopolarimetric measurements made with the Polarization
and Directionality of the Earth's Reflectance (POLDER) instru-
ment during the 1991-1992 Research on Antarctic Coastal Ecosys-
tem Rates (RACER) campaign have been analyzed to determine
the aerosol conditions prevailing over the Gerlache Strait on 29
December 1991. In this preliminary study, the results obtained
with only one POLDER scene are reported. Our objective is not
precisely to retrieve the aerosols (amount and type), but rather to
provide evidence for their presence and qualitatively fit the
measurements using an aerosol model inferred by examining the
total reflectance and polarization ratio at 850 nanometers as well
as the spectral change in the total reflectance.

The scene selected was acquired during one of the legs flown
at an altitude of 3.6 kilometers on 29 December 1991. It includes
nine 288 x 384 pixel images in spectral bands centered at 450,500,
570,670, and 850 nanometers, with three polarized images at 450
nanometers and 850 nanometers (for more details, see Frouin,
Balois et al. this issue). At an altitude of 3.6 kilometers, the
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