
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

1992 REVIEW
	 197



80	100	120	140	160	180

0.1

0.08

0.06

0.04

0.02

0

100

80

60

0

c	20
0

0
80	90 100 110 120 130 140 150

ground resolution is about 17 x 17 meters, and the swath is 4.9 x
6.5 kilometers.

For the scene selected, figure 1 shows the total reflectance
measured at 450 and 850 nanometers as a function of scattering
angle (curves labeled a and c, respectively.) To reduce the effect
of varying air mass from one pixel to the next, the values have
been normalized by cos(0), the cosine of the viewing zenith
angle. Above the scattering angle of 120, the normalized reflec-
tance increases with scattering angle, and the effect is more
pronounced at 450 nanometers, a direct consequence of the
increase with scattering angle of the molecule and aerosol phase
functions in the backscattering plane and of the decrease with
wavelength of the molecule optical thickness. Below 120, in
contrast, the normalized reflectance exhibits large fluctuations
caused by the presence of strongly geometry-dependent glitter.

Neglecting glitter, gaseous absorption, and water-body back-
scattering, and using the first order of scattering approximation,
the normalized reflectance can be expressed as follows:

pcos(0) = [t,Jm("f)+tapa(7)1/(4cos(Os)),

where tm and ta are molecule and aerosol optical thicknesses,
respectively; pm and Pa are the corresponding phase functions; 'y
is the scattering angle; and 9 is the sun zenith angle. Thus, the
normalized reflectance can be interpreted qualitatively, at least
when glitter is practically non-existent (the effect of water-body
backscattering is small at 450 nanometers and nil at 850 nanom-
eters), as the sum of molecule and aerosol contributions. Sub-
tracting the molecular effect yields curves b and dat 450 and 850
nanometers, respectively, and the difference between curves a
and b and c and d attests to the presence of aerosols (the effect of
glitter is basically the same for curves a and b and c and d).

First, the spectral dependence of the aerosol optical thickness
is estimated from the total reflectance at 670 and 850 nanometers,
after subtracting the respective molecular scattering contribu-
tions. This is accomplished by selecting an area of the images for
which glitter contamination is minimal. Assuming the aerosol
optical thickness varies as ta=1 , the coefficient a obtained, or

Angstrom exponent, is 0.45, which is characteristic of large par-
ticles (small spectral dependence).

Second, the dependence with scattering angle of the polariza-
tion ratio at 850 nanometers suggests a refractive index of 133
rather than 1.5 for the aerosol particles, since the sharp drop S

polarization ratio around the 140 scattering angle, characteristic
of the 1.5 refractive index, is not observed (figure 2).

Third, assuming a size distribution following a two-param
eter (r0, (Y), log-normal law, the Angstrom exponent and the
refractive index allow for a range of possible (r0, a) values
Among those values, the values selected correspond to log r0=-1.
and log a=0.42.

Fourth, the wind speed (to compute glitter and glitter-atm
sphere coupling terms) is estimated from the total reflectance a
850 nanometers in specular conditions. The model of Cox an
Munk (1954) is used with an isotropic wave slope distri
bution, and the value obtained is 7 meters per second.

Finally, from the wind speed and the optical properties of th
aerosols (refractive index, size distribution), the aerosol optica
thickness at 850 nanometers is deduced by comparing measure
reflectances with simulated reflectances for varied optical thick
nesses. In the calculations, the successive orders of scatterin
model of Deuzé et al. (1989) is used. The value obtained, 0.1, i
about half that measured with a sunphotometer aboard RI
Polar Duke (Frouin, Panouse, Devaux this issue), which tends t
indicate that a sizable fraction of the aerosols was above th
aircraft, all the more as the horizontal visibility logged by RI
Polar Duke that day was greater than 70 kilometers.

From the aerosol model and the optical thickness at 85
nanometers, we have simulated—neglecting water-body backj
scattering—the total reflectance at 450 nanometers. The results
are shown in figure 3 for the principal plane and are compared1
with the measurements. The difference between simulated val1
ues and measurements for pixel number less than 300 is likely
caused by water-body backscattering, an effect not accounted for
in the calculations.

Our study has revealed the presence of aerosols over the
Gerlache Strait on 29 December 1991. These aerosols have a weak

Scattering Angle (Deg)

Figure 1. Normalized reflectance measured at 450 nanometers
(curve a) and 850 nanometers (curve c) and corrected for molecular
scattering (curves b and d, respectively) as a function of scattering
angle. The difference between curves a and b and c and d Indicates
the presence of aerosols.

Scattering Angle (Deg)

Figure 2. Measured and modeled polarization ratio at 850 nanome-
ters as a function of scattering angle. Using the value 1.33 Instead
of 1.5 for the refractive index m gives a better agreement with the
observations.
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Figure 3. Measured and modeled reflectance at 450 nanometers in
the principal plane. The difference between measurements and
modeled values outside the glitter region (pixel number less than
300) is probably caused by water-body backscattering, a process
neglected In the calculations.

spectral dependence (Angstrom exponent of 0.45), a refractive
index of 1.33, and an optical thickness at 850 nanometers of 0.1.
The weak spectral dependence is corroborated by sunphotometer
measurements, but the optical thickness is too small (0.1 instead
of 0.2), which suggests that some aerosols were located above the
aircraft. The aerosol model, furthermore, is not entirely satisfac-
tory because it does not reproduce quantitatively the polarization
measurements at 850 nanometers (see figure 2) and the position
of the zeros of polarization on the images (not shown here). The

discrepancies may be attributed to the small signal level at 850
nanometers, which makes the polarization ratio quite noisy,
and/or the lack of symmetry in the glitter pattern, which could be
due to effects of wind direction (not accounted for in the model-
ing) or uncertainties in the navigation parameters. The study
nevertheless demonstrates that useful information on both aero-
sol amount and type (e.g., for ocean color remote sensing) can be
retrieved from the FOLDER measurements acquired during the
1991-1992 RACER campaign.

This research was supported in part by the National Aeronau-
tics and Space Administration under grant NAG W-2774 to Rob-
ert Frouin, the National Science Foundation, the British Antarctic
Survey, the French Space Agency, and the Centre National de la
Recherche Scientifique. We thank the British Antarctic Survey
personnel at Rothera for their help with the aircraft missions and
Jean-Yves Balois from the University of Lille, France, for operat-
ing the FOLDER instrument during the experiment and perform-
ing the necessary calibrations.
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Snow/ice and clouds affect strongly, yet differently, surface
radiation balance. Confusing snow/ice and clouds may yield
large errors in estimates of the solar energy reaching the surface
in polar regions, with important consequences for our assess-
ment of ice-atmosphere interactions, ice dynamics, and the car-

bon cycle. Using spectral measurements in the visible and near-
infrared to distinguish snow/ice from clouds is difficult, how-
ever, because both exhibit a high reflectance and are quite white
spectrally. Thermal-infrared data are not appropriate either,
because snow/ice and clouds can have the same apparent tem-
perature. Although other techniques (e.g., those that exploit
differences between the textural properties of snow/ice and
clouds) or types of measurements (e.g., in the microwave spectral
region) may be suitable, the photopolarimetric measurements
made with the Polarization and Directionality of the Earth Reflec-
tance (FOLDER) instrument during the 1991-1992 Research on
Coastal Antarctic Ecosystem Rates (RACER) campaign offer a
unique opportunity to investigate whether polarization informa-
tion at visible and near-infrared wavelengths can be used to make
the distinction efficiently. By analyzing a few POLDER images,
we demonstrate that polarization is a useful property of light that
can be used to determine the nature of the targets.

Aircraft FOLDER data were acquired over ice-snow and clouds
during transits at an altitude of about 3.6 kilometers between
Rothera, Adelaide Island, where the aircraft was stationed, and
the Gerlache Strait, the site of the 1991-1992 RACER cruise. The
FOLDER instrument (Deschamps etal. 1990) measures the spec-
tral, bidirectional, and polarization characteristics of reflected
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