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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.
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Contrast between polarization
properties of snow/ice and clouds
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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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Figure 1. Mosaics of POLDER images showing total and polarized ref lectances at 450 nanometers over snow/Ice (top) and clouds (bottom).
A characteristic arc of higher polarized reflectance is observed over clouds (lower right mosaic).

and scattered solar light. The spectral channels are centered at
450, 500,570, 670, and 850 nanometers, and polarization is only
measured in the 450 and 850 nanometer channels. The aircraft
version of the instrument is described in Balois (1990) (see also

Frown et al. this issue). At an altitude of 3.6 kilometers, the
ground resolution is about 17 x 17 meters.

Figure 1 shows typical POLDER images of total and polarized
reflectances at 450 nanometers over snow /ice and clouds. Exam-
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:lgure 2. (Top): Polar diagram of the 450-nanometer reflectance
)f snow/ice (solid line) and cloud over snow/ice (dashed line) for
dewing zenith angle of 35 and sun zenith angles of 65 (snow/ice)
rnd 61* (cloud). (Bottom): spectral signature of snow/ice (a) and
loud over snow/ice; (b) for viewing zenith angle of 0. The bidir-
ctional and spectral characteristics of the two types of target are

;lmllar, making it difficult to distinguish snow/ice from cloud
ising only bidirectional and spectral measurements.

fling the total reflectance (left mosaics), it appears difficult to
:onclude whether we are in the presence of snow/ice or clouds. In
:ontrast, the polarized reflectance exhibits an arc of relatively
ügh values for clouds, but not for snow/ice. This is indicative of
Efferent processes working to polarize solar light incident on the
wo types of target.

To go further in the interpretation, two POLDER scenes are
malyzed quantitatively: one over a bank of stratocumulus clouds,
the other over a spatially homogeneous snow/ice field. Figure 2
thows the bidirectional and spectral characteristics of the targets.
For the viewing zenith angle of 35" selected, the polar diagram
reveals small angular effects and differences (the sun zenith
angles for the snow/ice and cloud scenes are 65" and 61", respec-
tively, making the comparison possible). Regarding spectral

Figure 3. Polarized reflectance of snow/ice (a) and cloud over snow/
ice (b) at 450 nanometers In the principal plane vs. scattering angle.
The difference in the degree of polarized reflectance for the two
types of target near the 140 scattering angle Is pronounced.

signature, the two objects exhibit common features, in particular
the same decrease of reflectance with wavelength. The level of
reflectance furthermore remains similar for snow/ice and clouds
in all spectral channels (slightly lower for clouds), which may be
explained by the thickness of the cloud layer and the reflectance
of the underlying surface. According to our log, the stratocumu-
lus clouds were optically thin and located over sea ice. The effect
of the bright surface, in that case, dominates. Thus, by examining
the angular and spectral features of the total reflectance only, the
presence of stratocumulus, visually observed aboard the aircraft,
cannot be detected with certainty on the POLDER images.

The polarization data over clouds, on the other hand, reveal a
strong reflectance increase (about 50 percent at 450 nanometers)
around the 140" scattering angle (figure 3). This increase is not
observed in the measurements over snow/ice. Away from this
geometry, however, the dependence with scattering angle is simi-
lar for both targets. Over snow/ice, we basically observe the
polarization contribution of air molecules (Goloub etal. this issue).
The reflectance increase around the 140" scattering angle is actually
a well-known feature. Both theory and observations have shown
that water droplets (refractive index of 1.33) strongly polarize solar
light at a 140" scattering angle (Hansen and Hovenier 1974; Deuzé
et al. 1989). The phenomenon is due to internal reflection within the
droplets and occurs in conditions for which rainbows are formed.
(At a 155" scattering angle, a smaller, yet distinct increase in
polarized reflectance is observed, which may correspond to a
secondary rainbow.) It is very likely that we were observing this
phenomenon. The nature of the target (snow/ice or cloud) there-
fore canbe identified by looking at the scattering angle dependence
of the polarized reflectance around the 140" scattering angle or,
more generally, scattering angles for rainbows.

Our photopolarimetric observations indicate that snow/ice
and clouds may have very similar spectral and bidirectional
properties, making it difficult, even impossible, to use only those
properties to detect the presence of clouds over snow/ice sur-
faces. The polarization state of the reflected and scattered light
by the two types of target, in contrast, exhibits distinct character-
istics at scattering angles for rainbows, when the clouds contain
water droplets. We conclude that, viewing geometry permitting
(rainbow region), polarization measurements provide an effi-
cient means to screen clouds over snow/ice surfaces.
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A semi-analytical radiative transfer
model to simulate the specific

intensity of sunlight reflected by the
atmosphere and ocean
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In order to retrieve near-surface phytoplankton pigment con-
centration from ocean color data collected during the 1991-1992
Research on Antarctic Coastal Ecosystem Rates (RACER) cam-
paign, a fast, yet accurate radiative transfer model of the specific
intensity of sunlight reflected by the atmosphere and ocean (includ-
ing backscattering by the water body) is required. This model must
run fast because of the large amount of data to be processed, which
prevents the use of Monte Carlo, successive orders of scattering
codes, or any computer-intensive code. Although this model must
include simplifying assumptions, it will retain the essential physics
of the problem. We have built such a model.

The purpose of this brief report is to present the model, to
examine the relative influence of the input parameters, to use the
model to simulate actual aircraft data, and to discuss improve-
ments as well as future validation activities.

We consider the case of a plane-parallel, vertically heteroge-
neous, spatially homogeneous atmosphere bounded by a wavy
interface. Below the interface, the ocean is assumed to be homo-
geneous and infinite vertically (no bottom effects). We focus on
one Stokes parameter only, namely, the specific intensity of the
reflected sunlight or, equivalently, the apparent reflectance (spe-
cific intensity normalized by incident solar irradiance). Polariza-
tion is therefore not considered.

Based on Tanré et al. (1979), the apparent reflectance in the
visible and near-infrared is modeled as the sum of contributions
representing various photon pathways, namely, radiation
uniquely backscattered by the atmosphere; direct and diffuse

radiation reflected by the ocean and directly transmitted through
the atmosphere; direct radiation reflected by the ocean and
scattered by the atmosphere; and radiation reflected by the
surface and/or scattered by the atmosphere more than twice.
Multiple scattering and aerosol-molecule coupling are taken
into account, as well as the bidirectional characteristics of the
surface. Interactions between scattering and gaseous absorp-
tion, however, are neglected, which is justified because gaseous
absorption in the spectral range of interest (400 to 900 nanom-
eters) is either weak or occurs at altitudes in which molecules are
rarified (case of ozone). Aerosol-molecule coupling is accounted
for by making corrections using a tabulated set of exact calcula-
tions (with the values obtained when neglecting the coupling).
Accounting for surface anisotropy requires the computing of a
directionally-averaged reflectance, defined as the normalized
integral over viewing angles of the surface reflectance weighted
by the downward radiance at the surface (Tanré et al. 1979). In the
computations, single-scattering approximation is assumed for
the downward radiance at the surface. Atmospheric functions,
namely scattering transmission, path radiance, and spherical al-
bedo are approximated by analytical formulas (Tanré et al. 1986).

The surface reflectance includes glitter (fresnel reflection),
foam, and water body components. Glitter reflectance is mod-
eled as a function of wind speed and direction, according to Cox
and Munk (1954). The effect of foam is parameterized as a
function of wind speed (Koepke 1984). Water body reflectance is
assumed to be isotropic, and it is modeled as a function of
phytoplankton pigment concentration (Morel 1988). In subse-
quent versions of the model, however, this assumption will be
relaxed, and bidirectional effects will be accounted for by using
the approximate solutions of Sobolev (1963) (Frouin and Her-
manto this issue). The model input parameters, apart from sol-
ar and viewing angles, are aerosol type and amount (parameter-
ized as a function of surface visibility), wind speed and direction,
and phytoplankton pigment concentration.

Figures 1 and 2 show the results of simulations of the top-of-
atmosphere reflectance at the wavelengths of 450 and 850 nanom-
eters, respectively, for a solar zenith angle of 30', a pigment
concentration of 0.03 milligrams per cubic meter, a wind speed of
5 meters per second, a wind direction from 330', standard maritime
aerosols, and a visibility of 23 kilometers. Only variations in the
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