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During the 1991-1992 Research on Antarctic Coastal Ecosys-
tem Rates (RACER) cruise, aircraft photopolarimetric observa-
tions were made with an ocean color imager, the Polarization and
Directionality of the Earth's Reflectance (POLDER) instrument
(Deschamps etal. 1990). The objectives of the aircraft missions
were to assess whether the POLDER instrument meets the basic
requirements for ocean color observations from space in a bio-
logically productive area; to evaluate new aspects of the POLDER
instrument, namely polarization and bidirectionality, for ocean
color remote sensing from space; and to support the 1991-1992
RACER campaign by extensively mapping near-surface phy-
Lop!ankton pigment concentration, thereby better understanding
the spatial and temporal dynamics of the phytoplankton popula-
tions. Thanks to the instrument's dynamic range, it was also
possible to acquire data over highly reflective targets such as ice/
snow, clouds, and ocean glitter. Ten successful flights were
made, including a calibration flight. More than 30 hours of flying
time were logged, and about 15 gigabytes of POLDER data were
acquired, mostly over water, but also over snow, various types of
ice (frazil, pancake, etc.), and clouds (strato-cumulus). After
succinctly describing the POLDER instrument, we report on the
aircraft missions and supporting in situ measurements, present
typical POLDER data, and conclude with a perspective on future
work.

The POLDER instrument that we used during the 1991-1992
RACER campaign is an aircraft prototype of the version that will
fly in early 1996 aboard the Japanese satellite (ADEOS). It
measures not only the amount of solar radiation (radiance) re-
flected by the surface and the atmosphere at visible and near-
infrared wavelengths, but also the polarization characteristics of

the reflected light. Unlike the coastal zone color scanner (CZCS),
the sea-viewing wide field-of-view sensor (SeaWiFS), or the
moderate resolution imaging spectrometer (MODIS), which are
mechanical scanners (they utilize a rotating plane mirror at an
angle to the axis of a telescope), the POLDER instrument is based
on a matrix array couple charge device (CCD) and a wide field-
of-view optics (telecentric) lens, across- and along-track. This
allows a target to be viewed from several angles.

Between the telecentric lens and the CCD, a rotating wheel
bears interference filters. In the aircraft version, the wheel can
accommodate nine filters plus an optically black surface to mea-
sure the dark current of the CCD photodiodes. The filters are
centered at wavelengths of 450, 500, 570, 670, and 850 nanom-
eters, and are 20,10,10,10, and 40 nanometers wide, respectively.
The filters centered at 450 and 850 nanometers are nearly iden-
tical yet equipped with polarizers with axes oriented at 60 to
each other, thus allowing for measurements of the degree and
angle of polarization of the reflected light (assuming linear
polarization).

The CCD matrix of photodiodes comprises 288 x384 elements,
and the field of view is 114. At an altitude of 3.6 kilometers, the
altitude of most flights during the experiment, the pixel size is
17 x 17 meters and the swath 4.9 x 6.5 kilometers. Depending on
exposure time, which can vary from 30 to 130 milliseconds, it
takes up to 4 seconds to acquire a scene (nine filters plus optical
zero). Data are recorded after each rotation of the filter wheel,
which requires a few seconds during which the instrument is
blind. The instrumental noise is about 4 numerical counts (data
are 12-bit coded), which corresponds to 6.4 10-4,6.7 10, 6.6 10, 8.9
10-4,8.1 10-4,7.910-4,12.910-4,13.810-4, and 12.3 10-4 equivalent
reflectance at 450 (3 filters), 500, 570, 670, and 850 (3 filters)
nanometers, respectively. Total weight (optical head and acqui-
sition system) is about 120 kilograms, and physical characteristics
are 1.2 meters (height), 0.6 meters (width), and 0.6 meters (length).
More details about the instrument can be found in Balois (1990).
Figure 1 shows the instrument ready to be mounted aboard the
aircraft (top right).

The POLDER instrument was installed aboard a British Ant-
arctic Survey (BAS) Twin Otter based at Rothera Station, Adelaide
Island. For calibration purposes (intercalibration of the CCD
photodiodes), we performed a local flight on 14 December 1991
over snow. The optical head was fitted with a Lambertian
diffusor. Sky was overcast (stratus), but the signals at the
sensitivity of 130 milliseconds were acceptable. We performed
six other flights on 18, 28, and 29 December 1991 over the
Gerlache Strait, and three flights on 26 and 28 December 1991
and 2 January 1992 over Marguerite Bay, near Adelaide Island.
We also flew on 18 December 1991 over the Long-Term Ecosys-
tem Research (LTER) site near Palmer Station, where concomi-
tant in situ bio-optical measurements were made by Ray Smith's
and Barbara Prezelin's teams. The flights of 29 December 1991
over the Gerlache Strait and of 2 January 1992 over Marguerite
Bay were particularly successful because of ideal weather condi-
tions, good signal levels, and concomitant in situ measurements.

For each aircraft mission, the procedure was as follows: first,
to fly a low-altitude (61-meter) leg with passage over R/V Polar
Duke; second, to fly the same leg in the opposite direction at high
altitude (4,572 or 3,658 meters); and third, to fly other legs at the
same high altitude to map the selected area (Gerlache Strait or
Marguerite Bay) completely. This strategy had three main objec-
tives: to verify POLDER measurements against in situ optical
data (low-altitude leg); to check atmospheric correction schemes
(low- and high-altitude legs in opposite directions); and to map
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Figure 1. The BAS Twin Otter on the glacier behind Rothera (top left); the POLDER equipment, Including optical head and acquisition unhl
(top right); installation of equipment and operator aboard the aircraft (bottom left); and a low-altitude view of RN Polar Duke (bottom right)

the study areas (high-altitude legs). During the first mission over
the Gerlache Strait, the high-altitude legs were flown at 4,572
meters; but as it was safer without extra oxygen to fly lower, 3,658
meters was the high-altitude selected during subsequent mis-
sions. Figure 1 shows the BAS Twin Otter, the POLDER equip-
ment and its installation aboard the aircraft, and a low-altitude
view of R/V Polar Duke.

After each flight, we reviewed the data tapes. Images were
very sharp, and changes due to backscattering of the water
body—rather than surface reflection or atmospheric effects—
could be detected (low-altitude flights). The signal at 850 nanom-
eters was quite low at high altitude (outside the glitter region),
indicating low aerosol contents below the aircraft, which con-
forms with the large horizontal visibility reported by R/V Polar
Duke during the flights.

All the images over-water were contaminated in some por-
tions by glitter, which was expected, but the sensitivity of the
instrument was adjusted inflight so that saturation (and leakage
of electrons over adjacent detectors) was minimized. Yet, the
dynamic range of the CCD photodiodes was suitable for mea-
surements over bright surfaces such as snow, ice, clouds, and

reasonably intense glitter. Data over those targets were therefon
acquired during transits between Rothera and the Gerlache Strait

Before and after the experiment, the instrument was calibratec
in the laboratory using an integrating sphere. Radiometric pro.
cessing included subtracting the optical zero, correcting for th
polarization of the optics, equalizing the various detectors, anc
taking into account low-frequency variations in the transmissior
of the optics. The final calibration coefficients are summarizec
below, expressed in numerical counts per percent of reflectanc
for a sun at nadir: 61.6 ± 0.9, 59.5 ± 1.0, 60.8 ± 1.0, 44.9 ± 0.4, 49.(
± 0.3,50.9 ± 0.4,31.1 ± 0.3,28.9 ± 0.3, and 32.6 ± 0.3 at 450(3 filters)
500, 550, 670, and 850 (3 filters) nanometers, respectively.

Figure 2 shows an example of a calibrated POLDER scene (
pixel images in the 5 spectral bands) acquired at 4,572 meters ov,
er Palmer Station on 18 December 1991. Reflectance over boti
snow/ice and water generally decreases as wavelength increas
es, and polarization effects are substantial over water. The typica
signal measured over water is shown in figure 3, which show
reflectance at aircraft altitude (3,658 meters) as a function o
viewing zenith angle in the solar principal (top) and perpendicu
lar (bottom) planes. The high values in the principal plane corre
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9gure 2. POLDER scene (9 images in spectral bands centered at 450, 500,570,670, and 850 nanometers) acquired at 4,572 meters over Palmer
;tation on 18 December 1991. The first three and last three images correspond to the same spectral bands (450 or 850 nanometers), but dif-
erent polarizations.

pond to viewing zenith angles that favor conditions of specular
eflection by the surface waves. As wavelength increases, the
ignal becomes weaker, a manifestation of reduced scattering by
ir molecules. Figure 3 illustrates the good quality of the data
small noise level at all wavelengths). Defects in the optics and!
r CCD, however, can be seen around the -45 viewing zenith
Lngle in the principal plane (negative angles characterize back-
cattering); this corresponds to the edge of the CCD.

At each flight over the ship,in situ measurements of down-
yelling and upwelling irradiance, as well as scalar photosyn-
hetically available radiation (PAR) were made. Complementary
iogeochemical measurements (e.g., chlorophyll, phaeopigments,
riajor nutrients, dissolved inorganic species) were also made by
ther investigators. Optical profiles were acquired not only at the
assage of the plane, but also during other days at various
tations. A total of 20 exploitable profiles were collected (Panouse
.992). This dataset is obviously too small for statistical studies,

but it is sufficient to check whether bio-optical relationships est-
ablished during previous RACER campaigns (Mitchell and
Holm-Hansen 1991) were applicable.

When the sun disk was not obscured by clouds, which mostly
occurred when the Twin Otter was flying, sunphotometer mea-
surements were made aboard R/V Polar Duke (Frouin, Panouse,
and Devaux this issue). From these measurements, we expect to
characterize the aerosol conditions at the time of the flights and to
verify POLDER-based retrievals of aerosol type and amount.

Other data were acquired in support of the investigation, in
particular advanced very-high-resolution radiometer (AVHRR)
images (typically 18 orbits per day), which may be used to map
PAR at the surface, a necessary parameter for estimating primary
production rates, and ozone amounts measured at Faraday and
Palmer Stations. POLDER bidirectional reflectance data over
snow, ice, and clouds may also help in the PAR modeling.

The ability of the POLDER instrument to measure spectral,
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Figure 3. Ocean reflectance In POLDER's 5 spectral bands as
observed at 3,658 meters over the Gerlache Strait on 29 December
1991. Top: Solar principal plane; bottom: Solar perpendicular
plane.

bidirectional, and polarization characteristics as reflected sun-
light, as well as its dynamic range, high spatial resolution, and the
good quality of the data acquired during the 1991-1992 RACER
cruise (e.g., figure 2), offer the opportunity to investigate many
aspects of ocean color remote sensing in a highly productive, yet
not easily accessible environment where the presence of ice
introduces further difficulty. Among these aspects are atmo-
spheric effects, aerosol characteristics, bidirectionality of the
water-leaving radiance, specular and foam reflectance, spatial
heterogeneity of the ocean and atmosphere, and adjacency effects
due to surrounding ice/snow. In addition, optical properties of
ice, snow, and clouds can be characterized and compared. The
dataset is unique, one of the very few existing on polarization
characteristics of natural surfaces.

Useful tools (radiative transfer models) to analyze the data,
study the various effects, and test inversion schemes have been

developed (Frouin and Berthelot; Frouin and Hermanto this
issue), and original results obtained on retrieval of aerosol type
(Deuzé et al.) optical properties of snow/ ice (Goloub et al. 1992a),
contrast between polarization properties of snow/ ice and clouds
(Goloub et al. 1992b), and retrieval of near-surface phytoplankton
concentration (Frouin 1992).
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