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Abstract: The biogeochemical characterization of marine particles
suspended in sea water, is of fundamental importance in many areas of
ocean science. Previous studies based on theoretical calculations and field
measurements have demonstrated the importance of the use of the polarized
light field in the retrieval of the suspended marine particles properties.
However, because of the weakness of the water leaving polarized signal and
of the limited number of appropriate spatial sensors, such measurements
have never been exploited from space. Here we show that the marine
polarized remote sensing reflectance, as detected from the POL arization and
Directionality of the Earth’s Reflectances (POLDER) sensor, can be
measured from space over bright waters and in absence of aerosols. This
feasibility study is carried out over two oceanic areas characterized by
different nature of the bulk particulate assemblage: the Barents sea during
an intense coccolithophore bloom, and the Rio de la Plata estuary waters
dominated by suspended sediments. The retrieved absolute values of the
degree of polarization, P, its angular pattern, and its behavior with the
scattering level are consistent with theory and field measurements.
Radiative transfer simulations confirm the sensitivity of the POLDER-2 P
values to the nature of the particulate assemblage. These preliminary results
are very promising for the assessment of the bulk particle composition from
remote sensing of the polarized signal, at least over highly scattering waters.

©2008 Optical Society of America

OCIS codes; (120.0280) Remote sensing and sensors; (010.0010) Atmosphere and ocean
optics; (260.5430) Polarization; (010.5620) Radiative transfer.
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1. Introduction

The absorption coefficients of phytoplankton and colored detrital matter, 8y and 8cam,
respectively, as well as the backscattering coefficient of suspended particulate matter, by, can
now routinely be assessed from remote sensing measurements [1]. These coefficients provide
information on new (compared to the chlorophyll concentration) biogeochemical components
involved in oceanic carbon cycle studies such as particulate organic carbon (POC), etc. These
space retrieved inherent optical properties (IOPs) alow to monitor the particulate and
dissolved organic matter of the ocean surface. For example, the space retrieved particulate
backscattering coefficient has been used to estimate the spatio-temporal variability of POC at
local [2, 3, 4] and global scales [5]. In the same way, Siegel et a. [6] provided global
distribution of colored detrital and dissolved material, CDM. Recent studies showed that
information about the proportion between small-sized and larger particles [7], and about
phytoplankton species [8, 9] and size [10, 11] may be assessed from satellite observations of
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ocean color over the global ocean. Whereas all these advances open new doors in oceanic
carbon cycle studies, information on the nature of the bulk particulate matter (for example,
mineral vs. organic) from remote sensing is still missing. Moreover, most of these current
inverse methods were essentially developed for open ocean waters, and their performance
generally decreases in optically complex waters such as those found in coastal areas.

The inverse methods used to estimate such bio-optical information from space are based
on different assumptions and mathematical developments. However, they all use the total
remote sensing reflectance, R<(A) which is defined as the ratio of the upwelling radiance,
Ly(A), to the downwelling irradiance, Eq(A), at different wavelengths A, as input parameters (or
asimilar radiometric quantity):

Res(A)=Lu(A)/E4(A) (1)

None of these models exploits the linear polarization of the upwelling light field from the
ocean surface which can potentialy be observed by an aircraft or a spacecraft. Many studies
based on field measurements [12-15] as well as on theoretical or radiative transfer calculations
[16-19] highlighted that the polarization of the underwater light field is sensitive to the nature
of the suspended marine particles (for example phytoplankton vs. mineral). For example,
Ivanoff et al. [12] stressed that the nature of particles suspended in water affects the
relationships between the scattering coefficient and the degree of polarization, P. This latter
parameter expresses the percentage of polarized light within the total radiation. Based on
numerical radiative transfer simulations for the ocean-atmosphere system, previous
investigators [18, 20] found that the polarized signal at red wavelengths may be used to
discriminate phytoplankton from sediment particles. The directional and polarization
information can also be used to significantly increase the efficiency of the 10Ps inversion
algorithms[21].

While the polarization of light is now extensively used in aerosol [22, 23] and cloud [24]
remote sensing studies, it has never been exploited from space borne observations of ocean
color, to our knowledge. This may partly be explained by the fact that the polarized water
leaving radiation (i) only represents a small fraction of the total radiation recorded by the
satellite sensor over open ocean waters and (ii) is fairly insensitive to marine constituents in
open ocean waters [25]. However, over relatively bright areas, such as those encountered in
coastal waters or during intense phytoplankton blooms, the polarized signa should be
exploitable from remote sensing, a least at some appropriate wavelengths. In the present
study, we examine the possibility of retrieving the polarized remote sensing reflectance, Ry,
simultaneously to the total remote sensing reflectance, R, of oceanic surface layer from the
POL arization and Directionality of the Earth’s Reflectances (POLDER-2) sensor [26]. Ry is
defined as the ratio of the polarized upwelling radiance to the downwelling irradiance. This
study represents the preliminary step prior to the development of an algorithm based on space
retrieval of the polarized remote sensing reflectance. Our purpose is to examine if R, can be
detected from satellite remote sensing measurement of ocean color, and if the behavior of the
retrieved P values are consistent with expectations. For that purpose, two different areas are
selected: the Rio de la Plata estuary waters dominated by suspended sediment, and the Barents
Sea north of Norway during an intense phytoplankton bloom. The consistency of the results
with previous field experiments, and with theoretical calculations as obtained from radiative
transfer simulations, is analyzed.

2. Theoretical background

The scattered light is partially polarized according to the proportion defined by the degree of
polarization:

P= (Q+UVA)II, )
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wherel, Q, U and V are the Stokes parameters [27]. The parameter | represents the intensity of
light, whereas Q and U describe the linear polarization state, and V describes the elliptic
polarization state. In the ocean, the linearly polarized radiation is generated through scattering
of the penetrating sunlight. Elliptically polarized radiation can aso be produced by the
reflection under the sea-surface of the linearly polarized radiation [28]. However, the eliptic
component is much less prominent than the linear one, and can be neglected in a good
approximation [29, 30].

The degree of polarization of the ocean, P(0), presents a bell-shaped distribution as a
function of the scattering angle, 6. P(6) generally reaches a maximum value around 90° and
equals zero at the 0° and 180° scattering angles [31, 32]. Note, however, that the position of
the maximum can change with the particle composition, i.e., the real part of the refractive
index n and with the particle size digtribution [Fig. 1(a-b)]. From in situ measurements,
Ivanoff et a. [12] showed that the degree of polarization measured at a scattering angle of
90°, P(90), decreases linearly with the scattering coefficient. In clear waters, the P(90) values
were found to be close to the maximum value measured for pure sea water (=0.84), whereas
values as low as 0.10 were observed in eutrophic and turbid waters [12, 33]. The decrease of
the degree of polarization from clear to turbid waters is mainly explained by multiple
scattering events which contribute to depolarize the signal. Ivanoff et al. [12] pointed out that
the dispersion observed around this decreasing trend could be related to the natural variability
of the bulk suspended particle population. This assumption was confirmed by Mie theory
calculations performed for homogeneous spherical particles with a size distribution
approximated by a Junge-type hyperbolic model [31]. The degree of polarization increases
with increasing Junge exponent ¢ (i.e. with increasing the number of small particles relatively
to larger ones), and with decreasing refractive index n [Fig. 1(c)]. Therefore, the examination
of the relationships between the scattering (or backscattering) coefficient and the degree of
polarization may bring complementary information on the nature of the particles.
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Fig. 1. Degree of polarization P (in %) as a function of the scattering angle, 6, for two extreme
refractive index relative to waters, n, and for two different values of the PSD slope, {:
a){=3, and b) { =4. c) Contour diagrams of P(90) as a function of the parameters n (x-axis), and
 (y-axis). Note that the P values presented in this figure are not affected by multiple scattering

in contrast to what happens in the ocean.

é. POLDER-2 data processing

POLDER-2 is awide field of view imaging radiometer which flew on ADEOS-2 from April
to October 2003. The POLDER-2 instrument is a camera composed of a two-dimensional
CCD detector array with arotating wheel carrying spectral (443, 490, 565, 670, 763, 765, 865,
and 910 nm) and polarized (443, 670, and 865 nm) filters [26]. For each polarized channel, the
Stokes parameters are derived from measurements performed by using the same three spectral
filters but with the polarized filter axes turned by steps of 60° [26]. Three polarized filters are
then used to rebuilt the polarized signal for each polarized channel. In addition to the classical
measurements and mapping characteristics of a narrow-band imaging radiometer, POLDER-2
has the unique ability to observe each pixel from 14 different viewing directions during a
single satellite pass. Among the three available polarized channels, the red one, centered at
670 nm, is a good compromise for our study. Indeed, in contrast to the blue channel at 443
nm, it is much less affected by atmospheric (Rayleigh) scattering as well as by multiple
scattering process occurring in the atmosphere-ocean system which depolarizes the signal. We
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also disregarded the channel centered at 865 nm, due to the high sea water absorption value
which considerably reduces the magnitude of the remote sensing reflectance.

S58°W  57°W 56'W 55°W
!

34°S

35°S

36°S

37°S

(b)

Fig. 2. POLDER?2 selected scenes of RGB composites, over (a) the Rio de la Plata estuary (26
of May 2003), and (b) off Norway in the Barents sea (19 of July 2003). Thered line in panel a
corresponds to a transect specifically examined, and the numbers represent the pixel number
(seetext for details).

Two oceanic areas, characterized by different particulate matter composition, are
selected: the Rio de la Plata estuary waters dominated by suspended sediments of terrestrial
origin [Fig. 2(a)], and a phytoplankton bloom occurring offshore the Norway coasts in the
Barents sea [Fig. 2(b)]. These scenes were chosen for their relatively high R values at 670
nm, and their very clear sky conditions. This last point is essential since the correction for the
aerosol effects on the top of atmosphere reflectance is till a very chalenging task over
eutrophic and turbid areas [34, 35]. Here, this correction is not necessary as the aerosol optical
thickness at 670 nm of the surrounding black pixels is about 0.02 and 0.04 for the Rio de la
Plata and the Barents sea images, respectively. Thus, the aerosol component can be
considered as negligible in this study. For each selected scene, the top of atmosphere Stokes
parameters (1, Q, U) recorded by the sensor in each viewing direction at 670 nm are corrected
for Rayleigh scattering (using the measured surface pressure), for absorption by oxygen and
water vapor (from ECMWF pressure and humidity profiles), and for ozone (as recorded by the
Total Ozone Mapping Spectrometer sensor). The residua signa is then divided by the
atmospheric diffuse transmission to obtain the above water Stokes parameters. For that
purpose, the Rayleigh polarized radiance and the transmission are calculated using an
atmospheric radiative transfer model developed by Duforet et a. [36]. This code accounts for
the interface effects, which are modeled as a function of the sea surface wind speed value
using the Cox and Munk’s model [37]. The mean wind speed value (from ECMWF) is about 2
m.s* and 5 m.s* over the Barents Sea and Rio de la Plata areas, respectively. Note that the
glitter contribution on the degree of polarization is negligible as the total and polarized
reflectances are measured in (the) direction(s) far from the glitter pattern.

The values of P reported in this study are calculated from above water reflectance values,
and are dlightly different from those calculated from in water reflectance values, because of
the transmission a the sea-air interface. On the basis of radiative transfer simulations,
Kattawar and Adams [38], have shown that the P values calculated below the sea-air interface
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are generaly greater than those calculated above. Over a wide range of viewing angles this
difference ranges between 5% and 25% for high (75°) and low (10°) sun zenith angles,
respectively. The value of the sun zenith angle is 62° for the Rio de la Plataimage, and 51° for
the Barents sea image, which suggest that the effect of the interface is relatively small for our
study. Furthermore, Chami and McKee[15] have recently shown that P, estimated from above
water radiometric field measurements performed for sun zenith angles varying from 28° to
39°, is closely related to the biogeochemical properties of the marine particles in turbid
environments.

4, Radiativetransfer smulations

Radiative transfer calculations are conducted to verify the consistency of the POLDER-2
retrievals presented in this study, and especially the relationship between Rs and P. These
simulations are only performed for the Rio de la Plata image for which a reasonable
assumption is that the inherent optical properties (IOPs) of the water are determined by pure
sea water and sediments. In contrast, the Barents sea waters present much more variability in
terms of IOPs due to the patchiness of phytoplankton biomass and the complex optical
properties of the particles associated with the coccolithophores bloom (mostly due to the
complex structure of the coccoliths, and of the variable concentration of detached coccoliths).
Such complexity, which obviously impacts P and strongly affects the backscattering
coefficient and then R [39], makes the selection of input parameters for radiative transfer
modeling purposes more difficult.

The radiative transfer equation is solved for the ocean-atmosphere system using the
OSOA model which is fully described in [18]. This model is based on the successive orders
of scattering method, and is able to predict the total and polarized signals in the coupled
ocean-atmosphere system. The atmospheric parameters are those used for the POLDER-2 data
processing and presented in the previous section. The simulations are carryied out for a
homogeneous and infinitely deep ocean, for a flat sea surface, and in the absence of inelastic
process. The inherent optical properties of marine constituents a 670 nm are modeled as
follows. The absorption coefficient is considered to be totally dominated by pure sea water
according to Pope and Fry [40]. The total and polarized particulate phase functions are
computed by means of Mie theory. For that purpose two values of refractive index typical for
sediments are considered: 1.15, and 1.20 (these values are relative to water). The particulate
size distribution (PSD) is assumed to follow the Junge hyperbolic function with different
Junge exponent values: -3.5, -4.0, and -4.5. The concentration of sediments varies between
0.5to 60 mg.I™.

5. Results and discussion
5.1 The spatial distribution of R, R, and P

The spatial distribution of R, R, ad P over the two selected areas are displayed in Fig. 3.
These maps are obtained by averaging the directional values of each parameter over the
different viewing directions. The mean and standard deviation values of the scattering angle
are 135.95°+12.21° and 140.98°+10.46° over the Rio de la Plata estuary and the Barents sea,
respectively. The total remote sensing reflectance images clearly reveal the plume and the
bloom patterns [Fig. 3(a-b)]. At 670 nm, the variability of the total remote sensing reflectance,
Rs is proportional to that of the particulate backscattering coefficient, by, as the total
absorption coefficient, a, is largely dominated by pure sea water absorption. Due to a much
higher concentration of highly refractive suspended particles in water, the Rs values are much
higher for the Rio de la Plata Image (RPI) than for the Barents Sea Image (BSl). The
concentration of suspended particulate matter, SPM, in the Rio de la Plata estuary is often
greater than 50 mg.I™, with maximum values reaching 1 g.I™ [41]. For such SPM values, and
assuming inherent optical properties values as those proposed by Doxaran et a. [42] for
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different turbid estuarine waters, the R.s values should range approximately between 0.025 to
0.060 sr™*. This is consistent with the R, values obtained in RPI from POLDER2 [Fig. 3(a)].
The maximum R values are observed at the frontal zone located at the inlet of the estuary,
and are likely caused by strong resuspension effects due to the low bathymetry. For the
Barents Sea Image, the R values range between about O (the clearest waters) and 0.015 srt
[Fig. 3(b)]. Note that the pixels with R values lower than the noise equivalent R value, that
is0.0004 sr [43], are not significant and only represent 3.6 % of the sea pixels. The relatively
high Rs values observed during this phytoplankton bloom are explained by the specific optical
properties of the phytoplankton cells. The brightest blue color observed in Fig. 2(b) suggest
the presence of coccolithophores which strongly backscatter light due to the calcium
carbonate covering (coccoliths) surrounding their organic constituents.

Detached coccolithes of these phytoplankton cells also greatly contribute to increase the
backscattering coefficient [44]. Smyth et al. [45] used satellite observations to study the
occurrence of coccolithophore blooms in the Barents sea over a period of two decades. They
showed from in situ measurements that the bloom occurring in July 2003 is of the
coccolithophore species Emiliana huxleyi. Field radiometric measurements performed in a
different area, but during a Emiliana huxleyi bloom confirm the range of remote sensing
reflectance observed in our study [46].

Compared to Rs, Ry presents much lower values [Fig. 3(c-d)]. The Rs, values range
between 0.001 and 0.012 s for RPI, and between 0 and 0.0035 sr™* for BSI. Only R, values
greater than 0.0009 sr™* (the noise equivalent Rsp value) are significant [43], which represent
100% and 71.23% of the sea pixels for RPl and BSI, respectively. While the coefficient of
variation (i.e. the ratio of standard deviation to the mean) of R, (40.6 %) is higher than that
of Rs (31.3%) for BS, this is the reverse pattern for RPl (28.4 for Ry, and 40.2 for Ry).
Comparison with in situ R, measurements is not discussed here as such measurements are
till very rare, and generally presented in the literature in terms of degree of polarization [15].
Section 5.2 provides a comparison of the R, values estimated from POLDER-2, and those
obtained from numerical simulations for the Rio de la Plata estuary.

#94370 - $15.00 USD  Received 28 Mar 2008; revised 22 May 2008; accepted 12 Jun 2008; published 11 Aug 2008
(C) 2008 OSA 18 August 2008/ Vol. 16, No. 17/ OPTICS EXPRESS 12913



345
0.0100
ss || 0.0075
0.0050
0.0025
0.0000
38°s
34°s
0.003
ws AN |
0.002
I+ 0.001
0.000
38°S -
34°S -
05
36 || o
03
I o2
0.1
38°S

Fig. 3. Maps of R, Rsp, and P at 670 nm for the Rio de la Plata estuary (left column), and the
Barents Sea areas (right column).

The different Rs and R, patterns directly impact the spatial distribution of the degree of
polarization [Fig. 3(e-f)]. The general spatial pattern of P is roughly inversely proportiona to
that of Rs. In RPI, the highest P values (~0.4) are observed offshore, and the lowest P values
(~0.05) are found at the inlet of the estuary after the frontal zone. This pattern is consistent
with expectation as P should decrease from clear to more turbid waters. The spatial pattern of
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P in BSl is much less organized than in RPI. The P values for BSl ranges from 0.1 to 0.5,
with a coefficient of variability of 35.6 (against 53.2 for RPI).

5.2 Examination of the origin of the variability of P

The P variability reflects changes in the scattering angles, turbidity (i.e. contribution of the
multiscattering effects), and nature of the suspended marine particles (i.e size, shape, and
refractive index). Direct interpretation of the different spatial patterns of P (Fig. 3), in terms of
biogeochemical properties of marine particles should then be considered with caution, even
qualitatively. The impact of the different factors responsible for the variability of P are now
examined separately.

The evolution of R, Rp, and P is analyzed along a transect in the Rio de la Plata which
extend from the inner part of the estuary to offshore waters (Fig. 4). Its exact location is given
in Fig. 2(a). The value of the scattering angle along this transect remains roughly the same
(138° + 2°), which points out that the variations of R, Rp, and P are essentially governed by
the turbidity and the water composition (Fig. 5). As aready noticed in Fig. 3, Rs and R,
exhibit almost the same spatial evolution, however with an opposite trend between pixels
2376 and 2381 where Rs decreases by a factor of 1.3 while R, increases by the same factor.
This may be explained by a large increase of P (by afactor of 1.7), probably due to a great
variability of the suspended particulate assemblage between these two locations. The degree
of polarization shows dlight fluctuations around the mean value of 0.18 + 0.03 from pixel
2376 to 2411 (that is about 245 km), and then sharply increases by a factor of 2.1 up to the
end of the transect (where both Rs and R, decrease). Some interesting features can be
noticed a some certain locations where P exhibits significant variations for the same R value
(i. e. same scattering level). For example, P varies by afactor of 1.5 between pixels 2377 and
2389, whereas R is constant (0.034 sr™%). Similar observation can be done between pixels
2391 and 2397, where R varies only by a factor of 1.02, whereas P increases by a factor of
1.21. Thisbehavior can be attributed to variationsin the particulate assemblage between these
locations.
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Fig. 4. Evolution of R, R, and P along a transect in the Rio de la Plata estuary (represented
by thered linein Fig. 2a).

The differentiation of the three main phenomenainvolved in the variability of P, that isits
angular dependence, the turbidity, and the particulate assemblage characteristics, may be
assessed by looking at the evolution of Rs as a function of P for a restricted range of
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scattering angles (Fig. 5). The average value and standard deviation of the scattering angle
considered in Fig. 5 is 130°+1° for both scenes. Because the R variability at 670 nm is
mainly driven by the particulate backscattering, this figure is somewhat similar to that
presented by |vanoff et al. [12], between the scattering coefficient at 90°, and P.
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Fig. 5 Scatter plot of Rs asafunction of P at 670 nm for (a) the Rio de la Plata estuary, and (b)
the Barents Sea areas. The black lines in panel a and b correspond to the fits described by the

equations 2 and 3, respectively. The square correlation coefficient (r?) is given. Note the
different scales of the two panels.

The net decreasing of P with increasing R, due to the multiple scattering effects, is clearly
evidenced over the two different areas. Such a decreasing trend has also been reported by
Chami and McKee [15] between P measured a the Brewster viewing angle and the
concentration of the suspended particulate matter (which controls the value of R(670), to first
order). An exponential function can be fitted between P and R for RPI (Eq. (3)) and BSI (Eq.
(4)), in good agreement with the results of Ivanoff et a. [12]:

P = 0.0099 R ¥ (r’=0.88) ©)
P=0.0054 R (r*=0.89) @

These two relationships present very similar exponential slopes, but their offset (in linear
scale) remarkably differ: for the same R value, P is higher by almost a factor of 2 for the Rio
del Plata estuary, than for the Barents sea. Assuming that this effect is only attributable to the
nature of the suspended marine particles, this result suggests that the bulk particulate
assemblage is dominated by relatively larger particles with higher refractive index in BSI than
in RPI. While relatively large phytoplankton cells are expected during the bloom of Emiliana
huxleyi occurring in the Barents sea, the refractive index of these cells (n=1.05, [47]) and of
their associated detached coccoliths (n=1.19, [48]), have generaly (depending on the
concentration of detached coccoliths in waters) a lower refractive index than that of mineral
particles from terrigenous origin (n=1.14-1.26, [49]). However, based on numerical Mie
computations it is shown that P is much more sensitive to size than refractive index for this
range of refractive index and scattering angles. Indeed, the isolines plotted in Fig. 1(c) for
6=90° tend to be much more parallel to the abscissa (i.e. to the refractive index) when the
scattering angles increases [50]. This difference could aso partly be explained by a higher
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concentration of dissolved and particulate absorbing material in RPI than in BSI, which may
make RPI waters more single scattering dominated than BSl waters.

For this narrow range of scattering angle, a relatively large dispersion of the data is
observed around the mean exponential trends. P can vary up to afactor of 1.5 for agiven R
value over the two studied areas. A higher dispersion is generally observed over the Barents
sea area than over the Rio de la Plata estuary. The coefficient of variability is 41% and 31%
for BSl, and RPI, respectively (note that it was the reverse pattern when all scattering angles
were considered in Fig. 3). Assuming that such dispersion is due to the particul ate assemblage
variability [12, 31], this suggests that the nature of the bulk particulate matter is more variable
over the Barents Sea area than over the Rio de laPlataestuary (at least for these two images).
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Fig. 6. Variation of R as a function of P for the value of the scattering angle of (a) 120° and
(b) 130° for the Rio de la Plata estuary waters. The colored symbols represent data obtained
from the radiative transfer simulations performed for different values of the refractive index, n,
and PSD slope, {, as indicated. The black dots represent the data obtained from POLDER-2
observations. Note that the P values are lower than those presented in Fig. 1 for which the
calculations did not account to multiple scattering.

The relationship between R and P, as revealed from the POLDER-2 observations, is
evaluated for the Rio de la Plataimage by the means of radiative transfer calculations carried
out as described in section 4. The results of these numerical computations are superimposed
on the POLDER-2 data for 6=120° [Fig. 6(a)], and 6=130° [Fig. 6(b)]. The evolution of P asa
function of R obtained from these radiative transfer simulations is in excellent agreement
with the POLDER-2 observations. The hyperbolic trend observed between P and R from
POLDER-2 is well confirmed in both shape and amplitude from the radiative transfer
simulations. For a given scattering angle, each variation of the refractive index and of the
slope of the particle size distribution affects the P vs. R relationship, likely contributing to
the observed scatter in POLDER-2 data. For example, for 6=120° and Rs = 0.06 st the
increase of the degree of polarization by a factor of 1.6 observed from POLDER-2 in RPI is
coherent with an increase of the PSD slope from —-3.5 to —4. According to these results, it
could be tempting to retrieve information about the particles assemblage (n and {) by
examining the relationship between R and P. However, it should be done with caution as
modifications of n for the same PSD slope does not necessarily modify the Rs vs. P
relationship (Fig. 6). Thisisin agreement with Mie calculations which showed that, for such
scattering angles, P is much more sensitive to { than n [50]. Further theoretical and
experimental investigations are obviously needed at this point. The effect of the particle shape
on P should also be examined.

#94370 - $15.00 USD  Received 28 Mar 2008; revised 22 May 2008; accepted 12 Jun 2008; published 11 Aug 2008
(C) 2008 OSA 18 August 2008/ Vol. 16, No. 17/ OPTICS EXPRESS 12917



6. Concluding remarks

This preliminary study shows that polarized radiations of the natural light scattered back out
of the ocean can be extracted from satellite observations of ocean color at least over bright
oceanic areas. The absolute values of the polarized remote sensing reflectance and of the
degree of polarization are consistent with expectations, and with previous theoretical and
experimental findings. Our confidence in our P retrieval from POLDER-2 is reinforced by the
examination of the behavior between R and P which is similar to in-situ observations made
by Ivanof et al. [12] and Chami and McKee [15]. Comparisons with numerical simulations
performed for the ocean-atmosphere system are also provided for the Rio de la Plata estuary.
These radiative transfer simulations, performed for different physical characteristics of
suspended marine particles, confirm that the scatter of the POLDER-2 data observed around
the hyperbolic trend between R and P may be explained by the variability of the bulk
particul ate assemblage composition.

The present study has been conducted for two idealized cases (no aerosols) to assess the
feasibility of extracting water polarized radiations from remote sensing over bright areas.
Prior to any generalization of these results two main studies should be conducted. First, the
sensitivity of the effect of the presence of aerosols should be investigated. Atmospheric
corrections over turbid waters, necessary to accurately assess the total remote sensing
reflectance and a fortiori the polarized remote sensing reflectance, are still very challenging.
Once good atmospheric corrections schemes are available for such waters, comparison with
other bio-optical products derived from ocean color observations and related to the nature of
the marine particles in suspension should be performed. Secondly, in situ measurements of the
polarized remote sensing reflectance, which are ill very rare, should be performed in
biogeochemically contrasted waters. The behavior of P should then be compared to other bio-
optical proxy usually used in situ to characterize the bulk particulate assemblage, such as the
particul ate backscattering to scattering ratio [51, 52].

Acknowledgments

This work was supported by Centre National d’ Etude Spatiale (CNES) and Région Nord Pas-
de-Calais through the doctoral fellowship of Lucile Duforet, and by Centre National de la
Recherche Scientifique in the frame of the PNTS program. POLDER-2 ocean color data are
provided by CNES. We thank Cyril Moulin, Jean-Marc Nicolas, and Jean-Luc Deuzé for their
guidance during the POLDER-2 data processing. The authors thank two anonymous reviewers
for their relevant comments.

#94370 - $15.00 USD  Received 28 Mar 2008; revised 22 May 2008; accepted 12 Jun 2008; published 11 Aug 2008
(C) 2008 OSA 18 August 2008/ Vol. 16, No. 17/ OPTICS EXPRESS 12918



