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Abstract: The influence of oceanic constituents on the polarized reflectance
measured at the top of atmosphere (TOA) over open ocean waters in one
visible band is investigated. First, radiative transfer modelling is used to
quantify the effects of biomass concentration on the TOA polarized signa
for a wide range of observation geometries. The results showed that the
TOA polarized reflectance remains insensitive to variations in the
chlorophyll a concentration whatever the geometrical conditions in
oligotrophic and mesotrophic waters, which represent about 90% of the
global ocean. The invariance of the polarized signal with water content is
explained by the prevailing influence of both atmospheric effects and
skylight reflections at the sea surface on the polarization state of the
radiation reaching the top of atmosphere level. The simulations also
revedled that multidirectional and polarized TOA reflectances obtained in
the visible spectrum are powerful tools for the discrimination between the
aerosol optical properties. In the second part of the paper, the theoretical
results are rigorously validated using original multiangle and polarized
measurements acquired by PARASOL satellite sensor, which is used for the
first time for ocean color purposes. First, a statistical analysis of the
geometrical features of PARASOL instrument showed that the property of
invariance of the TOA polarized reflectance is technically verified for more
than 85% of viewed targets, and thus, indicating the feasibility of separating
between the atmospheric and oceanic parameters from space remotely
sensed polarized data. Second, PARASOL measurements acquired at
regional and global scales nicely corroborated the simulations. This study
also highlighted that the radiometric performance of the polarized visible
wavelength of PARASOL satellite sensor can be used either for the aerosol
detection or for atmospheric correction algorithms over open ocean waters
regardless of the biomass concentration.
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OCIS codes: (120.0280) Remote sensing and sensors; (010.1285) Atmospheric correction;
(010.0010) Atmosphere and ocean optics; (260.5430) Polarization; (010.5620) Radiative
transfer.
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1. Introduction

PARASOL (Polarization and Anisotropy of Reflectance for Atmospheric Sciences coupled
with Observations from a Lidar) satellite instrument has recently been deployed (in 2005) to
provide complete observations of radiative properties of the earth’s atmosphere and ocean.
The PARASOL sensor, which is a heritage of POLDER instruments [1], is unique inasmuch
as it is currently the only one that is capable of performing multiangular and polarized
acquisitions from space combined with the spectral information. The PARASOL instrument
monitors the intensity (i.e. Stokes parameters |) of sunlight exiting the terrestrial systemsfor 9
spectral bands in the range 443-1020 nm and for up to 16 viewing angles. In addition,
PARASOL measures the linearly polarized components (i.e., Stokes parameters Q and U) of
upward radiation for three spectral bands, namely 490 nm, 670 nm and 865 nm. Both the total
and polarized radiance measured by PARASOL exhibit dependencies on scattering angle and
wavelength that can be used to extract information from the atmosphere and ocean.
Polarization state of light is a piece of information that is complementary to the spectral and
angular radiance measurements. It has been shown that polarization of the atmospheric
radiation is more sensitive to microphysical properties of aerosols than the unpolarized
radiance is [2-4]. Therefore, many studies have been dedicated to the characterization of
aerosols using either ground-based or satellite/airborne measurements of atmosphere
polarization [5-9]. Ground-based measurements could be not only used in near-infrared
channels [5, 9] but also in visible bands [6] because such measurements are not affected by
surface effects. On the other hand, the exploitation of satellite or airborne remotely sensed
data is currently limited to the use of red/near infrared wavelengths [8] because of the lack of
knowledge of the magnitude of polarized water leaving radiance [7]. As a result and despite
the excellent performances of the PARASOL system [10, 11], PARASOL polarized
measurements acquired at short wavelengths have not been exploited yet to derive
information on aerosol properties for ocean color purposes such as the derivation of
unpolarized water leaving radiances from space. Recent studies [12-15] showed that the
polarized contribution of the underwater light field is negligibly small relatively to that of the
atmosphere and air-water interface in the visible spectral range for most open ocean waters.
Therefore, the range of wavelengths used for aerosol retrieval over the open oceans could be
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expanded in the visible part of the spectrum. More specifically, Chami [15] suggested in a
preliminary study that multiangle measurements of polarized radiance a blue wavelengths
could be potentially exploited to obtain additional valuable information of the spectral
behavior of aerosol optical properties. On this basis, the performance of atmospheric
correction algorithms could be improved over the global ocean and a better retrieval of
unpolarized water leaving radiances could be expected from satellite polarized data acquired
in the visible bands. However, the simulations performed in Chami’s paper [15] were
restricted to the solar principal plane and thus, they could not practically apply to satellite
images for which targets are observed for azimuth geometries that can be far from principal
plane conditions.

It is the purpose of this paper to examine whether the invariance properties of top of
atmosphere polarized signal with water content could be expanded for all geometries that can
be found in ocean colour satellite sensors measurements. Our analysis focuses particularly on
PARASOL viewing geometries and radiometric specifications (i.e., instrumental noise) to
determine the degree of applicability of Chami’s theoretical results [15] in the case of real
world conditions. Another goal of this paper is to perform a rigorous validation of theory
using PARASOL measurements acquired over open ocean waters. Note that it is the first time,
to our knowledge, that the specificities of PARASOL images are exploited for ocean color
remote sensing purposes. This study also highlights the relevance of the concept of
multidirectionality which allows extending the set of remote sensing information available for
deriving aerosol optical properties.

This paper is organized as follows. First, radiative transfer calculations are carried out to
characterize the influence of water content on the polarized signal at the top of atmosphere in
the visible band (490 nm) for different atmospheric conditions and for an exhaustive set of
geometries. Second, the potential applicability of these calculations is evaluated using a
representative set of PARASOL geometrical conditions derived from measurements acquired
in different parts of the globe. Finaly, a validation of theoretical results is carried out based
on PARASOL satellite data measured at regiona (e.g., Mediterranean Sea) and global (e.g.
Atlantic Ocean) scales.

2. Theoretical analysis
2.1 Radiative transfer simulations

Top of atmosphere (TOA) polarized reflectances were calculated for various atmospheric,
oceanic and geometrical conditions using the OSOA radiative transfer model [12]. The OSOA
model solves the vector radiative transfer equation for the atmosphere-ocean system using the
successive orders of scattering method [16]. For a given solar angle &, the Stokes parameters
I, Q and U, which characterize the intensity, the degree of polarization and the direction of
polarization of the electromagnetic wave respectively [17], are computed for viewing angles
&, ranging from 0° to 90° and azimuth ¢ ranging from 0° to 180°. The OSOA model considers
a flat ocean surface. Therefore, the influence of the wind on the surface is not taken into
account in this study and thus, the results that will be presented may be less general. However,
it has been shown that the effect of the waves on the polarized signal measured &t the top of
atmosphere level from space is weak [18]. Based on Kawata, et al.’s analysis [18], the fact
that the wind effect is not accounted for in the OSOA model may not drastically affect our
results with regard to the interpretation of the variations in the polarized TOA signal with
atmospheric and oceanic congtituents. The atmospheric layer was modelled using realistic
aerosol models namely the standard maritime M98 and tropospheric T70 as defined by Shettle
and Fenn [19]. The M98 and T70 models were selected because they exhibit significant
differences in their optical thickness spectral dependence (i.e., fairly neutral spectral shape for
M98 and strong decrease with wavelength for T70) [20, 21]. Note that despite their strong
differences, the M98 and T70 models are not the models that show the largest spectral
variations of the aerosol models that are currently used in SeaWiFS and MODIS data
processing [21, 22]. The computations were carried out for two values of the aerosol optical
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depth 1, at 550 nm, namely 0.1 and 0.5, which are representative of the range of variation
typically found over open ocean waters. Note that these values of 1, at 550 nm correspond to
horizontal visibilities of 50 km and 8 km respectively. At 490 nm, the values of t,, for each of
the visibilities, are 0.1 and 0.5 for M98 model and 0.12 and 0.61 for T70 model. In the OSOA
model, the oceanic layer is usualy described using a seawater model comprising four
components which are pure seawater, phytoplankton pigments and their by-products,
inorganic suspended material and colored dissolved organic matter. Since this study focuses
on the analysis of signal variations over phytoplankton-dominated water type, only the pure
seawater and phytoplankton components were considered here. The inherent optical properties
of these components were modelled as follows. The scattering and absorption coefficients of
pure seawater were taken from Morel [23] and Pope and Fry [24] respectively. The absorption
coefficient of phytoplankton and co-varying particles a,, was derived by use of the bio-optical
model of Bricaud, et al. [25] [Eq. ( 1)] :

apn(A)=Au(A)[ChI]=? (1)

where Chl is the chlorophyll a concentration (in mg m®), Aj(A) and E,(A) are tabulated
coefficients. The phytoplankton scattering coefficient was modelled as suggested by Loisel
and Morel [26] [Eq. (2)] :

b,,h(/l):o.416[(:h|]0-766(5%) )

The refractive index of phytoplankton relative to water was 1.05. The size digtribution of
phytoplankton cells was assumed to follow the Junge hyperbolic function, which is often used
for natural waters [27], with a Junge exponent value of —4. The minimum and maximum radii
of the size distribution were 0.1 um and 50 pm respectively. The Mueller scattering matrix of
phytoplankton, which contains the information on its total and polarized phase function, was
computed by means of Mie theory [28]. It has been argued that reasonable fits to the phase
function (first term of the Mueller scattering matrix) can be obtained using Mie theory [29-
33]. The normalised polarized phase function of phytoplankton (i.e., the polarized phase
function divided by the unpolarized phase function), which is calculated here using realistic
parameters for phytoplankton, is very close to the Rayleigh approximation. Therefore, the
simulated polarization features of phytoplankton are in agreement with what has been found
for natural ocean water samples[32] and thus, making our computations meaningful.

The OSOA model outputs the angular distribution of the polarized reflectance pyo [EQ.

(3)] at thetop of atmosphere level:
Q% +U?

=V @ 3
ppol Ed ( )

In Eq. (3), Eq is the downwelling irradiance (in W m?) and ,/Q2+U?2 is the polarized

radiance. The computations were carried out for solar zenith angles &; varying from 0° to 70°,
for azimuth angles varying from 0° to 180° and for viewing angles varying from 0° to 90°.
The angular resolution was 5° when dealing with &; and ¢ and 2° when dealing with &,. The
polarized reflectance was analyzed at 490 nm, which is consistent with the PARASOL
polarized visible band. The concentrations of chlorophyll a used in the calculations were 0.03,
0.1,0.3,0.5,1, 3and 10 mg m*.
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2.2 Results and discussion

The influence of phytoplankton particles on the TOA polarized reflectance is theoretically
studied for various geometries. The contribution from atmospheric molecules to the polarized
TOA reflectance, which was calculated using Rayleigh theory, has been subtracted for each
Stokes parameter to emphasize the polarized signature of aerosols and/or hydrosols. The
polarized reflectance obtained after subtracting the atmospheric molecules effectsis called the
Rayleigh-corrected polarized reflectance in the rest of the paper. To evaluate the sensitivity of
the Rayleigh-corrected polarized reflectance, heresfter referred to as pya e, With the turbidity
of the water mass, the absolute difference gy between the Rayleigh-corrected polarized
reflectance calculated for a given chlorophyll a concentration and the Rayleigh-corrected
polarized reflectance calculated for a chlorophyll a concentration taken as a reference is
analysed according to Eq. (4):

Ap pol _rc (Chl) = ‘p pol _rc (Chl) - ppol_rc (Chl ref )‘ “4)

where Chl is a given chlorophyll a concentration and Chl, is the chlorophyll a concentration
gaken as areference, which represents the residual content for open ocean, namely 0.03 mg m’
[34].

2.2.1 Variations of the TOA polarized reflectance with water turbidity

The first case considered is the variation in pyq  With phytoplankton concentrations for al
viewing geometries. Figure 1 shows polar diagrams of Apyq (Chl) at 490 nm for 6:=30° and
50° and for various chlorophyll a concentrations. The simulations were carried out for a clear
(i.e, (550 nm) = 0.1, Fig. 1) and a moderately turbid atmosphere (i.e., (550 nm) = 0.5, Fig.
2) using the M98 agrosol model. The azimuth angle shown in Fig. 1 and other forthcoming
similar figures corresponds to the azimuth difference between the solar and observation plane.
As an example, an azimuth difference of 0° means that the half planes containing the sun and
the sensor are similar while an azimuth difference of 180° means that the sun and the sensor
are located in two opposite planes. For a clear atmosphere (Fig. 1), the absolute difference
Appo_r(Chl) is lower than 8x10* whatever the observation geometry and solar zenith angle
when chlorophyll a concentrations are smaller than 1 mg m>. The influence of marine
particles on pya rc increases with their concentration and is dependent on the observation
geometry. As an example, the principal impact of the marine particles, when the value of
chlorophyll a concentration and 6, is 3.0 mg m™ and 30° respectively, is limited to the range
of azimuth angles 120°-180°. Note that these observation geometries are often sun glint
contaminated [35], and thus, they are not necessarily exploited for remote sensing studies over
the ocean. The influence of water content on TOA signal is reduced for higher solar zenith
angle (e.g., 6=50°). This is because the atmospheric pathlength of the radiation is longer in
this latter case and the impact of the atmosphere increases, thus reducing significantly the
effect of the hydrosols signature. For similar reasons, the variations in pu ¢ With the
chlorophyll a concentration observed in the azimuth range 120°-180° decresse as the
atmosphere gets more turbid (Fig. 2). The variations remain smaller than 8x10* whatever the
viewing geometries when the aerosol optical depth is 0.5. This latter result confirms the
prevailing effect of aerosols on the polarization in comparison to the phytoplankton content of
the oceanic layer. The computations made using the T70 aerosol model showed similar
features as those obtained for the M98 aerosol model.
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Appor_(490nm) for M98, T,=0.1

C.0000 L0004 Q0008 a2 Q.0016
6,=30° / B=50° 0=30° / 6=750°
[CHL] = 3.0 mgm> [CHI] = 10.0 mg.m3

Fig. 1. Polar diagrams of absolute difference Apua ¢ between the Rayleigh-corrected polarized
reflectance calculated for any given chlorophyll a concentration and the one calculated for a
chlorophyll a concentration of 0.03 mg m. The circular dot lines represent the viewing angles
by step of 10° (numbered from 0° to 60° in the figure). The solar zenith angles &, are 30° and
50° and the Shettle and Fenn [19] aerosol model M98 is used. The calculations are shown for a
clear atmosphere (14550)=0.1). Note that a grey color scale is used when Apy (¢ is lower than
PARASOL noise equivalent polarized reflectance (i.e., 8.5x10™).

Fougnie, et al., [10] recently showed based on an in-flight calibration study that the noise
equivalent polarized reflectance of PARASOL sensor at 490 nm is 8.5x10™ for ocean targets,
which is consistent with preflight estimation and specification of the instrument. Therefore,
from an instrumental viewpoint, the polarized reflectance at the top of atmosphere is
practically not sensitive to optically active marine particles in the case of aturbid atmosphere
(Fig. 2). In the case of a clear atmosphere, similar conclusions can be drawn only for waters
showing Chl concentrations lower than 1 mg m* (Fig. 1), which represent more than 90% of
global ocean waters [36]. As reported by Chami [15], the contribution to TOA polarized
reflectance is predominantly from the atmospheric particles and, to a lesser extent, the
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skylight Fresnel reflection at the sea surface which both significantly reduce the already weak
polarization effects induced by biogenic marine particles [12]. It should be highlighted that
one significant difference between previous studies [13-15] and the current one is that, here,
the polarized reflectance has been corrected for atmospheric molecular effects to emphasize
the role played by the aerosols. Our results show that the sole aerosol polarized signature is
sufficiently appreciable, including in the case of a clear atmosphere, to mask the influence of
the hydrosols on the TOA polarized signal, despite the strong influence of the atmospheric
molecular scattering on the polarization features.

Apyor_o(490nm) for M98, 1,=0.5

0.0000 0.0004 Qo008 acoi? o.0016
0.=30° / 0=50° 8=30° / 6.=50°
[CHL] = 3.0 mgm? [CHL] = 10.0 mg.m>

Fig. 2. Same as Fig. 1, for a moderately turbid atmosphere (14(550)=0.5).

To quantify the aerosol polarization signature, the sensitivity of g c 8 TOA to the aerosol
model was studied for clear (Fig. 3, first column) and moderately turbid (Fig. 3, second
column) atmospheres. The polar diagrams shown in Fig. 3 represent the absolute difference
APpol_sero_mod DEIWEEN Py ¢ Calculated using the M98 model and gy e calculated for two
other standard aerosol models, namely the C70 and T70 models. The chlorophyll a
concentration was fixed to 0.3 mg m* and APpol_aero mod 1S displayed for solar zenith angles
values of 30° and 50°. Note that the value of the chlorophyll a concentration is not critical
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here because of the negligible influence of the marine polarized signal. Significant variations
Of Appal_aero mod are observed with respect to the geometrical conditions for the two cases of
atmospheric turbidity. The polarization features induced by aerosols which show significant
differencesin their optical properties, such as their spectral variation, are distinguishable (i.e.,
greater than the instrumental noise) for the majority of the observation geometries. Therefore,
in addition to their optical depth, the polarizing and directional properties of aerosols could be
extracted at visible wavelengths over open ocean waters. Even though some geometries show
avalue of Appg_aero moa lOWer than PARASOL noise equivalent polarized reflectance, they can
still be exploited to derive information on the aerosol optical properties from satellite
multiangle measurements by comparing those pixels with pixels originating from the same
target and for which a significant variation of Appg_aero moa 1S Observed. Note that the latter
comparison can systematically be applied on PARASOL scenes owing to the multidirectional
principle of acquisition of PARASOL images.

APyot_aero_mod #90mm)

N _ T

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010

7,(550nm)=0.1 7,(550nm)=0.5

2 '
6.=30° 8=50° 6.=30° 8.=50°

Fig. 3. Polar diagrams of the absolute differences between the Rayleigh-corrected polarized
reflectance calculated for the M98 aerosol model taken as a reference and the Rayleigh-
corrected polarized reflectance calculated for the aerosol models C70 and T70, respectively.
The chlorophyll a concentration is fixed to 0.3 mg m?, the solar zenith angles are 30° and 50°
for a clear atmosphere (t4(550nm)=0.1) (first column), and a turbid atmosphere
(T4(550nm)=0.5) (second column). The geometries for which Ay rc is lower than PARASOL
noise equivalent polarized reflectance (i.e., 8.5x10™) are in coloured grey.

3. Validation of theoretical resultsusing PARASOL measur ements

The main originality of PARASOL instrument is its capacity to characterize the directional
and polarization effects of a given target from space. The innovative concept of this
instrument allowed various aerosols studies over the ocean [8, 35, 37]. Note that these studies
did not account for the directional and polarized measurements in the visible band because of
the uncertainty in the polarized water leaving radiance. It has been demonstrated that a high
performance of atmospheric correction algorithms in visible channels is required to accurately
determine ocean color geophysical products such as chlorophyll a concentration [20, 38, 39].
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In this prospect and based on our theoretical results, the use of PARASOL polarized
measurements in the visible band seems promising for improving the remote sensing of
aerosols and thus, for retrieving ocean color parameters. In this section, the degree of
applicability of the previous theoretical results (see section 2.2) to PARASOL images is
investigated. Our first objective is to focus on the orbitography of PARASOL satellite to
identify the number of geometrical observations conditions for which pug (c is theoretically
invariant with phytoplankton concentration. Our second objective is to validate the property of
invariance of the top of atmosphere multidirectional polarized reflectance acquired in visible
spectral bands with water turbidity using PARASOL measurements.

3.1 Applicahility of theory to PARASOL images

PARASOL images acquired along two satellite overpasses in the latitude range 70°N-70°S
were processed. The values of the longitude at the equator of both PARASOL satellite strips
were centered around 150°W and 30°W to include the Pacific Ocean [Fig. 4(a)] and Atlantic
Ocean [Fig. 4(b)] and thus, covering the majority of the geometrical observations made by the
PARASOL instrument over the global ocean. Based on the geometrical conditions of
observation of a given target viewed by PARASOL (i.e., azimuth and viewing angles), the
absolute difference Apga (Chl=3.0 mg m'3) was calculated in the case of a clear atmosphere
(ta=0.1) using the aerosol model M98 (see Fig. 1). Note that such a turbidity corresponds to
the case for which the influence of marine constituents is the greatest relatively to higher
values of the turbidity (see Fig. 1 and Fig. 2). If Apya (¢ iS lower than the noise equivalent
polarized reflectance of PARASOL, the property of insensitivity of the TOA polarized signal
to the phytoplankton concentration is attributed to the viewed target. The results show that
87% (table 1) of the targets are viewed by PARASOL under geometries for which the top of
atmosphere polarized reflectance is not sensitive to the oceanic turbidity. This means that
PARASOL polarized measurements in the visible band are practically exploitable exclusively
for deriving information upon atmospheric particles for 87% of the targets observed within a
PARASOL image. Note that the value of this proportion reaches 95% for targets located
within the latitude range 60°N-60°S. Similar results were obtained when the simulations were
carried out using T70 aerosol model, thus indicating that the marine polarized signature is too
weak to influence the atmospheric effects on the TOA polarized reflectance. Note that the
results shown in table 1 were derived for extreme conditions inasmuch as values of
phytoplankton concentration greater than 3.0 mg m™ only represent less than 5 % of the cases
found in the global ocean [36]. Based on Figs. 1 and 2, TOA polarized reflectance a 490 nm
could be examined and analysed regardless of the contribution of subsurface suspended matter
in amost any case when dealing with open ocean waters showing a chlorophyll a
concentration lower than 3.0 mg m™. Therefore, the theoretical sensitivity study performed in
section 2 is largely applicable (i.e.,, for a great majority of the open ocean waters) to
PARASOL instrument from an operational viewpoint.

The property of invariance of pa r(TOA) with water turbidity is now tested and validated
using PARASOL measurements. First, the test was carried out for images acquired above a
given relevant site (i.e., regional scale) for which derived geophysical products such as
chlorophyll a concentration or atmospheric parameters were available. Second, a more global
analysis was performed based on satellite overpasses covering the latitude range 60°N-60°S
(i.e., global scale).
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Fig. 4. PARASOL satellite overpasses used for the statistical analysis regarding the geometrical
conditions of observations (a) above the Pacific Ocean (the longitude at the equator is 150°W),
and (b) above the Atlantic Ocean (the longitude at the equator is 30°W). The latitude varies
from 70°N to 70°S.

Table 1. Percentage of targets viewed by PARASOL for which the polarized top of atmosphere reflectanceis
insensitive to chlorophyll a concentration along two satellite overpasses covering the Atlantic Ocean and Pacific
Ocean. The longitudes at the equator of satellite overpasses above the Atlantic and Pacific oceans are 30°W and

150°W respectively.
Overpassabovethe Overpass above the
Atlantic Ocean Pacific Ocean
Percentage when targets are located 87.8% 87.8%
between 70°N and 70°S
Percentage when targets are located 94.8% 94.9%

between 60°N and 60°S

3.2 Validation of theory using PARASOL data
3.2.1 Validation at regional scale

To achieve the validation of theory using measurements obtained a a regional scale, satellite
scenes acquired above the north western part of the Mediterranean Sea, which is considered as
open ocean water type [40], were studied. PARASOL level 2 geophysical products were used
to get information on aerosol and oceanic optical properties. Note that the level 1 (i.e.
calibrated data) and level 2 (i.e., geophysical parameters) atmospheric products were provided
by the ICARE organization (http://www-icare.univ-lillel.fr/main.php) and the level 2 ocean
color products (i.e. Chl) were provided by HY GEOS company (http://web.hygeos.com). The
analysis was carried out for images acquired during the spring bloom, in May 2006, which
showed a significant gradient of chlorophyll a concentrations. To evaluate the sole effect of
the subsurface suspended particle on the polarized reflectance measured at TOA, two targets
showing homogenous aerosol optical properties and a significant variation in chlorophyll a
concentrations were selected. The atmosphere could be considered as homogenous when both
the atmospheric turbidity and the aerosol spectral properties are similar for each target.
Therefore, targets exhibiting identical values of aerosol optical thickness at 865 nm (within
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+0.01) and identical values of the Angstrom coefficient (within £0.1), which characterizes the
spectral variation of aerosols, were selected [Figs. 5(a) and 5(b)]. The values of the aerosol
optical depth at 865 nm and the Angstrom coefficient were 0.10 and 1.2 respectively for the
selected targets, thus inducing a value of the aerosol optical depth of 0.15 at 490 nm. The
chlorophyll a concentrations varied from 0.2 mg m™ to 2 mg m for the target located out of
the bloom and within the bloom patch respectively [Fig. 5(c)]. The coordinates of the target
located out of the bloom and within the bloom patch are (42.15°N, 6.35°E) and (40.07°N,
6.50°E) respectively. Note that the geophysical products derived from PARASOL were highly
consistent with SeaWiFS level 2 products in the same area. In particular, similar gradients of
chlorophyll a concentrations and homogeneity of aerosol optical properties were observed for
both satellite sensors. It should be highlighted that the exact absolute values of atmospheric
and oceanic parameters provided by level 2 satellite products are not of great interest for the
purpose of this study. Level 2 satellite geophysical products are just used here qualitatively to
inform us about the relative spatial variations or spatial homogeneities of environmental
parameters (i.e. chlorophyll a, optical depth, Angstrom coefficient) between two targets.

(a) (b)
T.(865nm) Aerosal Angstrom Coefficient
40200 02920Ow L aaaa——

aa a&r L > a3 04 L1 a5 La L5 20
2'E 4'E 6F 8E IWE I2’E I'E 2E JE &E &E IMWE I2E NE

004 0095 03 08S 3 a5 a0

Chiorophyl-a concentranan

Fig. 5. Level 2 satellite images acquired by PARASOL above the North Western part of the
Mediterranean Sea on May 5" 2006: (a) aerosol optical depth at 865 nm, (b) Angstrom
coefficient and (c) chlorophyll a concentration. Three targets were selected : one target (symbol

*) is characterized by a clear atmosphere (t4(865nm)=0.1) and oligotrophic conditions (Chl=0.2
mg m®), one target (symbol x) is characterized with similar atmospheric conditions than the
target represented by the symbol * except bloom conditions (Chl=2.0 mg m) are considered,
and one target (symbol +) is characterized by a moderately turbid atmosphere (14(865nm)=0.3)
and similar oceanic conditions (Chl=0.2 mg m™) than the target represented by the symbol *.

Figure 6(a) shows the angular variations in the TOA Rayleigh-corrected polarized
reflectance at 490 nm, as obtained from level 1 PARASOL data, for the targets located within
and outside the bloom patch (symbols* and x in Fig. 5). The polar diagram [Fig. 6(b)] shows
that both targets are viewed under close geometrical conditions, as expected from the fact that

the longitudes of the targets are quite similar. The comparison between pyg (TOA) measured
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for both situations shows a good agreement. The root mean square error (RMSE), which is
defined as Eq. (5), was calculated to quantify the absolute differences between the
measurements obtained within and outside the bloom area.

RMSE = \/r:: i (ppol_rc(bloom Ti ) _ppol_rc(no_bloom ‘Pi ))2 (5)
i=1

In Eqg. (5), i is the vector representing the observation geometry which accounts for the
azimuth, the solar zenith angle and the viewing zenith angle and n is the number of directions
of observations which was 14 here. Interestingly, the value of the RMSE is 6.2x10™* which
remains lower than the instrumental noise of PARASOL sensor. As a comparison, Fig. 6 also
reports the results obtained when the unpolarized reflectance is considered. The RMSE value
in this latter case, namely 6.7x107, is greater by more than one order of magnitude than the
sensitivity of PARASOL instrument, which is 4x10™ for unpolarized measurements. One can
think that the differences observed between the RMSE calculated for the unpolarized
reflectance and the RMSE calculated for the polarized reflectance could be exclusively due to
the fact that the unpolarized measurements are usually one order of magnitude greater than the
polarized reflectance. To verify that these differences are not necessarily attributed to
magnitude differences in the TOA polarized and unpolarized reflectances, the contribution
from instrumental noise and phytoplankton concentration to the variations observed in the
reflectance between the oligotrophic and blooming conditions is examined. To achieve such a
task, a statistical analysis based on the chi-square test was performed. The following
hypothesis was tested: “all the variations observed in the reflectance between the oligotrophic
and blooming conditions are due exclusively to the instrumental noise in the measurements’.
The results of the test indicated that the hypothesis is totally rejected when dealing with the
unpolarized reflectance, thus confirming that the variations observed in Fig. 6(a) (top curves)
are attributed to variations in the phytoplankton concentration and not to the instrumental
noise. Conversely, the results of the chi-square test point out that the variations observed in
the polarized reflectances between the oligotrophic and blooming conditions [Fig. 6(a),
bottom curves] are explained by the instrumental noise and not by the variations in
phytoplankton concentration. The chi-square analysis thus confirms that the RMSE values
previously obtained are not exclusively related to the magnitude differences in the TOA
polarized and unpolarized reflectance. Based on our dtatistical analysis (i.e., RMSE and chi-
square test), the conclusion that can be drawn is that the polarized signal reaching the top of
atmosphere in the visible band and measured by PARASOL is practicaly insensitive to the
water turbidity, thus confirming the theoretical results shown in section 2.2 (Fig. 1). It should
be highlighted that the invariance of pp ((TOA) with chlorophyll a concentration is still
observed despite the chlorophyll a concentration within the bloom is greater than 1 mg.m?,
This is consistent with the fact that the observation geometries of the selected images [see
polar diagram of Fig. 6(b)] correspond to theoretical simulated cases for which the invariance
property of pu (TOA) with chlorophyll a is verified (see Fig. 1). Those results clearly
corroborates that it is not relevant to exploit the polarized signal measured at the top of
atmosphere over open ocean waters to extract some information about the optical properties of
marine particles. Conversely, as previously suggested by our theoretical calculations (section
2.2), the polarized signal could be used to derive some information about aerosols.

#91057 - $15.00 USD Received 20 Dec 2007; revised 6 Feb 2008; accepted 13 Feb 2008; published 15 Apr 2008
(C) 2008 OSA 28 April 2008/ Vol. 16, No. 9/ OPTICS EXPRESS 6076



(@) a. —#— blooming conditions
0.040- e - --&3-- oligotrophic conditions

(b)

Reflectunce at 490 nm
2
82

e ©
& &
= =
S @

0.005- ""O’"ﬁ"‘ﬁ*-::@.;f,. )

&'%i'i}?%ﬁ-z'%p |

000+——T T T T T T T T T T T 7T
100 110 120 130 140 150 160 170

Scattering Angle (deg.)

Fig. 6. (a). Variation of the top of atmosphere unpolarized (upper curves) and polarized (lower
curves) reflectance measured by PARASOL at 490 nm with respect to the scattering angle Gxat
when the targets are located within the bloom patch (Chl=2.0 mg m*®) and out of the bloom
patch (i.e., in oligotrophic conditions, Chl=0.2 mg m) and when the atmospheric conditions
are similar for each target, (b) polar diagram showing the geometry of multidirectional
observations of the two selected targets. The dashed lines represent the azimuth and viewing
angles. The solar zenith angle is 30°. The solid lines represent the isolines of scattering angles
by step of 20°. The symbols are similar asin Fig. 6(a).

In this study, the opportunity was given to evaluate the feasibility of deriving information
about aerosols using PARASOL measurements. For this purpose, targets showing different
aerosol optical properties (optical depth and spectral variation) and identical values of
chlorophyll a concentration were selected [symbols + and * in Fig. 5(c)] based on the
PARASOL level 2 images that were previoudy analysed. The selected targets show values of
T4(865 nm) of 0.1 and 0.3, values of Angstrom coefficient of 1.2 and 1.0 respectively and a
similar value of Chl of 0.2 mg m® The coordinates of the atmospherically clear and
moderately turbid targets were (40.0°N, 6.9°E) and (38.9°N, 6. 0°E) respectively. Since these
targets nearly have a similar longitude, the geometry of multidirectional observations made by
PARASOL was almost identical for each target, as shown in the polar diagram of Fig. 7. The
angular variations of puy ((TOA) show statistically significant differences between the
moderately turbid and the clear atmospheric cases (Fig. 7). First, the differences in the
magnitude of the polarized reflectance can be greater than afactor of 2 for specific geometries
(i.e., scattering angle lower than 140°). Second, the angular structure of the radiation is highly
variable, especially when the atmosphere is turbid. The directional features are more
pronounced in the range of scattering angle 120°-150°, which corresponds to the range where
the phase function of atmospheric particles is highly dependent on the aerosol optical
properties (size and refractive index) [41]. Therefore, Fig. 7 illustrates that the dynamic range
of the polarized signal measured at the top of atmosphere, which corresponds to level-1
products of satellite data, is sufficiently high and greater than instrumental noise to make the
polarized and angular signatures of aerosols distinguishable and hence, to allow an original
characterization of the optical properties of the aerosols. Despite the current study is still a
preliminary one, it shows that the radiometric performance of PARASOL satellite instrument
is sufficiently accurate in the visible band to significantly improve the aerosol detection over
dark target like open ocean waters. The concept of multidirectional and polarization
acquisition from space is thus highly promising.
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Fig. 7. (a). Variation of the top of atmosphere polarized reflectance measured by PARASOL at
490 nm with respect to the scattering angle 6« for targets located outside the bloom (Chl=0.2
mg m?) in the case of a clear (14865nm)=0.1) and moderately turbid (t(865nm)=0.3)
atmosphere, (b) polar diagram showing the geometry of multidirectional observations of the
two selected targets. The solar zenith angle is 27°.

3.2.2 Validation at global scale

The second case considered for the validation of theoretical results using remotely sensed
measurements consists in analysing a data set of PARASOL images covering a more global
area than the regional study performed in section 3.2.a. The invariance of gy (TOA) with
water content is now examined using a set of images acquired at different periods of the year
2006 above the Atlantic Ocean along satellite overpasses covering the latitude range 60°N-
60°S. The images were representative of the variability of oceanic contents that can be found
in the Atlantic Ocean. Only targets viewed under a geometry for which simulations showed
that Appe rc (ChI=3.0 mg mi®) is lower than PARASOL instrumental noise (see Fig. 1) were
selected to compare measurements with theory. Based on the statistical analysis made in
section 3.1 (table 1), these targets represent about 87% of the total number of targets observed
along the satellite overpass. Targets showing similar atmospheric optical properties based on
level 2 PARASOL geophysical products were analysed first. The values of the aerosol optical
depth a 865 nm and Angstrom exponent were 0.1+0.003 and 0.17+0.02 respectively. To take
into account and to respect the dependency of gy (TOA) on the observation geometry, the
images were partitioned into domains bounded by the azimuth, solar and viewing angles. The
angular discretisation was 2 degrees. Such partitioning provided a grid. The standard
deviation of pua (TOA) was first calculated for each elements of the grid. Then, the standard
deviations were averaged. The mean standard deviation considering all the selected targets
showed a value of 8.44x10™ (table 2), which is close to the noise equivalent polarized
reflectance of PARASOL instrument. In addition, the mean standard deviation calculated for
the unpolarized reflectance is largely higher, namely 4.27x107 (table 2), thus confirming that
the water content in suspended particles is significantly variable for the selected targets. The
standard deviation calculated relatively to targets for which atmospheric and oceanic
properties were both variable showed a value of 1.58x107% which is significantly greater than
the instrumental noise of PARASOL.

These results indicate that when the atmospheric conditions are fixed and the chlorophyll a
concentration is variable for each target, the variation in the polarized signal measured at the
top of atmosphere in the visible band over open ocean waters is sufficiently weak (i.e.,
8.44x10*) to remain undetectable from space remotely sensed data. In the meantime, changes
in atmospheric conditions induce a significant variation in pyy (TOA) (i.e., 1.58x10°%) which
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could thus be used to detect aerosol optical properties (turbidity and spectral features). These
PARASOL observations corroborate the simulations performed in section 2.2 which indicated
that polarized top of atmosphere reflectance was at the same time invariant to marine signal
and sensitive to atmospheric particles. The agreement between radiative transfer simulations
and the statistical analysis performed on global scale satellite data is satisfactory, thus
validating theory with measurements. Therefore, the PARASOL multiangle polarized
measurements in the visible contain no detectable information on the phytoplankton content,
but they are strongly dependent on aerosols loading for certain viewing geometries (see Fig. 3
and Fig. 7). The consideration of these measurements into satellite data processing should
improve the aerosols determination and subsequently the performances of both atmospheric
correction algorithms and derived ocean color geophysical products.

Table 2. Standard deviation of the polarized top of atmosphere reflectance gy (TOA) measured by PARASOL for
satellite overpasses covering the Atlantic Ocean. The latitude of the satellite overpasses ranges from 60°N to 60°S.
Images were selected along the year 2006 to be representative of different water compositions. The mean standard
deviation was calculated for two cases: (i) when targets are viewed for similar atmospheric conditions (i.e. aerosol

optical depth at 865nm of 0.1 and angstrom exponent of 0.17) and (ii) when targets are viewed for variable
atmospheric conditions. The water content in suspended matter is variable (the chlorophyll a concentration ranges
from 0.02 to 7 mg m™). The number of targets used for each calculation of the mean standard deviation is 1000.

Similar atmosphere Variable atmosphere

Mean standard deviation of 4.27x10° 10.33x10°
unpolarized reflectance p,.(TOA)
Mean standard deviation of polarized 8.44x10™ 1.58x10°

reflectance po_(TOA)

4. Conclusion

In this paper, the sensitivity of the top of atmosphere multiangle and polarized reflectance in
the visible spectrum to oceanic congtituents was examined for open ocean waters and for a
great variety of observation geometries. The first part of the study deals with theoretical
computations using radiative transfer modelling. The simulations revealed that the polarized
reflectance is virtually insensitive to phytoplankton biomass in any geometrical conditions
when the chlorophyll a concentration is lower than 1 mg m™ which represents about 90% of
the global ocean. The invariance of the top of atmosphere signa with marine optical
components was explained by the combination of the major contribution of atmospheric and
air-sea interface effects to polarization signal together with the weak influence of
phytoplanktonic cells on polarized radiation. In blooming conditions (i.e., Chl > 3 mg m™),
despite a greater impact of oceanic particles on top of atmosphere polarized reflectance, our
results showed that multidirectional acquisitions allow to find observation geometries for
which the invariance property of TOA polarized reflectance is still verified. On the other
hand, the variations observed in the polarized reflectance at 490 nm for such geometries are
shown to be sufficiently significant to derive some information about the optical properties of
aerosols and to discriminate between aerosol models. Therefore, the simulations showed that
the multiangle and polarized reflectance collected in a visible band is a powerful tool that
could be systematically used to separate between the estimation of oceanic and atmospheric
optical properties over open ocean waters.

A rigorous approach was then conducted to validate the theoretical calculations. We
focused on the practical application of theory to the sole satellite sensor that is currently able
to measure the polarization and multidirectional features of the radiation exiting the ocean-
atmosphere system, namely the PARASOL satellite instrument. First, a statistical analysis of
geometries of observation exclusive to PARASOL sensor was performed to determine the
degree of applicability of radiative transfer modelling computations for real world conditions.
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The analysis showed that 87% of the targets viewed by PARASOL are observed under
geometries for which predictions indicate that top of amosphere polarized signal is
insensitive to phytoplankton biomass. Second, PARASOL derived geophysical products such
as atmospheric parameters and chlorophyll a concentration were used to test the property of
invariance of TOA polarized signal with oceanic congtituents. The PARASOL images were
analysed a both regional and global scales. The regional scale study showed that the
variations in the TOA polarized reflectance at 490 nm pyq rc are within the noise equivalent
polarized reflectance of PARASOL instrument when the targets exhibited similar aerosol
optical properties and strongly variable chlorophyll a concentrations. The variations in gy rc,
which were greater than the instrumental noise, were attributed to variations in aerosol optical
properties. Similar results were obtained when the analysis was performed on a global area
such as the Atlantic Ocean, thus providing a rigorous validation of theoretical predictions.
PARASOL radiometric and polarimetric performance is sufficiently satisfactory to extract
information on aerosols regardless of subsurface suspended matter optical properties in any
conditions. This study allows to envisage the use of PARASOL polarized and multiangle data
measured in the visible band to better constrain the aerosols detection and atmospheric
correction algorithms over open ocean waters in order to improve the accuracy of retrieval of
ocean color parameters such as the chlorophyll a concentration. Note that thisisthe first time,
to our knowledge, that satellite polarized data acquired in a visible band are exploited for
ocean color prospects. Since PARASOL is the sole sensor measuring the polarization and
multidirectionality of the radiation, the development of other satellite sensors capable of
measuring similar features from space is strongly encouraged in the future. Such sensors may
include a greater number of visible polarized channels to gain an understanding on aerosols
spectral optical properties and thus, on their impact on Earth’ s radiative budget.
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