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Abstract: An original atmospheric correction algorithm, so-called multi-
directionality and POLarization-based Atmospheric Correction (POLAC),
is described. This algorithm is based on the characteristics of the
multidirectional and polarimetric data of the satellite PARASOL (CNES).
POLAC algorithm is used to assess the influence of the polarimetric
information in the visible bands on the retrieval of the aerosol properties
and the water-leaving radiance over open ocean waters. This study points
out that the use of the polarized signal significantly improves the aerosol
type determination. The use of the polarized information at one visible
wavelength only, namely 490 nm, allows providing estimates of the
Angstrom exponent of aerosol optical depth with an uncertainty lower than
4%. Based on PARASOL observations, it is shown that the detection of the
fine aerosols is improved when exploiting polarization data. The
atmospheric component of the satellite signal is then better modeled, thus
improving de facto the water-leaving radiance estimation.
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The recent progress made in the field of ocean color radiometry (OCR) sensing allowed to
increase the diversification of satellite derived biogeophysical products such as the
phytoplankton functional types product [1] and the water transparency product [2]. The
chlorophyll concentration retrieved from the satellite imagery is now assimilated into
ecological or climatic models [3] and some studies use these data to commensurate the
oceanic impact of the global change [4-6]. However, all those refinements primarily rely on
the radiometric accuracy of the atmospheric correction processing.

The main goal of atmospheric correction over open ocean is to remove the atmospheric
and sea surface effects from satellite observations in order to retrieve the water-leaving
radiance. The atmospheric correction step is highly important in ocean color remote sensing
because of the weak contribution of the water leaving radiance to top of atmosphere (TOA)
signal relatively to atmospheric component [7]. In the last decades, numerous OCR satellite
missions have been successfully launched such as, to mention only a few, the Sea-Viewing
Wide Field-of-View Sensor (SeaWiFS/NASA), Moderate Resolution Imaging
Spectroradiometer (MODIS/NASA), Medium Resolution Imaging Spectrometer
(MERIS/ESA), Polarization and Directionality of the Earth’s Reflectances (POLDER/CNES).
Note that the third generation of POLDER sensor (POLDER 3 on PARASOL satellite) is
currently the sole sensor which is able to provide multidirectional and polarized
measurements over the oceans from space.

In the visible part of the spectrum, the atmospheric radiance, along with its component
reflected on the sea surface, corresponds to more than 90% of the measured TOA radiance.
Those two components need to be accurately estimated by the atmospheric correction
procedure in order to retrieve the water-leaving radiance. Moreover, this atmospheric
radiance is highly variable due to the high spatiotemporal variability of the optical properties
of aerosols [8]. Therefore, the development of even more accurate atmospheric correction
algorithms remains a challenging task. The application of atmospheric correction algorithms
to satellite data provides aerosol optical property retrievals whose accuracy can also be
significantly improved [9]. Current atmospheric correction procedures rely on the fact that the
water-leaving radiance can be assumed negligible in the red and infrared spectral bands
because of the high absorption coefficient of seawater. Thus, the signal measured by a
satellite sensor at these wavelengths carries information on the atmosphere layer only and can
be used to estimate the aerosol optical properties [10—13]. Based on these derived optical
properties, the atmospheric signal is extrapolated from the red to the shorter wavelengths (i.e.,
visible bands). However, such an extrapolation might lead to significant uncertainties in the
retrieved water leaving radiances because of a wrong assessment of atmospheric optical
properties at the visible wavelengths. Recent studies, based on comparison of satellite and in
situ data, demonstrated the need to improve performances of the atmospheric correction
algorithms over open ocean and coastal waters [14-16].

Previous works showed that the satellite polarized radiance is nearly insensitive to
variations in phytoplankton concentration in open ocean waters both in the near-infrared and
the blue/green part of the spectrum [17—-19]. This is mainly because polarization by molecular
Rayleigh scattering dominates the signal which reaches the top of atmosphere. Nevertheless,
on the basis of a large set of PARASOL data, it has been shown that the impact of the
variations in phytoplankton concentration on the PARASOL Rayleigh-corrected top-of-
atmosphere measurements remains negligible relative to the radiometric accuracy of
PARASOL sensor [18]. As a result, the polarization signal measured over the open ocean at
the top of atmosphere can be used to characterize the optical properties of the atmosphere
regardless of the optical characteristics of the observed water mass. Therefore, there is room
for improvement in terms of performance for retrieval of the oceanic optical properties from
space. Furthermore, several studies [19-22] have highlighted that the remote sensing
algorithms for aerosol detection which use both scalar radiance and polarization
measurements are less dependent on a priori information used to constrain the retrieval
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algorithm than those which make use of the scalar radiance measurements only. As a result of
these studies, the polarization measurements can be satisfactorily used to retrieve the aerosol
optical thickness, aerosol effective radius, and aerosol refractive index.

The exploitation of the polarimetric data has recently been reported as one of the main
perspectives of the aerosol detection from space [23]. To our knowledge, the TOA polarized
information has never been exploited to derive water leaving radiances for ocean color
purposes. An atmospheric correction algorithm has been developed to retrieve the water-
leaving radiances and the aerosol characteristics simultaneously. Such an algorithm is
currently dedicated to the sole satellite sensor measuring the multidirectional polarized
radiance (POLDER 3 on PARASOL, hereafter referred to as “PARASOL”). Note that the
algorithm could be potentially adjusted to the future NASA mission Aerosols, Clouds and
Ecosystems (ACE) and its preparatory mission (PACE) which is scheduled for launch around
2018 and will carry a multidirectional polarimeter instrument.

This paper is organized as follows. Since only a few studies were devoted in the past to
use PARASOL data for ocean color analysis, the main characteristics of the multidirectional
and polarimetric data of such a sensor are first briefly described. Then, an original
polarization-based atmospheric correction algorithm is proposed. The impact of the
multidirectional information to retrieve aerosol properties and water-leaving radiance
retrieval is discussed as well. The third part of the paper deals with the analysis of the
influence of the polarized information of the visible bands on the determination of aerosol
type. At last, the proposed polarization-based atmospheric correction algorithm is applied to
PARASOL satellite images and the importance of the polarimetric satellite data for
atmospheric correction over open ocean waters is discussed.

2. PARASOL features

PARASOL sensor (French space agency, Centre National d’Etudes Spatiales, CNES) is
primarily dedicated to improve knowledge of the radiative and microphysical properties of
clouds and aerosols by measuring the intensity and the polarization state of light in several
different viewing directions. PARASOL sensor is the third generation of the POLDER
(Polarization and Directionality of the Earth Reflectances) instrument [24-26]. The optical
device of PARASOL is characterized by a wide field of view (~114°). A CCD matrix array
detector (242*274 elements) allows acquiring two-dimensional pictures of the Earth [24]. The
nadir pixel size is about 6 km per 7 km.

One of the main features of interest of PARASOL is its ability to observe a given ground
target at different viewing angles (up to 16 viewing angles) along the satellite track.
Therefore, a part of the bidirectional reflectance distribution function of a target is measured
with PARASOL. The total acquisition time for a whole multidirectional sequence is
performed within a 4-minute time window for which the geophysical parameters of the scene
can be assumed as virtually similar [24]. The Stokes parameter /, which corresponds to the
top-of-atmosphere radiance, is measured at nine wavelengths ranging from 443 to 1020 nm.
In addition, three wavelengths channels, namely 490 nm, 670 nm and 865 nm, are equipped
with polarizers thus allowing the measurement of the Stokes parameters O and U which are
informative on the linear degree and the plane of polarization. The TOA radiances are
normalized as follows: the Stokes parameters are multiplied by w/E,, where E, is the
extraterrestrial solar irradiance [27]. The normalized radiances are thus unitless. The ratio
between the radiances and the cosine of the solar zenith angle allows getting reflectance
values. The noise equivalent normalized radiance of PARASOL data is about 4.107 [28].
Note that the viewing geometries of PARASOL pixels for which the sun glint radiance, as
computed using Cox and Munk model [29] for a wind speed of 4 m s™', is higher than
PARASOL noise are ignored in the current study.
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3. Multi-directionality and POLarization-based Atmospheric Correction algorithm
(POLAC algorithm)

3.1. Algorithm overview

Recent studies showed that the polarized signal at the top of atmosphere, in particular in the
visible part of the spectrum such as 490 nm, is fairly insensitive to the variations of the water-
constituents concentrations in open ocean conditions and thus exploitable for atmospheric
correction purposes over those areas [17, 18]. However, the use of the polarized signal,
especially at the shorter wavelengths of the visible spectrum, has never been implemented, to
our knowledge, to retrieve the aerosol optical properties together with the water-leaving
radiances. A specific atmospheric correction algorithm, so-called multi-directionality and
POLarization-based Atmospheric Correction (hereafter referred to as POLAC), was therefore
developed based on the multidirectional and polarized data of PARASOL sensor. This section
provides a general overview of POLAC algorithm.

POLAC algorithm is composed of two principal phases, hereafter noted phase (P1) and
(P2): (P1) and (P2) deals with the retrieval of the aerosol optical properties and the water-
leaving radiance respectively (Fig. 1). The two phases make use of an optimization scheme
which is performed to retrieve the geophysical parameters of interest. The optimization
process is achieved between PARASOL measurements and simulations carried out using a
vector radiative transfer model which was designed for simulating the light field including
polarization in the atmosphere-ocean system. The optical properties of the aerosols are
determined based on the radiance (i.e. Stokes parameter /) in the near-infrared (NIR), namely
at 865 nm, as well as the Stokes parameters Q and U in the visible spectrum and NIR as
measured by PARASOL, namely at Q and U at 490, 670 and 865 nm. Note that Q and U are
supposed to be insensitive to the variations of the in-water-constituent concentrations [17,
18]. The phase (P1) is subdivided into two iterative steps; Q and U are primarily used in a
first step for retrieving the best bimodal aerosol model. A bimodal aerosol model is defined as
a couple of a fine mode and a coarse mode as well as their respective proportion. In a second
step, the scalar radiance 7 is used to derive the aerosol optical thickness. The convergence of
the iterative procedure is typically obtained after two or three iterations. Based on the
retrieved values of aerosol optical properties, the phase (P2) is activated to derive the water-
leaving radiance in the visible spectrum (i.e. PARASOL bands centered on 490, 565, 670
nm). The water leaving radiance is retrieved by matching the measurements of scalar TOA
radiance with radiative transfer simulations computed for various hydrosol compositions of

Phase (P1) Phase (P2)
Use of LUT-atmosphere Use of LUT-ocean
Aerosol model : T B
retrieval
(best couple of
fine/coarse modes) Marine reflectance

estimation for every
viewing direction

T 2

thickness \
estimation E s 2 B o A R R ot

-

Aerosol optical

Fig. 1. Overview of the so-called multi-directionality and POLarization-based Atmospheric
Correction (POLAC) algorithm.
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the oceanic layer. Such a procedure is carried out for each observation geometry of a given
PARASOL pixel.

3.2. Modeling approach
3.2.1. Radiative transfer in a coupled atmosphere-ocean system

A beam light of arbitrary polarization can be represented by the Stokes vector S = (1,0,U,V)",
the superscript T stands for the transpose of the vector [30, 31]. The first Stokes parameter, /,
describes the total (sum of polarized and unpolarized) radiance. The next two terms, Q and U,
describe the linearly polarized radiance, and the last one, V, stands for the circularly polarized
radiance. The importance of the latter is commonly assumed negligible in comparison to the
others at the top of atmosphere [32-36]. The radiative transfer equation in a medium
governed by absorption and scattering mechanisms can be written at a given wavelength as
follows:

uBELD s 1)~ XD ([ Pug S pdiidg, (1)
dr dr

where 7 is the optical thickness of the medium; 4 and ¢ are the cosine of the viewing angle
and the azimuth angle, respectively. The superscript prime denotes the incident direction. By
convention the relative azimuth A¢ is equal to180° when the Sun and the sensor are in
opposition. The second term of the right-hand side of (1), called the source term, depends
explicitly on the phase matrix P and the single scattering albedo w. The phase matrix P is
obtained by rotating the so-called scattering matrix F from the viewing plane to the scattering
plane. The scattering matrix of aerosols or hydrosols can be written for a given scattering
angle © as follows [37, 38]:

F,(©) F,(©) 0 0
F(O) = F,(0) F,(0) 0 0 )
oo 0 F,(©) F,0)]
0 0 _Fs4(®) Em(@)

In this study, the OSOA model [39] was used to solve numerically the vector radiative
transfer equation for the coupled atmosphere-ocean system. This model is based on the
successive orders of scattering method [40]. The atmosphere and the ocean are assumed
plane-parallel. Such an assumption is valid for solar zenith angles smaller than 70° [41-43].
The ocean surface is assumed flat. It has been shown that the effect of waves on the polarized
signal measured at the top of atmosphere is weak [44]. The use of the polarized information
in our atmospheric correction algorithm thus makes sense. The optical properties of the
molecular component of the radiation are known for both atmospheric and oceanic cases and
are given by Rayleigh’s formulation [45]. The vertical distributions of molecules and aerosols
are modeled as exponentially decreasing with respect to the height with 8-km and 2-km scale
heights for molecules and aerosols, respectively. The atmosphere is divided into 26 layers to
account for the vertical inhomogeneity, in accordance with the sensitivity studies performed
by Deuzé [46]. Based on the sensitivity studies performed by Chami et al. [39], the ocean is
numerically discretized into 80 layers to account for the vertical inhomogeneity. Here, the
vertical profile of the oceanic constituents is assumed to be homogeneously distributed [47].
The Stokes parameters measured from the satellite are first corrected from the effects of
gaseous absorption (these effects are estimated using the 6S radiative transfer model [48])
prior to their comparison with the OSOA simulations.
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3.2.2. Oceanic models

In the OSOA model, the oceanic layer is usually 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
pure seawater, phytoplankton and its co-varying particles components are considered here.
The inherent optical properties of these components are modeled as follows. The scattering
and absorption coefficients of pure seawater are taken from Morel [49] and Pope and Fry [50]
respectively. The absorption coefficient of phytoplankton and co-varying particles is derived
from the bio-optical model of Bricaud et al. [51]. The phytoplankton scattering coefficient is
modeled as suggested by Loisel and Morel [52]. The bulk refractive index of phytoplankton
relative to water is 1.05. The size distribution of phytoplankton cells is assumed to follow the
Junge hyperbolic distribution, which is commonly used for oceanic environment [53, 54],
with Junge exponent values of —4.5, -4, —3.5.

The scattering matrix of phytoplankton, which contains the information on its total and
polarized phase function, is computed by means of Mie theory [55]. It has been argued that
reasonable fits to the phase function (F; term of the scattering matrix) can be obtained using
Mie theory [56]. In addition, the other non-null elements of the scattering matrix, which
govern the polarized components of light, are calculated here using realistic input parameters
for phytoplankton that leads to values close to the Rayleigh approximation of pure sea water.
Therefore, the simulated polarization features of phytoplankton are in agreement with what
has been found for natural oceanic water samples [18, 57] and thus, making our computations
meaningful.

3.2.3. Aerosol models

Aerosols determination by remote sensing techniques relies primarily on the aerosol models
used, which should be as representative as possible of their worldwide climatology. As
pointed out by Whitby [58] and Junge [59, 60], a realistic size distribution can be modeled
based on the sum of single modes. Several studies showed that a satisfactory simulation of
aerosols can be obtained using a mixture of a fine mode with a coarse mode [61—65]. The size
distribution N(r) of these two modes can be parameterized with the same log-normal
expression, as follows:

2
AN, () = — exp[—l(wj ]dlogr, 3)

O',.x/g 2 o,

where 7, the mean radius, and o;, the standard deviation of log 7, are specific for the given

mode i. The application of Eq. (3) into the Mie theory calculations leads to the aerosol
scattering matrix F(®), which has the following characteristics: F;;(®) = F»,(0) and F3;(®) =
F44(®), the upper left element F;;(®) is the so-called phase function. Since the Stokes
parameter V could be neglected for atmospheric applications [30], only three elements are
necessary to characterize the aerosol single scattering, F;1(®), F»(®) and F3;5(®). The
scattering matrix of each aerosol mode was used as an input of the OSOA model to generate
the LUTs. The optical properties of aerosols used in this study are listed in Table 1. These
values were provided by the Laboratoire d’Optique Atmospherique (Université de Lille,
France) based on the results derived by Dubovik et al. [66] from AERONET network
observations. It has been shown that the representativeness of the aerosol climatology is
strongly strengthened by the use of non-spherical aerosol models [26, 64, 67]. The phase
matrix of such aerosol types can be calculated for various shapes by the T-matrix theory [67,
68] for small aerosol particles or can be measured in the laboratory. In this study, the non-
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spherical aerosol model measured by Volten et al. [69] is used. Note that this model is
assumed to be spectrally flat.

Table 1. Microphysical properties of the fine and coarse modes of the spherical aerosol
models used to construct the LUT*

Fine modes Coarse modes

3 Refiactive index o; T Refiactive index 4]

0.04, 0.08, 0.10,

013 1.35, 1.45, 1.60 0.2 0.75 1.33,1.35,1.37 0.304

*The mean radius, 7, and the standard deviation, o;, are given in pm. Only non-absorbing aerosols, for which the

imaginary part of the refractive index is equal to 0, were considered in this study. Note that the microphysical
properties of the non-spherical coarse mode are not indicated in this table since its optical properties were directly

obtained from laboratory measurements by Volten et al. [69].

For each of the fine and coarse modes, simulations have been generated and stored in
look-up tables (LUT) for optical thicknesses (A = 550nm) ranging from 0 (purely molecular
atmosphere) to 1 (very turbid atmosphere). On the one hand, the Stokes parameters /, Q and
U at the top of atmosphere, calculated for a Chlorophyll-a concentration (Chl) value of 0.03
mg m™, have been stored in the so-called LUT-atmosphere for the wavelengths which are
insensitive to Ch/ variations, namely in the red-infrared part of spectrum (for 7, O, U) and in
the visible (for O, U only). On the other hand, the so-called LUT-ocean were constructed by
storing the simulated Stokes parameter 7 at the top of atmosphere, as well as / just beneath the
sea surface, for different oceanic models with Chl values ranging from 0.03 to 30 mg m™.

3.3. Inversion scheme

The POLAC inversion scheme is based on the minimization of the Euclidian distance
between the measured directional data and simulations of the radiative transfer model. At
each step of the algorithm, the variables which need to be retrieved (e.g. aerosol optical
thickness, fine mode, water-leaving radiance...) are represented as a vector, denoted x. A
mono-directional and multi-directional cost functions are defined with respect to x to take
into account the different dynamics exhibited by the values of the three Stokes parameters
acquired at different wavelengths and viewing geometries. The cost function J is defined for a
given viewing geometry configuration, denoted ¥, as follows:

J(¥,x)= Nz 2,(¥) (s (‘I’):S,i""'” (¥.x))

o’ (¥)

i

“

where N,; is the number of criteria used in the retrieval procedure; here a criterion is defined
as one of the Stokes parameters I, Q or U for a given wavelength. S;”* and S stand for the
measured and simulated value of the i™ criterion, respectively. The parameter o; is the
absolute uncertainty affecting the measurement of S"*; here o; is taken as the noise
equivalent normalized radiance as calculated by [28]. It should be noted that o; is used as a
normalization factor which takes into account the uncertainty of each satellite measurement.
Finally, the p; is the variance of S™ calculated over the entire set of X used in the simulations,
more explicitly p; is calculated for a given viewing geometry as follows:

P 3 (50 ) () )

NLUT -1 J=1
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where N, yr is the total number of values taken by x in the look-up tables generation and
<S f"”> is the average of the simulated S; over the set of x;. The p factor is an estimator of the

amount of information contained in a given Stokes parameter that is effectively used to
retrieve the desired variable x. In other words, the greater p is, the more informative S is.
The multi-directional cost function J* is then given by:

N(Ilr
J(x)=) J(P,.x) (6)

k
where N, is the number of viewing configurations available. In the algorithm, the values of
the vector x are obtained after minimization of the appropriate cost function, either J or J*. It
should be noted that the use of such cost functions could lead to ambiguities in the retrieval
scheme (i.e. various solutions could lead to the same minimum cost function). The impact of
such ambiguities on the retrievals made by the POLAC algorithm and the subsequent
solutions to reduce this impact are addressed in section 4.

3.3.1. Aerosol optical thickness estimation

The computation of the aerosol optical thickness, 7,, proceeds by minimization of the cost
function generated using the criterion S = /(865nm). Here, x = {7,(550nm)}. The mono- or
multi-directional cost function (J or J*, respectively) is calculated for each z, values stored in
the LUT-atmosphere and for a given aerosol model. Hereafter, the use of J or J* will be
referred to as mono- or multi-directional approach, respectively. Minimization of J enables to
compute 7, for each viewing configuration separately, whereas minimization of J* merges the
directional information. Then, based on the method of least squares, a polynomial function f
is used to fit the numerical values of J or J* such as J* = f{z,). A satisfactory fitting is
obtained by using a second degree polynomial as follows:

J(z,)or J (z,)=A+Br,+Cz.. 7

The aerosol optical thickness is then straightforwardly retrieved by solving that
polynomial.

During this step of the algorithm in which z, is estimated, the TOA radiance is simulated
for a given aerosol model to compute the cost function. However, the aerosol phase matrix is
a function of the viewing geometry and, subsequently, different aerosol types induce different
directional distributions of the TOA radiance for the same optical thickness. Therefore, the
use of a wrong aerosol model to estimate 7, might provide wrong outcomes depending on the
directional approach used. In the following, the mono- and multi- directional approaches for
estimating 7, are compared to determine the approach which is the least disrupted by the
choice of the aerosol model.

Let us consider z,* and 7,4 the aerosol optical thickness estimated by the multi-
directional approach (i.e. minimization of J*) and the mono-directional approach (i.e.
minimization of J), respectively. Three procedures are compared to estimate the aerosol
optical thickness 7, based on: (i) the multidirectional approach (noted as z,*), (ii) the average
value of 7, 4, over the entire set of viewing configurations retrieved with the mono-directional
approach, (iii) the median value of 7, 4, retrieved with the mono-directional approach. Those
three procedures were applied to a large set of synthetic data simulated by OSOA model for
representative amounts and models of aerosols. First, the TOA radiance at 865 nm was
simulated for various values of 7z, and for all the aerosol models stored in the LUT-
atmosphere to consider a great number of PARASOL-like synthetic data. Second, the three 7,
estimation procedures are applied to those synthetic data. The aerosol model used in those
procedures was set to the non-spherical model. The procedures (i), (ii) and (iii) are then
applied to the synthetic data simulated for all the aerosol models of the LUT used in this
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study so that the sensitivity of each procedure to those models is evaluated. The less sensitive
is the procedure to the aerosol models, the faster the convergence is reached between the two
steps of the phase (P1) of the algorithm and finally the more accurate the aerosol parameter
retrieval is.

The three procedures were applied to the entire set of viewing configurations encountered
in actual PARASOL images (Fig. 2). In the three cases, the estimate of 7, (i.e. 7,*, average of
T.ai» Median of 7,4,) is highly correlated to the desired optical thickness (correlation
coefficient >0.99). The slopes of the regression are close to the 1:1 line within 10%.
However, a slight underestimation of z, is observed. The 7,* values are the most scattered
around the regression line. The absolute percentage difference (APD) and the absolute
difference (AD) are used in the rest of the article in order to statistically estimate the accuracy
of the retrievals. These variables are defined as follows:

_ 1 S |y[—x,.|
APD = N;—Xi ®)
1 N
D=3 Iy —x ©)

where x; and y; stand for the desired and the retrieved values, respectively. N is the total
number of retrievals. The APD value is 15% for such case (procedure (i)), whereas the APD
is reduced to 8.3% for the procedure (ii) and less than 7.5% for the procedure (iii). The latter
exhibits the best robustness. Therefore, this procedure has been implemented into the POLAC
algorithm. Furthermore, the set of z,, obtained for each pixel enables to compute an
uncertainty estimator of the retrieved optical thickness 7, by taking the standard deviation
over the Ny, viewing directions as follows (Eq. (10)):

N([n 2
z(z—a,dir (1) - z-01 )
_ i
Az, = v 1 . (10)
dir
T * Average of T, 4, Median of t, 4
07 $*V=0'872x + -0.002 07 <*yz0.812% + 0.003 0.7 <*V=0.932x + 0.003
0.6 5 120973383 “F 0.6 2 r=0.990658 2 g6 3 1=0991405
N= 51380 -' N= 51380 & N= 51380
05 / E ’ FTE b
S 044 Vo f 04 F 04 3
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Fig. 2. Comparison between the desired aerosol optical thickness, T,(in), and the retrieved
value 1,(out) using three procedures: (i) 7,* is calculated by minimizing the multi-directional
cost function J*, (ii) average of T, obtained by minimization of the mono-directional cost
functions J, (iii) median value of T, g ¢ir Obtained by minimization of the mono-directional cost
functions J. N: number of points, r: correlation coefficient, APD: absolute percentage
difference, AD: absolute difference.

3.3.2. Aerosol model retrieval

The determination of the aerosol type by the phase (P1) of the POLAC algorithm is obtained
through the minimization of the multi-directional cost function J* computed assuming that
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aerosols follow a bimodal size distribution. Based on this approach, twelve fine modes and
four coarse modes of the Laboratoire d’Optique Atmosphérique (Université de Lille, France)
aerosol models as previously defined in this paper (Table 1) are used. For each of the fine and
coarse modes, a lookup table of the Stokes parameters /, O and U at the top of atmosphere
(so-called LUT-atmosphere) was generated for all the viewing configurations of the
PARASOL sensor and for different aerosol optical thicknesses, 7,. Then, the Stokes
parameters Q and U at 490, 670, 865 nm and / at 865nm corresponding to any mixture of one
fine and one coarse mode of aerosols are derived from the LUT-atmosphere for a given
viewing configuration ¥ as follows:

S(2.¥)=rS"(7,(2).¥)+(1-7)5(z,(4),"¥) (11)

where §" and S° stand for the Stokes parameter S calculated for the fine mode and the coarse
mode, respectively; they are calculated for any aerosol optical thickness by linear
interpolation within the LUT-atmosphere. The term vy is the mixing coefficient between the
two aerosol modes (i.e., fine and coarse mode). It should be noted that Wang and Gordon [70]
were the first to show that the TOA radiance contributions from fine and coarse modes can be
added to determine the total TOA radiance provided that there is no absorption. This scheme
was later adopted by Tanré et al. [71] to perform sensitivity studies for the retrieval of aerosol
properties from the MODIS sensor. It is worth mentioning that Eq. (11) fails to accurately
represent the Stokes vector of acrosol mixture when strongly absorbing aerosols are present.
However, such an equation is frequently used in ocean color and aerosol remote sensing from
space [26, 72] because it permits to introduce a continuous variable, namely the mixing
coefficient vy, in the inversion scheme and subsequently, it enhances the number and the
representativeness of the aerosol models used in that scheme. The optical thicknesses of the
fine mode, r[f , and of the coarse mode, 7,°, are then determined as follows:

7 (2) =17, (),
7 (24)=(1=7)7.(%)

On the basis of the Stokes parameters S determined using Eq. (11), the multi-directional
cost function J* is calculated for each couple of fine and coarse modes and different value of
v. Then, a polynomial function is used to fit the numerical values of J* for each aerosol
couple as follows:

(12)

J (y)=4+By+Cy* (13)

The minimization of J*(y) provides the optimal value of the mixture coefficient, y;;, for
every couple of fine mode i and coarse mode j. The couple which has the minimal value of
J*(y;) is finally selected. At the end of this step, the aerosol model is retrieved, namely one
fine mode, one coarse mode and their respective mixture represented by the y coefficient.

3.3.3. Marine reflectance estimation

In phase (P2) of the POLAC algorithm, the LUT-ocean are used to simulate the TOA
radiances and the corresponding water-leaving radiances for the atmospheric parameters
retrieved by the phase (P1) and for different hydrosol types and concentrations of the water
mass. As mentioned in section 3.2.2, the hydrosols are modeled for open ocean water
conditions using the following couple of parameters: the chlorophyll concentration, Ch/, and
the exponent of the Junge size distribution, v,uy. For each couple of Chl/ and vy, the top of
atmosphere Stokes parameter corresponding to the normalized radiance, /74 is calculated
using Eq. (11) for each of the viewing directions. The corresponding marine reflectance is
computed simultaneously for a nadir viewing configuration over the same set of Ch/ and v,y.
The marine reflectance is calculated just beneath the sea surface as follows:
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p.(07)=7L,(07)/E,(07) (14)

where L, is the upwelling radiance at nadir direction and E, is the downwelling irradiance;
the notation 0” is used to refer to the level just beneath the sea surface. Simulations of /7,4 and
p,, were carried out for the visible bands of PARASOL, i.e. 490, 565 and 670 nm, except for
443 nm which is contaminated by stray-light phenomenon in PARASOL device. The use of
the channel 443 nm of PARASOL sensor is not recommended by CNES [28]. The measured
and simulated /Iy, values are used to calculate the mono- and the multi-directional cost
functions J and J*. Then a polynomial function is used to fit the numerical values of J* as a
function of p,, such as:

I =4+8p,(07)+C(p,(0)) . (15)

The coefficients 4, B and C of Eq. (15) are obtained using the weighted least squares
regression for which the weights are taken as the inverse of the variance over the entire set of
viewing directions of the mono-directional cost functions J calculated for a given couple (Chl,
Uphy)- In this manner, least importance will be given to the combination of Chl and vy, which
induces the strongest directional dispersions. Finally, the marine reflectance is estimated by
solving the polynomial of Eq. (15). An example of the marine reflectance computation step is
shown Fig. 3 for an actual PARASOL pixel over the Mediterranean Sea.

41 1 1 1 1 1 1

J*490nm)

-

0 -

r T T T T T T T
0.000 0005 0010 0015 0020 0025 0030 0.035  0.040 0045 0.050

p..(0) at 490 nm

Fig. 3. Example of the marine reflectance computation step for a pixel of a PARASOL image
measured at 490 nm over the Mediterranean Sea. The multi-directional cost function J* is
calculated for different chlorophyll concentrations and different Junge exponents (4.0
(diamonds), 4.5 (squares), 5.0 (circles) of phytoplankton size distribution. Then, a polynomial
is used to fit the function J* with respect to the marine reflectance p.(0’). The vertical bars
correspond to the standard deviation of the mono-directional cost function J over the viewing
directions.

The entire inversion scheme of the PARASOL data detailed in section 3.3 leads to the
retrieval of bimodal aerosol parameters and the marine reflectance at the same time. Each step
of the algorithm specifically takes into account the directional information of the PARASOL
data. Figure 4 summarizes the main characteristics of these steps.

3.4. Importance of Stokes parameters I, Q and U

The sensitivity of the aerosol determination to the Stokes parameters (i.e., various
combinations of 7, O or U) used as inputs of the algorithm is analyzed here based on the use
of the phase (P1) of the POLAC algorithm. The phase (P1) is applied to synthetic data which
have been generated by the OSOA model for different couples of fine and coarse modes of
aerosols. The synthetic data are combined to match the set of viewing configurations of
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Fig. 4. Schematic diagram of the different steps of the POLAC algorithm. For each step, the
vector x of the parameters which need to be retrieved, the PARASOL data and the directional
cost function used are mentioned in the figure. NIR means the near-infrared part of the
spectrum, py is the nadir marine reflectance just beneath the sea surface, the functions J and J*
are the mono- and multi-directional cost functions, respectively.

PARASOL pixels. The spectral variation of a given aerosol model is often quantified using
the Angstrom exponent 0,,, [73, 74], as defined by

(w2
aang(ﬂ.,/lmf)—ln(—ra(ﬁ)j ln[l J , (16)

ref

Although Eq. (16) is a rough parameterization, the value of the Angstrom exponent is
often used to characterize the maritime, biomass burning or urban aerosol components [75,
76], mainly because it could be easily measured. Typically, low values of o,,, indicate the
predominance of coarse aerosols relative to the fine mode, and vice versa. Furthermore, the
accuracy of the atmospheric correction relies on the good retrieval of the aerosol spectral
behavior and thus, it relies on the correct estimation of a,,,. The Angstrom exponent of the
aerosol models is used hereafter to evaluate the performance of the aerosol determination
from the Stokes parameters. Simulations of synthetic data were carried out for a large number
of fine and coarse mode aerosol mixtures which provides a wide range of Angstrom
exponents ranging from —0.02 (extra-large particles) up to + 3.0 (ultra-fine particles).

The POLAC algorithm was applied to the entire synthetic data set simulated for a given
Angstrom exponent noted a,,,(in). The exponent estimated by the algorithm is then noted
agng(out). Three different combinations of Stokes parameters were used in POLAC algorithm
to determine the aerosol models: (i) / at 865 and 1020 nm, (ii) Q and U at 490, 670 and 865
nm, (iii) the combination of (i) and (ii). For those three combinations, the retrieved values of
agung(out) are shown with respect to the desired exponent a,,.(in) for a solar viewing zenith
angle of 30° and an aerosol optical thickness value of 0.1 (Fig. 5) and 0.5 (Fig. 6) at 550 nm.
For each combination and both turbidities, a,,g(out) and a,,,(in) are highly correlated with a
correlation coefficient greater than 0.95. However, the highest dispersion occurs for the
combination (i), which makes use of the parameter / only, where an absolute percentage
difference (APD) value of 55% and 40% is obtained in clear and turbid atmosphere
conditions, respectively. The aerosol determination based on the sole radiometric
measurements of / at two distinct near-infrared wavelengths fails depending on the aerosol
properties to be retrieved. In fact, similar radiance values at those two wavelengths might be
generated by the interaction of light with different aerosol types whereas the corresponding
radiances at the shorter wavelengths are different. Previous studies already highlighted this
feature and concluded to the necessity of accounting for the second order of the Angstrom
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law, called curvature, to improve the modeling of the spectral behavior of the aerosols [77,
78]. The particularly pronounced curvature of fine modes can explain the discrepancies of the
retrievals when the combination (i) is used. Conversely, the best agreement between a,,,(out)
and a,,,(in) are obtained for the combination (ii) (APD is lower than 7.1%) for which only the
polarized Stokes parameters Q and U are used. The simultaneous use of the three Stokes
parameters, i.e. combination (iii), is an intermediate case showing that the polarized
information of Q and U is not used as efficiently as the case (ii) by the algorithm. The
introduction of / in the case (iii) is not correctly handled by the algorithm because more
relevant information on the optical signature of aerosols is contained in the polarized radiance
(i.e., Q and U) than in the scalar radiance.

The analysis of the influence of the turbidity on the performance of the algorithm
(comparison of Fig. 5 and Fig. 6) shows that for each combination, the APD is significantly
reduced when the atmosphere is more turbid. Such an improvement of the performance of
POLAC was expected since aerosols increasingly contribute to the atmospheric radiance in
turbid cases. For example, the APD decreases by one order of magnitude (from 42% for 1, =
0.1 (Fig. 5) to 4.5% for t, = 0.5 (Fig. 6)) in the case (iii) when the atmosphere becomes more
turbid. As a comparison, the decrease of APD with turbidity is less pronounced for the
combination (i) (from 55% (Fig. 5) to 40% (Fig. 6)). The combination (ii) remains the most
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Fig. 5. Comparison between the desired Angstrom exponents, Oa(in), and the exponents
retrieved by the algorithm, agg(out), when three different combinations of the Stokes
parameters are used as inputs to the algorithm for clear atmosphere conditions (aerosol optical
thickness of 0.1 at 550nm). The following spectral bands have been used for the retrievals: 865
nm for I and 490, 670 and 865 nm for Q and U.
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Fig. 6. Same as Fig. 5 for moderately turbid atmosphere conditions (aerosol optical thickness
of 0.5 at 550 nm).
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accurate combination (APD < 2%) to determine the aerosol model in turbid conditions. The
aerosol contribution to the atmospheric signal, especially their contribution to the polarized
signal (i.e., O and U) is quantitatively higher than for clear atmospheres (that is mainly
explained by the higher proportion of multiple scattering in turbid conditions). Therefore, the
information contained in Q and U is more efficiently used by POLAC in turbid cases. The
information contained in / is widely used to estimate the aerosol optical thickness rather than
the aerosol model characteristics (e.g., Angstrom exponent). In summary, the information
contained in the total radiance / is mainly exploited to retrieve the aerosol optical thickness
while the aerosol model properties such as the spectral characteristics of aerosols is mostly
determined based on the polarized information.

3.5. Importance of the polarized information at short wavelengths of the visible spectrum

In this section, the influence of the polarized information at short wavelengths, namely at 490
nm, on the performance of the retrieval of aerosol type by POLAC is analyzed. Note that, for
that purpose, only the Stokes parameters O and U are used in the aerosol model determination
step. The POLAC procedure is applied for the three following combinations of PARASOL
bands: (i) 490 nm only, (ii)) 670 and 865 nm, (iii) all the available PARASOL polarized
bands: 490, 670 and 865 nm. The results are displayed for clear atmosphere (Fig. 7) and
moderately turbid atmosphere (Fig. 8) conditions. In every case, the retrieved Angstrom
exponents, a,,,(out), are strongly correlated to the desired exponents, a,,,(in). The correlation
coefficient is greater than 0.99. Such high values of the correlation coefficient highlight the
ability of determining accurately the aerosol spectral behavior using only one spectral band, at
490 nm for instance.

For the clear atmosphere case (Fig. 7), the absolute percentage difference (APD) between
Oang(out) and a,,e(in) when the sole band 490 nm is used (APD = 3.3%) is lower than that
which uses the bands at 670 and 865 nm (APD = 4.8%). Similar results are obtained for the
moderately turbid atmosphere condition (Fig. 8) (APD decreases from 1.8% to 1.4% from the
case of the bands 670, 865 nm to the case of the sole band 490 nm). For most of the real-
world conditions, the Angstrom exponent is positive, and the magnitude of the aerosol signal
is higher at short wavelengths. Furthermore, the oceanic polarized signal is independent of
phytoplankton concentration at short wavelengths [17]. Therefore, Q and U parameters at 490
nm are highly informative on aerosol optical properties. Subsequently, the use of Q and U
parameters at 490 nm increases the performance of determination of aerosol type rather than
the use of Q and U at longer wavelengths. It should be highlighted that the use of the 490nm-
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Fig. 7. Comparison between the desired Angstrom exponents, 0a(in), and the exponents
retrieved by the algorithm, aang(out), when the Stokes parameters Q and U are used as inputs to
the algorithms for three different combinations of PARASOL bands. Clear atmosphere
conditions (aerosol optical thickness of 0.1 at 550nm).
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Fig. 8. Similar to Fig. 7 but for moderately turbid atmosphere conditions (aerosol optical
thickness of 0.5 at 550nm).

band determines more accurately the presence of fine mode aerosols, which are characterized
by high values of a,,,, than the use of red/near infrared wavelengths. This point is consistent
with other studies; see [79] for instance. The comparison between the clear and turbid cases
(Fig. 7 and Fig. 8) shows that APD is roughly divided by a factor of 3 for each spectral
combination. Again, such a decrease of APD with turbidity is explained by the fact that the
aerosol signal is significantly amplified for turbid atmospheres and thus, the aerosol optical
signature is more pronounced.

These results show that a sensor that would have only one polarized band in the blue part
of the spectrum can still be exploited to efficiently determine the aerosol type. The
implications for designing a forthcoming satellite sensor and for reducing the cost of a
satellite mission are important since one polarized band at short wavelength should be
sufficient to derive accurate aerosol optical properties for clear and turbid atmospheres.

The use of the three PARASOL polarized bands together induces a significant decrease of
AD and APD for both clear (Fig. 7) and turbid atmosphere conditions (Fig. 8). Thus, the
information of each polarized spectral band can be merged to improve the aerosol type
determination. The use of Q and U at 490 nm in addition to the use of Q and U at 670 nm and
865 nm leads to improve by more than 35% (i.e. [AD(ii)-AD(iii)]/AD(ii)) the accuracy of
Angstrom exponent retrieval and therefore the aerosol type determination. The most
important results of this theoretical study can be summarized as follows. First, the polarized
information at 490 nm is sufficiently accurate to estimate the Angstrom exponent with an
uncertainty lower than 4%. Second, Q and U at 490nm can be used to improve the
determination of the fine aerosols over open ocean regardless of the hydrosol concentration
[18]. Finally, the spectral information of the polarized Stokes parameters can be merged to
improve the aerosol detection. It should be noted that the optimal performance of the POLAC
algorithm applied to the PARASOL data was assessed here theoretically. So, it is likely that
the geophysical noise existing in the measurements will reduce the performances of the
algorithm. However, this theoretical analysis based on PARASOL characteristics concludes
that it is highly recommended to introduce a polarimetric channel in the blue part of the
spectrum onboard future satellites platform since it will significantly improve the aerosol type
detection and consequently, the acrosol optical thickness retrieval.

4. Influence of the polarized information on water-leaving radiance retrieval
4.1. Theoretical performance of the water-leaving radiance retrieval

Synthetic data were simulated using the radiative transfer model OSOA for numerous
geometrical configurations. The calculation of Stokes parameters 7, Q and U for each viewing
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direction and each spectral band of PARASOL sensor enables to generate a synthetic
PARASOL-like image. Each pixel of this image correspond to a given aerosol optical
thickness, aerosol model and concentration of phytoplankton of the oceanic layer. The
POLAC algorithm is applied to those synthetic pixels in order to retrieve the nadir marine
reflectance just beneath the sea surface as defined in Eq. (14). The PARASOL Level 1 data
are originally corrected from the instrumental noise as well as from stray light [80]. However,
other types of noise might affect the satellite data such as those which originates from the
radiometric calibration or from the overall remotely sensed scene itself [28]. This geophysical
noise was here simulated using two white Gaussian noises. One of these Gaussian noises
represents a directional noise, referred to as By, which is only dependent on the viewing
configuration. The other one represents a spectral noise, referred to as B;, which is only
dependent on the spectral band used. Those realistic noises were then applied to the simulated
Stokes parameters as follows:

S:yn/h (‘I’,ﬂ) — (1+ BWB;, )S:im (T,l) (17)

where S is the “noise-free” Stokes parameter (i.e., I, Q or U) simulated using the radiative
transfer computations and S "h s the “noisy” Stokes parameter used to generate the synthetic
PARASOL-like pixels. Spectral noise produces a bias which is spectrally variable. Note that
this bias is similar for all the viewing direction. Based on this definition, the spectral noise is
comparable to the effects produced by non-ideal radiometric calibration and, to a lesser
extent, by the presence of foam on the sea surface [81, 82]. On the other hand, the directional
noise allows taking into account the noise which contaminates each directional acquisition
separately such as the effect of contamination by the sun glint or thin clouds in the
measurements. It is assumed that By and B, are not independent from each other. Therefore,
the noise was modelled as a multiplication of these two components, as written in Eq. (17).

The estimation of the marine reflectance is carried out by the phase (P2) of the POLAC
algorithm based on the atmospheric parameters retrieved through phase (P1). To evaluate the
performances of the entire algorithm, the synthetic data S*"" were simulated for different
aerosol models for an optical thickness value of 0.1 at 550nm and the following oceanic
parameters: chlorophyll concentration ranging from 0.03 to 10.0 mg m™, Junge exponent of
phytoplankton size distribution ranging from 3.5 to 4.5. Those synthetic data were simulated
for various solar zenith angles from 30° to 60°. In addition, the nadir marine reflectances p,,
(in) were calculated at 490, 565 and 670 nm for each set of those input parameters. The
POLAC algorithm is eventually applied to the PARASOL-like synthetic data to estimate the
nadir marine reflectances p,, (out). The comparison between the desired reflectance p,, (in)
and the retrieved reflectance p,, (out) is then carried out with or without geophysical noise
(Fig. 9). A noise value of 1% is applied to all the Stokes parameters at the top of atmosphere
used in both phases (P1) and (P2) of the algorithm. It should be noted that realistic values of
the geophysical noise should not be much greater than 1% as pointed out by previous studies
dealing with vicarious calibration of ocean color radiometry satellites [28, 83].

In every presented case, p,, (out) is highly correlated with the expected marine reflectance
p,, (in) following the 1:1 line with a correlation coefficient greater than 0.95 for the three
spectral bands considered (Fig. 9). The residual dispersion of the algorithm, which
corresponds to the value of the APD for the “noise-free” case, is around 1% (top of Fig. 9,
case noise = 0%). The estimation of the marine reflectance by the algorithm is unbiased (i.e.
offset of the regression line ~0). The addition of a realistic noise of 1% induces a slight
degradation of the retrieval performances, APD < 3%, for the bands at 490 and 565 nm
(bottom of Fig. 9, case noise = 1%). It should be noted that larger dispersion in the retrieval
occurs at 565 nm around reflectances of 0.022. This can be explained by the very low
sensitivity of the signal at 565 nm to variations in the Chlorophyll-a concentration. In
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at 490 nm at 565 nm at 670 nm
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Fig. 9. Comparison between the desired nadir subsurface marine reflectances p, (in) and the
retrieved ones py(out) for synthetic pixels contaminated by spectral and directional noise
values of 0% and 1% respectively. The pixels were simulated for different aerosol models with
an optical thickness of 0.1 at 550 nm.

particular, Harmel [84] showed that the impact of a Chlorophyll-a variation from 0.03 to 0.1
mg m™ on the top-of-atmosphere signal is smaller than the radiometric accuracy of the
PARASOL sensor. On the other hand, the value of the marine reflectance at 565 nm for this
range of Chlorophyll-a concentration is around 0.022 where the larger dispersion can be seen.
Thus, the “bumps” as observed in Fig. 9 at 565 nm are most likely related to the satellite
sensor performance rather than artefacts of the LUT method. The dispersion of p,, at 670 nm
is greater than 5%, which is the value required for the ocean color radiometry applications
[85]. However, note that the magnitude of the marine reflectance at 670 nm is very low and
the absolute difference AD at this wavelength is significantly lower than that observed at the
shorter wavelengths. The satisfactory results obtained when the value of the noise is 1%
confirm the ability and the high potential of POLAC to accurately estimate the water-leaving
radiance from the multidirectional and polarized data of PARASOL over oceanic waters with
a theoretical uncertainty lower than 3% for the 490 and 565 nm bands.

4.2. Application to PARASOL images

The POLAC algorithm was applied to several PARASOL level 1 images selected around the
world over open ocean waters. For convenience, the following analysis was carried out based
on a single PARASOL image acquired on May 5th 2006 over the Mediterranean Sea. It is
worth noting that similar results were obtained when considering a large set of PARASOL
images over Atlantic and Pacific Oceans. The PARASOL image acquired on May 5th 2006
was selected because it exhibits significant variability of both atmospheric and oceanic
parameters throughout the entire scene. In particular, the aerosol optical thickness retrieved
by SeaWiFS mission for the same day exhibits areas of very clear (t, < 0.07 at 865nm) and
slightly turbid atmosphere (t, ~0.18 at 865nm), see Fig. 10.(a). The aerosol optical thickness
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retrieved by POLAC from the level 1 PARASOL image shows similar patterns as SeaWiFS
image over the whole scene. However, the POLAC aerosol optical thickness values are
significantly higher (Fig. 10.(c)). This difference can be explained by the better ability of
POLAC to detect the fine aerosols using the polarized information in the visible part of the
spectrum as previously shown. Thus, the additional contribution of these fine aerosols to the
optical thickness as accounted for in POLAC method leads to an increase of the total t,
relatively to the value retrieved by SeaWiFS. The chlorophyll concentrations, Chl, were
obtained through the algorithms OC4v4 and OC2v2 [86] applied to the SeaWiFS and
PARASOL water leaving radiances, respectively. The Chl images derived from SeaWiFS and
POLAC-PARASOL data (Fig. 10.(b) and (d), respectively) show the presence of a significant
bloom patch at latitude 42°N (the chlorophyll concentration is greater than 2 mg m™). Such a
pattern is typical of the spring bloom occurring in that area [87]. It should be noted that an
oligotrophic area located south of the bloom area is detected by both SeaWiFS and POLAC
algorithms; however, the concentrations retrieved by POLAC are significantly lower than
those retrieved by SeaWiFS. It is worth noting that these discrepancies are consistent which
those observed in the water leaving radiance products and are therefore independent of the
use of the slightly different algorithms OC4v4 and OC2v2. Same qualitative analyses were
carried out over several PARASOL and SeaWiFS images around the world (not shown), and
it can be concluded that the POLAC retrievals are meaningful and comparable to the other
ocean color radiometry missions.

T,(865nm) Chl by OC4v4
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Fig. 10. Level 2 satellite images acquired on May 5th 2006 over the Mediterranean Sea. (a)
SeaWiFS Aerosol optical thickness at 865nm and (b) SeaWiFS chlorophyll concentration in
mg m™, (c) Aerosol optical thickness at 865nm as derived by POLAC applied to the level 1
PARASOL image (d) chlorophyll concentration in mg m™ as derived by POLAC applied to
the level 1 PARASOL image. The chlorophyll concentration is calculated using the SeaWiFS
OC4v4 (OC2v2 for PARASOL data) algorithm based on the retrieved water-leaving radiances.

The POLAC algorithm can now be used to evaluate the importance of the polarized
information to estimate the water leaving radiances from top of atmosphere measurements.
For this purpose, two modified versions of POLAC were applied to PARASOL images. The
first one, so-called POLACyopor, does not make use of the polarized information at all; only
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the Stokes parameters / (i.e. total radiance at 865 and 1020 nm) are used for the aerosol type
determination. The second version of POLAC, so-called POLACyovis, makes use of Q and U
at 670 and 865 nm to determine the aerosol type instead of 490, 670 and 865 nm in the
original version. Those two modified versions of POLAC were applied to the selected level 1
PARASOL image. The normalized water-leaving radiances nLw at 490 nm obtained with
POLACyopoL, POLACnovis and POLAC are shown on Fig. 11.(a), (b) and (c), respectively.
Those results can be compared with the normalized water-leaving radiances retrieved at the
same wavelength by the SeaWiFS sensor (Fig. 11.(d)). The values of nLw at 490 nm are
highly overestimated by POLACyopor relatively to the SeaWiFS retrievals with values
greater than 1.5 mW cm ™ um™' sr™' (Fig. 11.(a)). In addition no distinct patterns are visible
over the image. It was shown earlier in this paper that this version of POLAC, which makes
use only of 7 to determine the aerosol type, fails to detect the fine aerosols. Therefore, the
atmospheric signal is particularly underestimated at short wavelengths where the fine mode is
optically predominant and subsequently the oceanic signal is amplified.

nL,*(490nm)

0" 4E 8E 12'E 16°E o 4E S'E 12°E I16°E

Fig. 11. Normalized water-leaving radiances nLw at 490 nm (in mW cm™ um™ st™') retrieved
by the modified versions of POLAC using the level | PARASOL image acquired on May 5th
2006 over Mediterranean Sea (a) POLACyopor (b) POLACyovis and (c) the original version of
POLAC, (d) level 2 SeaWiFS image of nLw at 490 nm over the same area.

The version POLACyovis, which makes use of the polarized information in the red/near
infrared bands only, leads to underestimations of the water-leaving radiance and sometimes to
negative values (Fig. 11.(b)). However, it has been verified that the chlorophyll
concentrations calculated from the positive values of nLw are consistent with the bloom patch
and with the location of the southern oligotrophic area, which is centered on 40°N and 5°E.
Such consistency is not observed when POLACyopor is applied. The use of Q and U at all
wavelengths (Fig. 11.(c)) as an alternative to Q and U at 670 and 865 nm (Fig. 11.(b))
increases significantly the performances of the retrieval of the ocean color radiometry from
space. The better consistency of the retrievals supplied by the original version of POLAC,
which makes use of the additional information of Q and U at 490 nm, emphasizes the high
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potential and benefits of using this channel for the atmospheric correction over open ocean. It
should be reminded that our results showed that the additional use of O and U at 490 nm
theoretically improves the aerosol type determination by 35%. The results obtained here
based on actual measurements confirm the spectral complementarities of the polarized
information to advantageously determine the aerosol characteristics. The inaccurate aerosol
determination supplied by POLACyopor and POLAC\ovis is therefore the first factor to
explain the unsatisfactory retrieval of water leaving radiances. That point highlights the high
sensitivity of our atmospheric correction algorithm, which retrieves simultaneously
atmospheric and oceanic parameters, to the aerosol characteristics retrievals. Such a high
sensitivity is one of the main limitations of the POLAC algorithm. However, this difficulty
can be overcome either by the enhancement of the radiometric accuracy or by adding more
polarized band to future sensors. Those preliminary results demonstrate the efficiency of the
use of directional and polarized measurements to carry out atmospheric correction over open
ocean. The satisfactory performances of the POLAC algorithm allow contemplating accurate
retrieval of the water leaving radiance and the fine and coarse aerosol modes simultaneously.

5. Conclusions and perspectives

A specific atmospheric correction algorithm, so-called multi-directionality and POLarization-
based Atmospheric Correction (POLAC), was proposed. This algorithm relies on the
exploitation of the multidirectional and polarized properties of the top of atmosphere signal as
measured by the satellite sensor PARASOL. POLAC algorithm is composed of two principal
phases. Aerosol optical properties retrieval is carried out in the first phase and the derivation
of the water leaving radiance is performed in the second phase. POLAC thus enables to
simultaneously retrieve atmospheric and oceanic optical parameters. Those two phases make
use of an optimization scheme between the PARASOL-like measurements and forward
simulations of the radiative transfer in the coupled atmosphere-ocean system to retrieve the
geophysical parameters of interest. The first phase (P1) is dedicated to the inversion of the
PARASOL radiance and polarization data which are insensitive to the in-water constituents
for retrieving the aerosol optical properties. These aerosol optical properties are determined
based on the information contained in the radiance (i.e. Stokes parameter /) in the near-
infrared (NIR) only and the information contained in the Stokes parameters Q and U in the
visible and NIR region. The phase (P1) is subdivided into two iterative steps; one step makes
use of Q and U for retrieving the best bimodal aerosol model defined by a couple of a fine
mode and a coarse mode as well as their respective proportion, while the other step is
dedicated to the estimation of aerosol optical thickness. In such iterative procedure, the
convergence of the retrieved values is obtained typically after 2 or 3 iterations. Based on the
outputs of (P1), the phase (P2) carries out the water-leaving radiance retrieval in the visible
spectrum (e.g. 490, 565, 670 nm) by matching the TOA radiance measurements with radiative
transfer simulations computed for various hydrosol compositions of the oceanic layer. The
influence of directional information of PARASOL-like data on the performance of POLAC
was analyzed. It has been shown that the aerosol optical thickness is better estimated when a
mono-directional approach is used whereas a multi-directional approach is more efficient to
determine the fine and coarse modes of the aerosol model.

The sensitivity of the retrieval of aerosol optical properties to different combinations of
Stokes parameters used in POLAC was studied. Our results show that POLAC theoretical
accuracy for deriving the Angstrom exponent is around 3% and 1% in clear and turbid
atmospheric conditions, respectively. Subsequently, our study pointed out that the use of the
polarized Stokes parameters Q and U significantly improves the aerosol type determination
while the simultaneous use of the total radiance / together with Q and U parameters does not
improve the aerosol type determination. In addition, the use of the sole polarized information
at 490 nm is efficient to estimate the Angstrom exponent with an uncertainty lower than 4%.
The introduction of Q and U at 490 nm in POLAC algorithm induces a reduction by 35% of
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the accuracy of Angstrom exponent estimation. The use of Q and U at 490 nm also
specifically improves the determination of the fine mode of aerosols over open ocean
regardless of the phytoplankton concentration.

The algorithm was then applied to numerous level 1 PARASOL images. The influence of
the polarized information on the retrieval of geophysical products was studied based on these
images. It was shown that the use of the polarimetric data increases significantly the
performance of detection of the aerosols, thus confirming the theoretical sensitivity study.
Consequently, the atmospheric signal is reappraised improving de facto the water leaving
radiance estimation. Our analysis highlighted the high sensitivity of the estimated water
leaving radiances to the aerosol model determination by the algorithm. The exact
quantification of that sensitivity is one of the perspectives of this study. However, the
satisfactory performances of the POLAC algorithm demonstrated the feasibility to perform
determination of a couple of fine and coarse modes of aerosols and derivation of the water
leaving radiance based on a relevant exploitation of multidirectional and polarimetric
PARASOL data.

This study has shown the ability of the original POLAC algorithm to achieve atmospheric
correction and aerosol retrieval over open ocean. A direct perspective of this work is to make
use of the POLAC algorithm to investigate the requirements of the future NASA mission so-
called Aerosols, Clouds and Ecosystems (ACE) and its preparatory mission (PACE),
scheduled for launch around 2018. Since those two missions will include a multidirectional
polarimeter instrument, results provided in this paper should greatly contribute to make
optimal the future exploitation of the ACE/PACE data. Note that if ACE/PACE polarimeter is
not multi-angle and contains only one polarization measurement per field of view, the
accuracy of the retrieval of aerosol optical thickness and of the aerosol model determination
might be significantly degraded in comparison to multidirectional systems. This is because
the polarized information is highly sensitive to the viewing geometry (i.e. viewing and solar
angles as well as relative azimuth). As a result, the amount of useful information contained in
mono-directional polarization measurements would be significantly dependent on the latitude
of observation and on the period of the year. Thus, it can be recommended to include multi-
directional polarized sensors to properly exploit the polarization property of light. If this latter
condition could not be satisfied for some reasons, we think that, at least, a mono-directional
sensor should be designed to adjust the viewing observation angle of the polarization sensor
with respect to the Sun position along the satellite orbit to make sure that the magnitude of the
polarization signal will be sufficiently high to derive aerosol optical properties (e.g. ideally,
the range of scattering angle for observations should be within 90°-135°).

Further works are also required to validate POLAC performances using in situ data. A
current work is in progress to compare the POLAC retrieval of aerosol properties with a large
set of AERONET aerosol product [88]. Similar work is being conducted for the validation of
water leaving radiances using temporal series of the BOUSSOLE buoy moored in the
Mediterranean Sea [16] and MOBY buoy off Lanai, Hawaii [89]. Then, the processing of the
entire PARASOL data set collected since it was launched (more than seven years ago) will
offer a basis to take into account the overall benefits of the polarized information to monitor
the aerosol, the water leaving radiance and thus, phytoplankton biomass variations at global
scale.
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