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Abstract: In this study, we present a radiative transfer model, so-called
OSOAA, that is able to predict the radiance and degree of polarization
within the coupled atmosphere-ocean system in the presence of a rough sea
surface. The OSOAA model solves the radiative transfer equation using the
successive orders of scattering method. Comparisons with another
operational radiative transfer model showed a satisfactory agreement within
0.8%. The OSOAA model has been designed with a graphical user interface
to make it user friendly for the community. The radiance and degree of
polarization are provided at any level, from the top of atmosphere to the
ocean bottom. An application of the OSOAA model is carried out to
quantify the directional variations of the water leaving reflectance and
degree of polarization for phytoplankton and mineral-like dominated
waters. The difference between the water leaving reflectance at a given
geometry and that obtained for the nadir direction could reach 40%, thus
questioning the Lambertian assumption of the sea surface that is used by
inverse satellite algorithms dedicated to multi-angular sensors. It is shown
as well that the directional features of the water leaving reflectance are
weakly dependent on wind speed. The quantification of the directional
variations of the water leaving reflectance obtained in this study should help
to correctly exploit the satellite data that will be acquired by the current or
forthcoming multi-angular satellite sensors.

©2015 Optical Society of America

OCIS codes: (010.5620) Radiative transfer; (010.4450) Oceanic optics; (260.5430)
Polarization.
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1. Introduction

Knowledge of the optical processes that occur during the propagation of the solar radiation
throughout the coupled atmosphere-ocean system is of primary importance for determining
the main features of aerosols and hydrosols (e.g., type, abundance, absorption and scattering
properties) especially from remote sensing techniques. As an example, ocean color remote
sensing not only requires information about the optical properties of the aerosols for the
atmospheric correction of the satellite image but also about the interaction between the light
and the hydrosols within the ocean to determine biogeochemical products of interest such as
the phytoplankton biomass (e.g., chlorophyll a concentration). The vector radiative transfer
equation allows modelling both the radiance and the polarization state of light at any level of
the atmosphere-ocean system. Note that it has been demonstrated many times that polarization
must be included in the accurate radiative transfer calculations in the atmosphere, at the sea
surface and within the ocean layer since significant errors could be observed in radiance
calculations when polarization effects are neglected [1-5]. In addition, polarization properties
could greatly (i) improve the performance of inverse algorithms for ocean color purposes [6—
8], (i1) improve the contrast of underwater viewing system [9] and (iii) help understanding the
behavior of marine organisms [10].

Many vector radiative transfer models have been proposed to predict the radiance and
degree of polarization of the light using various numerical methods such as the successive
orders of scattering method [11-13], the discrete ordinate method [14,15], the Monte Carlo
method [16], the adding doubling method [17-20]. Because the sea surface is usually rough, a
realistic radiative transfer model should be able to account for the roughening effect of the
wind onto the sea surface to better simulate the propagation of the light across the air-sea
interface. The simulation of a wind-blown ocean surface is also of great interest for
characterizing the directional effects of the hydrosols on the water leaving reflectance. Such a
characterization should help to improve the quality of atmospheric and ocean color remote
sensing products and to better interpret the in situ measurements of the directional reflectance
acquired by recently developed fish eye camera radiometers [21-23]. Furthermore, in the
framework of the preparation of future polarimetric and multidirectional satellite sensors such
as the forthcoming mission “Multi-Viewing, Multi-Channel, Multi-Polarization Imaging
Mission-3MI” (ESA/Eumetsat), or the “Pre-Aerosol, Clouds, and ocean Ecosystem-PACE”
mission (NASA), it is important to have appropriate radiative transfer models that predict
accurately the radiance and polarization properties to build robust inverse remote sensing
algorithms. The consideration of a rough sea surface remains a challenging task due to the
complexity of the optical mechanisms affecting the photons along their pathways in the
coupled atmosphere-ocean system [24-26]. To our knowledge, only a few vector radiative
transfer models considering the rough sea surface are currently devoted to ocean color remote
sensing purposes [14, 17, 18, 20, 26]. It is relevant to highlight the state of the art on optical
sea surface modelling as described in Mobley [26] where a 3D surface structure is modelled
to fully account for the rough air-sea interface effects. However, most of these radiative
transfer models are not publicly available. Note that the model developed by Jin et al. [14]
(so-called COART) is available online but, in order to speed up the computation time, the full
surface roughness effect, such as the multiple scattering among surface facets across the air-
water and water-air interface, is not implemented in the web version [27].

Chami et al. [11] had developed a vector radiative transfer code of the coupled ocean-
atmosphere system for a flat sea surface using the successive orders of scattering methods (so-
called “Ordres Successifs Océan Atmosphére” — OSOA model). As mentioned above, the flat
sea surface assumption limits the application of the OSOA model especially if sophisticated
inverse algorithms need to be developed for analyzing the future satellite multidirectional and
polarimetric data (e.g. “3MI” mission). Therefore, an advanced version of the OSOA radiative
transfer code, so-called “Ordres Successifs Océan Atmosphére Avancé” - OSOAA model, has

#246950 Received 28 Jul 2015; revised 8 Oct 2015; accepted 10 Oct 2015; published 14 Oct 2015
© 2015 OSA 19 Oct 2015 | Vol. 23, No. 21 | DOI:10.1364/0E.23.027829 | OPTICS EXPRESS 27832



been developed to account for a rough sea surface. The OSOAA model will be distributed to
the entire scientific community. A user-friendly interface has been developed for that purpose.

The objectives of this paper are (i) to describe the implementation of the modelling of the
rough sea surface within OSOA model to get the advanced OSOAA version, (ii) to show the
validation results and (iii) to apply the OSOAA model to evaluate the directional properties of
the sea surface reflectance in the presence of hydrosols in the water column. To respond to
these purposes, the overall structure of the paper is as follows. First, the main characteristics
of the new OSOAA vector radiative transfer model with a focus on the mathematical
derivation of the reflection-transmission matrices are presented. Second, the performance and
validation of the OSOAA model are discussed on the basis of both an inter-comparison of
simulations with another well validated model and a conservation of energy budget. Third,
simulations are carried out using OSOAA model to investigate the directional variations of
the water leaving reflectances when two types of hydrosols, namely phytoplankton and
mineral-like particles, are dominating in the water mass for a wind-blown surface. It should
be highlighted that knowledge of the directional effects of the water leaving reflectance could
have important implications for improving the performances of algorithms that are devoted to
the retrieval of the aerosol optical properties when using multi-angular and polarimetric
satellite sensors.

2. OSOAA: a vector radiative transfer model of the coupled atmosphere-ocean system
for a rough sea surface

As mentioned in section 1, the development of the OSOAA model that includes the rough sea
surface has been inspired by a former radiative transfer code, so-called OSOA [11], which
was initially developed for a flat sea surface. We briefly review below the main characteristic
of the OSOA model (section 2.1) prior to focusing on the implementation of the rough sea
surface to obtain the OSOAA model (section 2.2).

2.1 Brief overview of the flat sea surface OSOA radiative transfer model

The OSOA radiative transfer model [11] solves the vector radiative transfer equation of the
coupled atmosphere-ocean system for a flat sea surface using the successive orders of
scattering methods. The OSOA model thus predicts the components of the Stokes vector 7, Q
and U [28] at a few levels of the atmosphere-ocean system, e.g. the top of atmosphere, the sea
surface level and the ocean bottom. Note that the Stokes parameter / is related to the radiance
and that the Stokes parameters O and U are related to the linear degree of polarization of light.
Note also that the OSOA model ignores the circularly polarized component of the Stokes
vector (i.e. the Stokes parameter V). The calculations are performed within the OSOA model
for a solar extraterrestrial irradiance value that is equal to .

Numerically, the Stokes vector is decomposed into a Fourier series expansion relative to
the azimuth to speed up the computation time. The calculations are performed for viewing
zenith angles that correspond to a Gaussian quadrature ranging from 0° to 90°. The use of
Gaussian angles is numerically convenient for calculating the integrals of the Stokes
parameters over the viewing angle. The scattering phase matrix of the particles (e.g., aerosols
and hydrosols) is decomposed into Legendre polynomials to help its numerical integration.
The air-sea interface is modelled as an infinitely thin layer having an optical thickness of 1077
to allow the application of Fresnel’s laws from the air to the seawater medium.

The OSOA model considers as inputs various atmospheric and oceanic parameters. The
main atmospheric parameters are the aerosol optical depth and the aerosol type (refractive
index and lognormal size distribution). The oceanic parameters consist of phytoplankton,
mineral-like particles, detrital matters and dissolved organic matter. The directional scattering
properties (i.e. scattering matrix) of phytoplankton and mineral like particles are defined
based on Mie theory using a Junge power law size distribution and appropriate refractive
indices for each oceanic component. The chlorophyll a concentration is used to parameterize
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the abundance of phytoplankton. The scattering and absorption coefficients of the hydrosols
are obtained using empirical bio-optical models which relate these coefficients to their
concentrations. These bio-optical models are taken from literature (see [11] for details). The
OSOA model outputs the angular distribution of the radiance and of the degree of polarization
for a given sun geometry (solar zenith angle and azimuth). The computations are performed
within the spectral range 250 nm to 900 nm. The reader is referred to Chami et al.’s paper
[11] for a full description of the OSOA model (e.g., methodology, inputs and outputs).

2.2 Implementation of the rough sea surface into the OSOA model to get OSOAA model

This section presents the mathematical formulation of the surface interaction matrices that
have been introduced into the OSOA model to implement a rough sea surface. Fresnel’s laws
are used to calculate all the interactions of light with the sea surface. The different
components of these interactions are summarized as follows: (i) the reflection of the light
scattered in the atmosphere onto the surface (reflection from “air to air”), (ii) the transmission
of the light scattered in the atmosphere from “air to sea”, (iii) the reflection of the upward
light scattered within the ocean on the sea surface (“sea to sea”), (iv) the transmission of the
upward light scattered within the ocean from “sea to air”. Note that all the surface interaction
matrices are decomposed into Fourier series expansion relative to the azimuth in a similar
way as it is carried out for the Stokes vector. Note also that the expression of the reflection
component “air to air” and of the transmission component “air to sea” (terms (i) and (ii) above
mentioned) used in the OSOAA model is based on the formulation proposed by Lenoble et al.
[29] for a vector radiative transfer model using the successive orders of scattering method
dedicated to the atmosphere layer only (i.e. no ocean layer).

2.2.1 Modelling of the wave facets

The waves of a rough sea surface are modelled within the OSOAA code based on the Cox and
Munk surface slope probability function [30]. For the important case of the sea surface in
presence of waves, the general form of the wave facet distribution function derived by Cox
and Munk depends on the wind direction. We restrict ourselves in the OSOAA code to their
approximate isotropic model, which depends only on the wind speed, and preserves the
symmetry of the reflectance law. The choice of using the simplified version of Cox and Munk
model could be justified as well by the fact that the wind direction is not often used (or
known) as inputs of radiative transfer models when computing the water leaving radiance for
the most common applications of ocean color remote sensing (e.g., atmospheric corrections,
retrieval of optical properties of hydrosols). The Cox and Munk sea surface model used here
is thus not as complex as sea surface models used in previous studies [26]. Hereafter, we refer
to u as the cosine of the zenith angle of the propagation direction of light and to ¢ as the
azimuth angle of the propagation direction of light. The probability p of an incident light
beam coming from the direction (1, ¢’) to meet a wave that induces a reflection onto the sea
surface toward the direction (u,¢@) is written as a function of wind speed W (in m s7!) as

follows [Eq. (1)]:
tan’ 6, j’ 0

7o”° .cos’ 6, [ o’
-

where 0, is the zenith angle of the direction 7 that is perpendicular to the facet of wave and
o is expressed as follows [Eq. (2)]:

p(en’q)n):

o° =0.003+0.00512xW. )
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Figure 1 describes the detailed geometry of the propagation of the radiation across a rough
sea surface in the configuration of a downward incident beam coming from the atmosphere
and entering into the ocean layer.

.. ar . " - - - -
s -sm 0%s1nf’  |ncident direction: -$ S Q- - /1 .
- sin B%cos g’ — n=—|s+v|/|=]s+v
ty2) s B'xcosg 0’ f n 2[ ]f 2[ ]
. J
cos ' ] - -

cos B

ey

Fig. 1. Geometry of the propagation of the light across a rough sea surface for the case of a
downward incident beam coming from the atmosphere and entering into the ocean (air to sea).
The directions of the incident beam, the reflection and the transmission of light are shown. In
Fig. 1, the notations are as follows: € is the incidence angle (i.e. half angle between the
incident and the reflection directions), 6" is the angle of refraction relative to the direction

perpendicular to the facet of the wave n, 6, is the zenith angle that corresponds to the
direction perpendicular to the facet of wave, &, is the zenith angle of the transmission direction,

¢ is the azimuth, s, v, and ¢ are the vectors describing the coordinates of the incident,
reflected and transmitted light respectively. m is the refractive index of the water.

Figure 2 describes the detailed geometry of the propagation of the radiation across a rough
sea surface in the configuration of an upward radiation exiting the ocean.
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Fig. 2. Geometry of the propagation of the light across a rough sea surface for the case of an
upward radiation exiting the ocean (sea to air). The directions of the incident beam, the
reflection and the transmission of light are shown. The incident direction is given by the vector

—s§ . In Fig. 2, the notations are as follows: 8" and ° are respectively the incidence angle and

the angle of refraction relative to the direction perpendicular to the facet of wave n . 6, is the
zenith angle that corresponds to the direction perpendicular to the facet of wave. 8’ and ¢ are
respectively the zenith and azimuth angle of the incident beam relative to the vertical axis z. 6
and ¢ are the zenith and azimuth angle of the reflected beam. s, v, and ¢ are the vectors

describing the coordinates of the incident, reflected and transmitted light respectively. m is the
refractive index of the water.

2.2.2 Modelling of the reflection matrix of the light scattered in the atmosphere onto the sea
surface (reflection “air to air”)

The components of the incident Stokes vector (direct solar beam and diffuse light) that are

reflected onto the sea toward the direction (w, ¢), for the first order of scattering in the
atmosphere (order 1) and the other orders (order n), are expressed as follows [Eq. (3)]:

Orderl: Lu (z,0,0) = XRAA (1,0 1,0, )xE.exp(7/p,),
4m.u

r

€)

— 1 b S e— —
Order n:Lu. (7,4, 9 ) :4 XI IRAA(/J{,(/)F,ILI',Q')XLM(T,/l',(/)').d/l'.d(p',

M gm0 p=1

where:

W =—cos0’ (0 <0’ <m/2) is the cosine of the zenith angle of the downwelling incident
light direction,

¢’ is the azimuth angle of the incident light direction,

1o 1s the cosine of the solar zenith angle,

@ is the azimuth angle of the solar incident direction,

= cos 0 (0 <0 <m/2) is the cosine of the zenith angle of the upwelling reflected light,

@ is the azimuth angle of the reflected light direction,

7 is the total optical depth,
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ﬁ( U, o, 1',9") is the “air-air” surface reflection matrix for an incident beam coming
from the direction (1’, ¢’) and reflected toward the direction (i, @),
L, (7.0.9)
E;n (r.u,0) = Ql. (z.u,9) | is the reflected Stokes vector at the order of scattering n,

Uy, (7.44.0)

resulting from the reflection on the sea surface of the incident light at the order of scattering
n-1,
E
E =| 0| is the solar irradiance at Top Of Atmosphere (TOA) coming from the direction
0
(10, ¢0). As mentioned above, the convention that is used in both the OSOA and OSOAA
models is to consider a solar irradiance value E that is equal to 7,
Ei—l (2', ﬂ',¢') is the incident Stokes vector at the order of scattering n-1 (which

corresponds to the diffuse incident light at the surface level).
In the presence of a rough sea surface, the surface reflection matrix “air to air”

RAA (u,,¢..u',9"), that is mentioned in Eq. (3), is determined by the Fresnel reflection

matrix, noted RF4, which should be weighted by the probability function, noted gz, of
encountering a wave facet given the geometrical configuration of the incident and the
reflected directions [Egs. (4) and (5)]. It should be highlighted that the weighting of RF 44 by
gr was not performed in the previous OSOA code because the geometry of the specular
reflection is well determined in the case of a flat sea surface. As far as a rough surface is
considered, the specular reflection remains valid for each wave slope. The solar reflected light
toward any desired observation geometry is then calculated by taking into account for the
statistics of wave slopes geometry by the weighting function gz (correlated to the wind
speed).

Since the Fresnel reflection matrix from a reference frame associated to the reflection
plane is well known, the application of rotation matrices is required to take into account the
transition to frames associated to the incident meridian plane and to the reflection meridian
plane from the reflection plane [Eq. (6)].

RAA (U, 0,.40.0") = 2, (1. 0,.4.0") X R(~7) REM(EIR(7), @)
where:

D 1 tan’ 6,
gR(ﬂr»(Pra/l,(/’)meeXp[— e J, %)

o’ is given by Eq. (2),

x’ 1s the rotation angle between the direction perpendicular to the incident meridian plane
and the direction perpendicular to the reflection plane,

-x is the rotation angle between the direction perpendicular to the reflection plane and the
direction perpendicular to the reflection meridian plane,

R(y') is the rotation matrix that is expressed as follows [Eq. (6)]:

B 10 0
R(x)=|0 cos2y' sin2y'| (6)
0 —sin2y' cos2y'
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RFaa (6") is the Fresnel reflection matrix (air to air) for a reference frame associated to the

reflection plane, where 6, is the incidence angle from the atmosphere relative to the vector
perpendicular to the wave facet as expressed within Fig. 1. The Fresnel reflection matrix is
expressed as follows [Egs. (7)—(10)]:

_ R, (6 |R,(6)] 0
RFa (67)=|R,,(8) [R, (&) ] 0 |, (M
0 0 [Ru(8)

where:
R, (6)=05%| (5, (6) +(r. (&) |
R,x(6)=05%| (5, (6)) ~(r. &) | ®)

R, (67) =1, (6")xr, (),

.. m’.cos @' -/m’-sin* (6")
r(67)=— — ; 9
m".cos 6/ +\/m -sin” (")
cos @' -\m’-sin’ (6")
1 (6)= ; (10)
cos @' +/m’-sin’ (8)

2.2.3 Modelling of the transmission matrix of the light scattered in the atmosphere from the
air to the sea medium

Similarly as for the reflection matrix [Eq. (3)], the transmission matrix of the direct solar
beam and of the diffuse light through the sea surface toward the direction (u, ¢) is expressed
for the first order of scattering and any other order n as follows [Eq. (11)]:

—lo- 1 o —
Order1: L, (r,0) =——xTAW (u,0 .u,.0,).E.exp(t/u,),
i

(11
—lo- 1 L = —lo+
Ordern: L. (7,0,9,) :—XI J. TAW (12,0 40,0") Loa (7' ,90").dp' dg',
. =0 u'=-1

where:

= cos 0; (0 < 0, <7w/2) is the cosine of the zenith angle of the downwelling transmitted
light,

@ is the azimuth angle of the transmitted light,

TAW (4,,¢,.40,9") is the transmission matrix from the air to the sea medium for an
incident beam coming from the direction (u’, ¢’) that is transmitted toward the direction (u,
%),

Eiﬁ’ (7.4,,9,) is the Stokes vector at an order of scattering n, just beneath the sea surface

(noted as the level 0-), resulting from the transmission through the sea surface of the incident
light at the previous order of scattering (order n-1).

The transmission matrix TAW (u,,¢,,u',¢") from air to sea is expressed as follows [Eq.

(12)]:
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—_— = ——=FLUX

TAW (1,0, 100") = g, (100, 100") xR (=1,) TFaw (@)K (7,")
(12)

m’.cos 6" .cos 6!

2
(m.cos 8" —cos b’ )

>

where:

6 is the incidence angle from the atmosphere relative to the vector perpendicular to the
wave facet,

6/ is the refraction angle into the sea relative to the vector perpendicular to the wave facet
[Fig. 1],

x:’ 1s the rotation angle between the direction perpendicular to the incident meridian plane
and the direction perpendicular to the transmission plane,

-x: 1s the rotation angle between the direction perpendicular to the transmission plane and
the direction perpendicular to the transmission meridian plane,

m is the refractive index of seawater,

gr(u, @, 1, @) is the probability function of encountering a wave facet for the incident
direction (1’, ¢’) and the transmission direction (i, @). Since there is a single configuration of
the reflected and transmitted light given the geometry of the incident light and of the wave
facet, the probability function gr and g are related as follows [Eq. (13)]:

gr (Ho@.1.0") = g (1.0, 1.0"). (13)
=—=FLUX
The matrix TFaw (6) [Eq. (12)] is the Fresnel transmission matrix from the air to the

sea medium for a reference frame associated to the transmission plane. It is expressed as
follows [Egs. (14)-(17)]:

—=FLUX B m.cos etw tll(ef ) t12(8[ ) 0

TFaw (a")_Wx t, (8 t,80] o |, (14)
' 0 0 t33(0[a)

where:
tn(eia) = O.SX[(t[(a_ﬂ))z +(tr((9,-a))2:|,

() =05 (1,@) =(1.) | (15)
t33(6ia) = t[(eia)Xtr(eia)n

(O =x(1+1, ), (16)

(@) =1+1,(6°). (17)

2.2.4 Modelling of the reflection matrix of the upward light scattered within the ocean that is
reflected onto the sea surface (“sea to sea”)

The upwelling Stokes vector within the ocean only consists of diffuse light since the direct
solar beam is a downward illumination. The reflection matrix that applies for the upwelling
Stokes vector within the ocean that is reflected onto the sea surface toward the direction (u,
@), is expressed as follows [Eq. (18)]:
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2r 1

() '[ J. RWW('u"’(D”’u"w')'iIiela (0'>ﬂ'a¢')-dﬂ'.d¢'s(18)
47:.(—,%) 920 1=

— sea

LRn (0':#r »¢r ) =

where:
w1’ is the cosine of the zenith angle of the upwelling incident light direction,
@’ is the azimuth angle of the incident light direction,
1 1s the cosine of the zenith angle of the downwelling reflected light,
@ is the azimuth angle of the reflected light,

RWW (u,,@,,1',9") is the surface reflection matrix from “sea to sea” for an incident

beam coming from the direction (1’, ¢’) that is reflected toward the direction (u,, &),

— sea

Lrn (0-,44,9) is the Stokes vector at an order of scattering n, resulting from the reflection

onto the sea surface (level 0- just beneath the sea surface) of the upwelling incident light at
order of scattering n-1,

—Tsea

Lot (0-4',9") is the incident Stokes vector at an order of scattering n-1 (diffuse
upwelling light at sea surface at level 0-).
The surface reflection matrix “sea to sea” RWW (u,,¢, 4,¢") is calculated from the

Fresnel reflection matrix RFww which should be weighted by the probability function gz of
encountering a wave facet [Eq. (19)]. The rotation matrices that are used to bring the frame
associated to the incident meridian plane from the frame associated to the reflection meridian
plane via the reflection plane should be accounted for as well in the calculation of

RWW (u,,0,.u4.¢") [Eq. (19)].

RWW (11,0, 10.0") = g, (14,.0,.1".9") X R(=7,) RFww (6)K(7,). (19)

where:

gr has been defined at Eq. (5),

xw’ 1s the rotation angle between the direction perpendicular to the incident meridian plane
and the direction perpendicular to the reflection plane,

-xw 1s the rotation angle between the direction perpendicular to the reflection plane and the
direction perpendicular to the reflection meridian plane,

R(x') is the rotation matrix defined by Eq. (6).

The matrix ﬁww (6") [Eq. (19)] is the Fresnel reflection matrix (“sea to sea”) for a

reference frame associated to the reflection plane. RFww (8") 1is expressed as follows [Egs.
(20)-(23)1:
_ R, (67) | R, (6") 0
RFww(6")=| R,,(6") | R,,(8") 0 , (20)
0 0 |R.(8)

where:
6 is the incidence angle from the sea water relative to the vector perpendicular to the
wave facet [Fig. 2],
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R, () =0.5%| (5, (6") +(5. @) |

R,s(6)=0.5%] (1, (6") ~(r. ()
R (6" =1, ()%, (),

()

| 1)

cos 6 —mx,[1-m’ sin’ (6)")

i

L (67)= ; (22)

cos " + mx \/1 -m’.sin’ ((9,.“’ )

m.cos 8" —/1-m” sin’ (6)")

m.cos 6" +, ll—mz.sin2 (6’1.“') .

Note that for the case of a total reflection due to the critical angle in the water 6,

L (8)= (23)

the

im 2

terms of the Fresnel reflection matrix are defined as follows [Eq. (24)]:

R, (8 >6)=1,
R, (8" >65)= 0, (24)

lim

Ry, (6" >6;,) =

2.2.5 Modelling of the transmission matrix of the upward light scattered within the ocean
from “sea to air”

The transmission through the sea surface of the upward Stokes vector, toward the direction
(us @), is expressed as follows [Eq. (25)]:

_ Txea f ' ' '
Lrn (0+,,u,,(pt = —>< I I TWA (4,,9,.10,9") Lot (0-u',0").du' de', (25)
. t @'=0 1'=0
where:
= cos 0; (0 < 0; <m/2) is the cosine of the zenith angle of the upwelling transmitted light,
@ is the azimuth angle of the transmitted light direction,

TWA (u,,,.40,9") is the surface transmission matrix from the sea to the air for an

incident beam coming from the direction (', ¢’) that is transmitted toward the direction (u,

%),

—T.s'ea . . .

Lt (0+,4,,¢,) is the Stokes vector at order of scattering n, just above the sea surface
(noted level 0 + ), resulting from the transmission through the surface of the incident Stokes
vector at the order of scattering n-1.

The surface transmission matrix “sea to air” TWA (4,,@,.u',¢') is expressed as follows
[Eq. (26)]:

S = —=FLUX

TWA (1.0, 1.0) = g (1.0.1.0)xR (-2, ) TFwr (6)R(7,,")

. (26)
cos@’.cos 8"
2 b
(m. cos " —cos 6’ )
where:
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6 is the incidence angle from the sea relative to the vector perpendicular to the facet of
the wave [Fig. 2],

6/ is the refraction angle into the air relative to the vector perpendicular to the facet of the
wave,

xw: 1s the rotation angle between the direction perpendicular to the incident meridian plane
and the direction perpendicular to the transmission plane,

-xw 18 the rotation angle between the direction perpendicular to the transmission plane and
the direction perpendicular to the transmission meridian plane,

g, @, 1, @) has been defined at Eq. (13).

=——=FLUX
TFwa (9,.”’) is the Fresnel transmission matrix from sea to air for a reference frame

associated to the transmission plane. It is expressed as follows [Egs. (27)-(30)].

tll(ey'w) tIZ(HI'W) 0
==FLUX w COS 9{“ w w
TFwa (8))=——x| t,(8") [ t,(8) | 0 |, (27)
m.cos 6,
l 0 0 t}}(eiw)

where:
4,6 = 05X (1,8) +(1.@") |

(67 =0.5% (1,@) ~(1.@") | (28)
£ (8)=t,(8)x1,(8"),

t,(0")=mx(1+1,(8")), (29)

t(8) =1+, (8"). (30)
3. Validation and performance of the OSOAA model

Since the flat sea surface OSOA model has already been validated in details by Chami et al.
[11], the validation procedure of the OSOAA model is focused on the validation of the
implementation of the rough sea surface, bearing in mind that it was first verified that both
OSOA and OSOAA models provide exactly similar results for a flat sea surface (i.e., 6> = 0 in
[Eq. (2)]). Therefore, specific cases of simulations are defined to test and to verify the correct
implementation of the rough sea surface. The results are then compared with those obtained
by the extended General Adding Program (eGAP) code. This code is originally based on the
work done by De Haan et al. [31] for polarized light scattered by isolated atmospheres, and
was extended by Chowdhary [32] to include polarized light scattering by ocean systems [see
also 17,44]. The eGAP model solves the radiative transfer model using the adding/doubling
method. The similarities between eGAP and OSOAA are as follows: (i) they both use the
Stokes vector formalism; (ii) they both expand the Stokes vector into a Fourier series; (iii) the
same set of Gaussian quadrature angles is used for the intercomparison; (iv) they both use the
geometrical optics approach to obtain the sea surface matrices from the Cox and Munk (1954)
surface slope model. Hence, eGAP and OSOAA also share many numerical features which
means that the successful cross-comparison made here verifies that the OSOAA model is
coded properly and that the solution method used by OSOAA to solve the radiative transfer
equation and to model the roughened sea surface in the atmosphere-ocean system is robust.

In addition to the intercomparison exercise, the conservation of the radiant fluxes along
the atmosphere-ocean system in the presence of a rough sea surface is verified as well to
check self-consistency of the OSOAA model.
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3.1 Intercomparison between the OSOAA and eGAP models for the validation of the
implementation of the rough sea surface

The Stokes parameters (/,Q,U) calculated by OSOAA model are compared with the results
obtained by the eGAP code to validate the correct implementation of the diffuse and solar
direct light reflection/transmission through the air/sea interface. The simulations take into
account all the scattering processes that occur in the atmosphere-ocean system. They also
include all the interactions between the air and the sea interface for a rough sea surface (i.e.
for a wind speed value different from zero). The comparisons that are discussed here are
carried out for the level just above the sea surface (level 0 +).

The conditions of the simulations are as follows. The calculations are performed at the
wavelengths 412 nm and 660 nm which are representative of cases showing a high and a low
number of scattering events in the atmosphere-ocean system including close to the air-sea
interface. The solar zenith angle value is 30°, the number of Gaussian quadrature angles for
the atmosphere is 40, the atmospheric scattering is only due to molecules (i.e., purely
Rayleigh atmosphere with no aerosols), the oceanic constituents only consist of water
molecules (i.e. no hydrosols). The reduced 3x3 Mueller scattering matrices of Rayleigh and
water molecules used here are similar to those which are described by Mishchenko et al. [33]
and by Adams and Kattawar [34] respectively. The optical properties of the air and water
molecules used for the simulations are reported in Table 1. The factor of molecular
depolarization in the air and in the sea is zero. The sea bottom depth is 1000 m, with a sea
bottom albedo value of 0. The wind speed value W is set at 7 m s and the wave distribution
is determined using the Cox and Munk model [30]. The output of the simulations is the
angular distribution of the Stokes parameters /, O and U normalized to an extraterrestrial
irradiance value of m. Note that the convention used in OSOAA model (and in the
forthcoming figures) to define azimuth angles is that a relative azimuth angle of 180°
corresponds to the half-plane that contains the sun in the solar plane (i.e. the vertical half-
plane containing the backscattering direction) while a relative azimuth angle of 0°
corresponds to the half-plane that contains the specular reflection in anti-solar half-plane (i.e.
the vertical half plane containing the sunglint of a flat ocean surface).

Table 1. Values of the optical properties of the air and seawater molecules used for the

validation of OSOAA model. The absorption and scattering coefficients of pure seawater,
noted a,, and b,, respectively, are also reported (in m™).

412 nm 660 nm
Rayleigh optical depth 0.3141 0.0456
a, (m™) 0.00455 0.41
by (m™) 0.00665 0.000889

Figure 3 shows the results of the comparison of the upward Stokes parameters (/, O, U)
that are calculated just above the sea surface (level 0 + ) by the OSOAA and eGAP radiative
transfer codes.
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Fig. 3. Comparisons of the Stokes parameters /, O and U normalized to an extraterrestrial
irradiance value of m as a function of the viewing angle between the eGAP and OSOAA
models at the sea surface level (level 0 + ): (a) at 412 (top panel) and (b) at 660 nm (lower
panel) for the conditions of simulations outlined in section 3.1 (solar zenith angle SZA value of
30°, wind speed value of 7 m s™' (W07)). In the left column, eGAP calculations are shown as
solid lines; OSOAA outputs are shown as dotted lines. The absolute differences (middle
column) between the eGAP and OSOAA Stokes parameters are noted Al = Lg4p-Iosoas, 40 =
Qecar-Qosoas and AU = U.gap-Upsoas. The relative differences (right column), which are
defined as Al/1.Gap, AQ/QecGar, AU/U.c4p, are expressed in percents.

A very nice agreement is obtained between both radiative transfer models. At 412 nm,
where the interactions between the scattered light within the atmospheric or oceanic layers
and the sea surface are the most important, the absolute differences are lower than 0.4 x 1073
for the Stokes parameter / (i.e. radiance) and lower than 0.1 x 107 for Q and U. The relative
differences are not greater than 0.8% except for the parameters Q and U in the particular case
where viewing angles corresponds to a degree of polarization very close to zero. For this
specific latter geometry, the relative difference is meaningless since the division by a number
close to zero leads to artificial high relative differences values. At 660 nm, where the number
of scattering events is much lower than at 412 nm, the absolute differences are lower than
0.02 x 1073 for all Stokes parameters.

Similar satisfactory agreements between the eGAP and OSOAA models were obtained for
other conditions of simulations, such as other solar zenith angle (i.e. 60°), other azimuth
values (i.e. ¢ = 90°), other wind speed values (i.e. 5 m s™' and 10 m s7!) and other level of
observation (i.e. TOA). Note that the comparisons between the eGAP and OSOAA models for
results obtained at TOA level showed relative differences values less than 0.2%, which are
even lower than those observed at the sea surface level 0 + [Fig. 3] due to the fact that the
amplitude of the upward radiation at TOA has undergone fewer interactions with the ocean
surface-body system than at the level 0 + . The overall inter-comparisons performed between

OSOAA and eGAP models confirm the good implementation of the rough sea surface within
OSOAA model.
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3.2 Conservation of energy within OSOAA model

An important verification that needs to be performed to make sure that the implementation of
the rough sea surface within the radiative transfer code does not induce any loss of photons
relies on checking that the energy is conserved when the radiation propagates across the sea
surface. In other words, there should not be any loss of photons between the atmosphere and
the ocean due to the introduction of a rough sea surface. A simple way to carry out this
verification is to compare the downward plane irradiance (defined as the integral of the
radiance over the lower hemisphere), hereafter referred to as E,, with the upward irradiance
(defined as the integral of the radiance over the upper hemisphere), hereafter referred to as E,,
at the sea surface level (i.e. level 0 + and level 0-). For that purpose, simulations were carried
out for the specific following conditions. The solar zenith angle value is 30°, the
extraterrestrial solar irradiance value is equal to m, both the atmosphere and ocean are
supposed to be completely transparent (i.e., no scattering or absorption processes in each
layer), the sea bottom albedo is zero, the wind speed value is 7 m s7!. Since there are no
scattering processes occurring in the atmosphere and ocean layers here, the results of the
calculations are independent of the wavelength. For these specific simulations conditions
(transparent atmosphere and ocean): the downwelling plane irradiance just above the sea
surface, E40 + ), only consists of the direct solar beam; the downwelling irradiance just
beneath the surface, E4(0-), only consists of the direct solar beam that is transmitted into the
ocean, the upwelling irradiance just above the sea surface, E,(0 + ), only consists of the
reflection of the direct solar beam onto the sea surface. Therefore, the conservation of energy
implies that the incident flux should be equal to the sum of the transmitted flux and the
reflected flux. The conservation of energy could thus be expressed as follows [Eq. (31)]:

E,(0+) = E,(0-)+ E,(0+) + E,(0-), €2y
where Eu(0-), which is the upwelling irradiance just below the sea surface, is equal to zero
here since there is no scattering or sources in the ocean component. The results clearly show
that the conservation of energy within the OSOAA model is verified by less than 0.01%,
which is highly satisfactory (Table 2). Note that a good consistency (less than 1%) was
obtained as well at other solar zenith angle (e.g., 60°). Therefore, the implementation of the
rough sea surface does not induce any significant loss of photons thus confirming the self-
consistency of the OSOAA model. Some loss of photons could be expected (i.e., the relative
difference in Table 2 is not exactly 0%) because the sea surface model used in OSOAA does
not account for photon paths in which reflection from the side of a wave directly leads to a
further interaction with another wave surface as it could be done when a full 3D structure is
used to model the sea surface [26]. The consideration for multiple interactions at the sea
surface as a 3D structure modelling could provide is to ensure an exact conservation of energy
within the model as recently highlighted by Mobley [26]. However, the satisfactory results of
Table 2 show that neglecting the photons interacting from one wave to another within
OSOAA model remains a second-order effect which should not induce large errors in the
calculations of the Stokes vector across the sea surface.

Table 2. Results showing the conservation of energy within OSOAA model based on Eq.
(31). Ed(0 + ) is the downwelling plane irradiance just above the sea surface; Ed(0-) is the
downwelling irradiance just beneath the surface, Eu(0 + ) is the upwelling irradiance just
above the sea surface. The simulations are carried out using OSOAA model with a
transparent atmosphere, a transparent ocean, and a solar zenith angle of 30 degrees (see
section 3.2 for details). Since the extraterrestrial solar irradiance value is 7, the
irradiances values are dimensionless. The relative difference between Ed(0 + ) and the
sum (Ed(0-) + Eu(0 +)) is also reported (in %).

Ed(0+) Ed(0-) Eu(0+) Ed(0-) + Eu(0 +) Relative difference between column
1 and 4 (in %)
2,7207 2,6610 0,0595 2,7205 0,005
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3.3 Performance and improved capabilities of simulation of the OSOAA model

In addition to the consideration of the rough sea surface, the OSOAA model has many other
improvements relatively to the initial OSOA model from which it is based [11]. The number
and the complexity of available aerosol and hydrosol models are more realistic than for
OSOA model thus making the inputs of the simulations more close to real-world conditions.
As an example, aerosols models could be defined either based on well-known models taken
from the literature such as the Shettle and Fenn model [35] and the World Meteorological
Organization (WMO) [36] models, or by the user himself using various type of size
distributions (e.g., power law, mix of log normal size distributions for the fine and coarse
modes). The hydrosol models can also be defined using a mix of size distributions (power law
and log normal distributions) that is helpful to emphasize special modes of hydrosol size that
can happen in natural waters, during phytoplankton blooms conditions for example.

Another originality of the OSOAA model is its capability to use measurements of the
scattering function (for intensity) or scattering matrix (for polarization) of aerosols and
hydrosols as input of the computations. Such capability is of primary importance to correctly
model the marine reflectance using measurements of the volume scattering function of
hydrosols. That should be more available in the near future due to the recent development of
many volume scattering meters instruments [37-42].

It should also be highlighted that an interesting advantage of the OSOAA model is that it
provides outputs of the radiance and degree of polarization at all levels (altitude or depth)
within the atmosphere and the ocean layers. The initial OSOA model only provided outputs at
the sea surface or at the top of atmosphere level. The advanced OSOAA model could thus be
used for applications like underwater vision which requires knowledge of the radiance at
various depths within the ocean.

Finally, the OSOAA radiative transfer model has been developed to ensure an operational
use by any users for the computations of the Stokes vector (radiance and degree of
polarization) throughout the atmosphere-ocean system in the presence of a rough sea surface.
For that purpose, a graphical user interface (GUI) has been developed to perform runs of
simulations in a user-friendly environment. Note also that the model could be launched using
a command line file which permits launching many runs of computations, which is highly
useful for generating Look Up Tables.

The numerical resolution of the radiative transfer equation by OSOAA model has been
optimized to ensure fast computations which include all the multiple scattering processes in
the atmosphere and ocean layers. As an example, the duration of the computation of the
Stokes parameters for a purely Rayleigh atmosphere (i.e. no aerosols) and only pure seawater
(i.e. no hydrosols) at 443 nm for an ocean depth of 1000m is 2.5 seconds when the simulation
is performed on a PC Linux Redhat 5 64bits system (processor XW4600 CORE 2 DUI
E8500). Such a satisfactory computation speed associated to the very good validation results
of OSOAA model presented in section 3.1 where OSOAA model was shown to be consistent
with eGAP model within 0.8% thus confirm the good performance and accuracy of the
OSOAA code.

4. Application of the OSOAA model to the characterization of the directionality of the
water leaving reflectance for a rough interface

Knowledge of the angular dependence of the water leaving reflectance, which is defined as
the ratio between the water leaving radiance and the downwelling irradiance just above the
sea surface (level 0 + ), is of great interest for correctly modelling the radiation that is
received at the top of atmosphere by multi-angular satellite sensors like the POLDER sensor
(Centre National d’Etudes Spatiales) [43] or the forthcoming “Multi-Viewing, Multi-Channel,
Multi-Polarization Imaging Mission (3MI)” mission (European Space Agency/Eumetsat). The
consideration of the multi-angular properties of the light exiting the ocean in the inverse
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algorithms that are applied to satellite images should improve as well the detection of the
aerosols. As an example, it was previously shown that the directional effects of the water-
leaving reflectance at short visible wavelengths (lower than 550 nm) on the signal modeled at
the top of the atmosphere needs to be accounted for to accurately retrieve the aerosol
properties from multi-angular observations [44—46]. However, most of the inverse algorithms
that are currently used to determine the aerosol properties from multidirectional radiation
received at the top of atmosphere either assume a Lambertian water leaving reflectance (i.e.
the water leaving reflectance is independent of the geometry of observation) [47-49] or use a
two-components ocean surface directional reflectance model which takes into the directional
effects of sunglint and whitecaps [50] regardless of the directional effects induced by the
hydrosols themselves.

The angular dependence of the oceanic surface has been previously studied in the
literature by oceanographers [51-54]. However, the formalism that is used by oceanographers
to quantify the directionality of the water leaving reflectance relies on an analytical
linearization of the radiative transfer equation proposed by Morel and Prieur [55]. The
linearization consists in establishing a relationship between the water leaving reflectance and
the optical properties of the hydrosols (i.e. absorption and backscattering coefficients) through
a factor, so-called “f/Q” factor, which accounts for the directionality of the radiation. The
representation of the directional effects induced by the water leaving reflectance using the
simple “f//Q” factor is not really appropriate if one aims at retrieving the aerosol optical
properties from satellite multi-angular data over the ocean. This is because knowledge of the
remote sensing directional reflectance is required as inputs of inverse algorithms in this latter
case [56]. Here, simulations are carried out using the OSOAA model to characterize the
directional variations of the water leaving reflectance (at the level 0 + ) induced by the
hydrosols. The influence of the wind speed on these directional variations is also investigated.

4.1 Conditions of simulations

The computations are performed for two oceanic conditions: (i) a phytoplankton dominated
water type (i.e. no mineral-like particles), and (ii) a mineral-like particles dominated water
type (i.e. no phytoplankton particles). The full conditions of simulations are as follows. The
solar zenith angle value is set to 30°, the aerosol model is the Shettle and Fenn [35] maritime
model with a relative humidity of 98% (model M98), the aerosol optical depth at 550 nm is
0.2, the scattering matrix (phase function and degree of polarization) of phytoplankton
particles is modelled using Mie theory with a refractive index of 1.05 and a Junge power law
size distribution having an exponent value of 4, which is the average exponent value within
the range of exponent values typically found in the ocean. The chlorophyll @ concentration is
1 mg m=. The scattering matrix of mineral-like particles is modelled using Mie theory with a
refractive index of 1.15 and a Junge power law size distribution having an exponent value of
4. The concentration of the sediments is 5 mg.£~!. The scattering and absorption coefficients
of the hydrosols are obtained using the same bio-optical models as those used in the initial
OSOA radiative transfer code (see [11] for details). The sea bottom albedo is zero (black
bottom). The computations are performed at 443 nm, which is an ocean color wavelength
where the number of scattering events is high, for various wind speed values, namely 2 m s7!,
5m s, 7m st and 10 m s7. The outputs of the simulation consist of polar diagrams
representing the ratio between the water leaving reflectance at a given geometry (azimuth and
viewing angles), hereafter noted as /, and the water leaving reflectance for the nadir direction
(i.e. the viewing angle is 0°), hereafter noted as /.4 Such a ratio is relevant since it directly
quantifies the directional effects of the ocean and the difference with the Lambertian
assumption. It should be highlighted that the value of the ratio 1/7,.q- is supposed to be 1 for a
Lambertian surface since the radiance / is independent of the geometry of observation in
Lambertian conditions. To make sure that the water leaving reflectance only consists of the
contribution of the signal exiting the ocean, the computations were performed in two steps.
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First, the simulations include both the atmosphere and ocean layers. Second, another run of
simulation is performed by removing all the scattering processes within the ocean body (i.e.
for a black ocean body). The subtraction between the first and the second cases of simulations
thus allow removing the contribution of the atmosphere and of the skylight reflection onto the
air-sea interface from the overall radiation thus providing the sole contribution of the ocean
layer to the water leaving reflectance at the level 0 + . Note that similar computations were
performed by Chowdhary et al. [17] for TOA observations using the eGAP code.

4.2 Results

Figure 4 shows the polar diagram of the ratio //1,.q for the phytoplankton and mineral-like
hydrosols when the wind speed is 7 m s

For both type of hydrosols, the water leaving reflectance at a given geometry shows
features which clearly point out that it could be far from the Lambertian assumption.
Typically, the directional water leaving reflectance could depart from that observed at the
nadir angle by 10% to ~40% depending on the observation angle. The highest directional
effects occur at viewing angles greater than 50° in the anti-solar half-plane, which
corresponds to scattering angle lower than 100°. The case where hydrosols are dominated by
mineral-like particles [Fig. 4(b)] exhibits similar patterns of the ratio ///.q- as what is
observed for phytoplankton waters [Fig. 4(a)]. Calculations that were carried out for other
solar zenith angles values which are greater than 30° showed that (i) the directional effects of
the water leaving reflectance could be higher than 40% relatively to the nadir direction for
both type of hydrosols, and (ii) that significant differences of the ratio I/],.qi- could be
observed in the forward scattering plane between phytoplankton and mineral-like hydrosols.
This is due to the fact that phytoplankton and mineral-like hydrosols have different scattering
phase function. In particular, the phytoplankton phase function has very little backscatter, by
about one order of magnitude lower, relatively to mineral-like hydrosol phase function, and it
shows a more pronounced forward peak.

(@) UL iir (b) I, i
09 10 11 12 13 14 09 10 L1 12 13 14

Fig. 4. Polar diagram of the ratio between the water leaving reflectance (Stokes parameter /)
calculated at level 0 + at all geometries of observations and the water leaving reflectance
calculated at nadir direction (i.e. the viewing angle is zero) (Stokes parameter 7,,4,) when the
wind speed is 7 m s™', for a solar zenith angle of 30°: (a) for the phytoplankton case of
simulation (the chlorophyll a concentration is 1 mg m=), (b) for the mineral-like particles case
of simulations (the mineral-like particles concentration is 5 mg £7'). Note that the sole
contribution of the ocean layer is represented here (see text in section 4.1). The circles
correspond to the viewing angle by step of 10° where the viewing angle of 0° is in the center of
the diagram. The detailed conditions of simulation are reported in section 4.1. The convention
used here for the definition of the azimuth is as follows: an azimuth value of 180° corresponds
to the half-plane that contains the sun (solar plane) (i.e. backscattering directions) while the
azimuth value of 0° corresponds to the half-plane that contains the specular reflection (anti-
solar half—plane) (i.e. forward scattering directions).
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Despite the fact that the theoretical phase functions of the hydrosols considered here could
vary in natural waters [37,39], Fig. 4 highlights that the water leaving directional reflectance
should not be considered as a Lambertian one whatever the type of hydrosols present within
the water column. As a result, the subsequent analysis of multi-angular remotely sensed data
acquired by multidirectional satellite sensor should be carried out with caution to account for
the non-isotropy of the radiance exiting from the ocean. This is particularly true for the
development of robust inverse algorithms devoted to derive geophysical products (e.g.,
optical properties of aerosol and/or hydrosols) from these types of sensors. At least, the ratio
I/Laair, as shown in Fig. 4, could be exploited to correct for the Lambertian assumption of the
sea surface reflectance.

Based on the results of Fig. 4, the OSOAA model was further used to determine whether
the roughness of the sea surface could influence the directional features of the water leaving
reflectance. The variation of the ratio //],.q4r as a function of wind speed is investigated for
each type of hydrosols (phytoplankton and mineral-like particles) [Fig. 5]. The geometry of
observation that is considered here corresponds to the geometry where the highest directional
variations are observed, i.e. a solar zenith angle value of 30°, a viewing zenith angle value of
60° and an azimuth angle of 0°.
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- — — case with mineral-like hydrosols
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Fig. 5. Influence of the wind speed on the directional variations of the water leaving reflectance
at the level 0 + . The ratio 7/1,.4 is calculated here as a function of wind speed for a viewing
zenith angle value of 60° in the anti-solar half-plane (azimuth value of 0°). The solar zenith
angle value is 30°. The results are shown for the cases where phytoplankton and mineral-like
hydrosols are present in the water column. The conditions of simulations are similar as those
used in Fig. 4 (see also text in section 4.1).

For both hydrosols conditions, it is observed that the directional variation of the water
leaving reflectance (i.e. I/l.aair) slightly increases with wind speed values. However, the
variation of I/1,,4, remains weak; the relative difference between the case where the wind
speed value is 2 m s7' and 10 m s7! is lower than 3%. These results are consistent with those
recently obtained by Zhai et al. [54] who highlighted a weak dependency of the directional
factor with wind speed. Our result suggests that the most important criterion that should be
taken into account for the development of inverse method dealing with multidirectional
satellite sensors remains the directional variation of the water leaving reflectance rather than
the influence of the wind speed. Typically, a look-up table could be generated for a wind
speed value of 7 m s™! to represent on average the effect of the rough sea surface on the
radiation exiting the ocean.
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Since the OSOAA model is able to predict the linear polarization features of the ocean
(Stokes parameter Q and U), we investigate in Fig. 6 for the same conditions as described in
section 4.1 the impact of phytoplankton and mineral-like hydrosols on the directionality of the
degree of linear polarization (DOP), which is defined

poP=Y=__— QZ; vt . (32)

The most striking feature in Fig. 6 is that the magnitude of the DOP can be as large as
30% for the case of phytoplankton hydrosol in the forward scattering plane at underwater
scattering angle close to 100° (i.e., at above-water viewing angle of 60°) while it tends fairly
to zero for mineral-like hydrosols in the same viewing angle. Such a difference is due to the
fact that mineral-like hydrosols are much more refractive than phytoplankton, which lowers
the DOP of singly scattered light and induces more scattering events especially in the
backward direction.

(@) DOP (b) por
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Fig. 6. Polar diagrams of the degree of polarization calculated at level 0 + at all geometries of
observations when the wind speed is 7 m s~!, for a solar zenith angle of 30°: (a) for the
phytoplankton case of simulation (the chlorophyll @ concentration is 1 mg m=), (b) for the
mineral-like particles case of simulations (the mineral-like particles concentration is 5 mg ¢7).
Note that the sole contribution of the ocean layer is represented here (see text in section 4.1).
The circles correspond to the viewing angle by step of 10° where the viewing angle of 0° is in
the center of the diagram. The detailed conditions of simulation are reported in section 4.1. The
convention used here for the definition of the azimuth is as follows: an azimuth value of 180°
corresponds to the half-plane that contains the sun (solar plane) (i.e. backscattering directions)
while the azimuth value of 0° corresponds to the half-plane that contains the specular reflection
(anti-solar half—plane) (i.e. forward scattering directions).

As a result, the radiation tends to be more isotropic and exibits smaller degree of
polarization. Figure 6 also shows that the directionality of the degree of polarization over the
viewing and azimuth angles, is much more pronounced for phytoplankton than for mineral
particles. In the case for phytoplankton, the DOP is close to zero in the backscattering
direction (i.e., relative azimuth angle of 180°) and reaches about 30% in the forward direction.
It is interesting to highlight that the differences in the magnitude and directionality of DOP
observed between phytoplankton and mineral-like hydrosols could be used to distinguish
between the presence of low or high refractive matter in the water column provided that a
multidirectional ocean color remote sensing sensor is used. As an example, the calculation of
an angular ratio of DOP between the forward and backscattering plane should be highly
dependent on the composition of the hydrosols (biogenic or mineral-like). Note, however, that
a full discussion about polarization results is beyond the scope of this paper.
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5. Conclusions

A radiative transfer model, so-called OSOAA, has been developed to predict the radiance and
degree of polarization within the coupled atmosphere-ocean system by taking account the
roughness of the sea surface. The development of the OSOAA model has been inspired by a
former model (so-called OSOA) which only accounted for a flat sea surface. The OSOAA
code solves the radiative transfer equation using the analytical successive orders of scattering
method. In this paper, all the reflection and transmission matrices across the sea surface (from
air to sea and from sea to air) have been expressed to describe how the rough sea surface has
been implemented. In addition to the consideration of a rough sea surface, the OSOAA model
takes into account a great number of realistic aerosol and hydrosol models. The OSOAA
model outputs are the I, O and U parameters of the Stokes vector expressed in normalized
radiance (relatively to an extraterrestrial irradiance value of 7) at any level of the atmosphere
and the ocean layers, from the top of atmosphere to the bottom of the ocean. Note that the
circular polarization (Stokes vector V) is ignored in the OSOAA model although small
amounts are created within the ocean for underwater light that is internally reflected by the
ocean surface. However, since the magnitude of such circular polarization remains very small
relative to that of /, O and U, ignoring the term 7 does not significantly affect the value of the
degree of linear polarization which is of main interest to retrieve the optical properties of the
hydrosols. The model has been optimized to make it operational from a computer time point
of view. A graphical user interface has also been developed to ensure a user-friendly use of
the code. The implementation of the rough sea surface into the OSOAA model was validated
by comparing with another radiative transfer model which has been rigorously validated
elsewhere, namely the eGAP model [17]. The relative difference that is obtained between the
OSOAA and eGAP models is within 0.8%, which is satisfactory. The self-consistency of the
OSOAA model was checked as well by using the principle of the conservation of energy of
the radiant fluxes across the sea surface.

The OSOAA model was then used to characterize the directional features of the water
leaving reflectance and of the degree of polarization in the presence of two types of hydrosols
within the water column, namely phytoplankton and mineral-like particles. The simulations
revealed that a strong directional variation of the water leaving reflectance (between 10% and
40%) exists depending on the geometry of observation, thus questioning the Lambertian
assumption for the water-leaving reflectance, which is often used even when dealing with the
analysis of data acquired by multi-angular satellite sensors. The highest directional effects are
observed in the forward scattering half plane relative to the backscattering direction.
Significant effects of the hydrosols on the magnitude and directionality of the degree of
polarization were observed, both of which can be attributed to the difference in hydrosol
refractive indices. It is suggested that the angular variation and magnitude of the degree of
polarization could be used to distinguish between low and highly refractive particles. Our
study suggests that one should account for the directional variations of the water leaving
reflectance and degree of polarization to increase the performance of the inverse algorithms
that are specifically developed for multidirectional sensors. In particular, the determination of
the aerosols and/or hydrosols optical properties using the forthcoming “3MI” satellite
multidirectional sensor (ESA/Eumetsat) should be performed by considering a non-
Lambertian sea surface. The results presented in this study [Fig. 4] could be practically used
to correct for the Lambertian assumption within inverse algorithms. It was shown as well that
the sensitivity of the directional variations of the water leaving reflectance to wind speed is
sufficiently weak to perform calculations at a single wind speed value, for example 7 m s
Further work could consist in evaluating rigorously the performance of inverse algorithms
used for multi-angular satellite sensors for the retrieval of aerosol optical properties when
directional effects of the water leaving reflectance are taken into account instead of the
Lambertian assumption.
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