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Abstract: The attenuation coefficient of the water body is not directly
retrievable from measurements of unpolarized water-leaving radiance.
Based on extensive radiative transfer simulations using the vector radiative
transfer code RayXP, it is demonstrated that the underwater degree of linear
polarization (DoLP) is closely related to the attenuation-to-absorption ratio
(c/a) of the water body, a finding that enables retrieval of the attenuation
coefficient from measurements of the Stokes components of the upwelling
underwater polarized light field. The relationship between DoLP and the c/a
ratio is investigated for the upwelling polarized light field for a complete set
of viewing geometries, at several wavelengths in the visible part of the
spectrum; for varying compositions of the aquatic environment, whose
constituents include phytoplankton, non-algal particles, and color dissolved
organic matter (CDOM); and for varying microphysical properties such as
the refractive index and the slope of the Junge-type particle size distribution
(PSD). Consequently, this study reveals the possibility for retrieval of
additional inherent optical properties (IOPs) from air- or space-borne DoLP
measurements of the water-leaving radiation.

©2012 Optical Society of America

OCIS codes: (010.4450) Oceanic optics; (010.0280) Remote sensing and sensors; (260.5430)
Polarization; (010.5620) Radiative transfer.
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1. Introduction

Light-scattering properties of particles in the ocean and atmosphere have been extensively
studied. Taking note that solar radiation is initially completely unpolarized, once it reaches
the Earth's atmosphere, scattering events, such as Rayleigh (molecular) and particulate
scattering, cause it to become partially polarized [1]. In atmospheric sciences of the Earth and
other planets, these effects are used in retrieval algorithms that take polarization into
consideration. Although various ground, airborne and satellite sensors provide information
about light scattered by the atmosphere-ocean system (AOS), only a few of them measure
polarization characteristics of light. Light exhibits, as a result of scattering, some degree of
polarization (DoP) in different directions, and this polarization is directly related to the source
of the radiation and to the properties of the scatterers. Thus, the polarization state of light
carries information about the AOS that can be utilized for remote sensing [2,3] of
microphysical and optical properties of particulates including the oceanic hydrosols [4-7].

Increasing efforts are being made to explore the relation between polarization features of
the underwater light field and the inherent optical properties (I0OPs) of oceanic and coastal
waters, such as absorption and attenuation coefficients of hydrosols suspended in the water
body. Estimating the components of the Stokes vector of the polarized water-leaving
radiance, emerging from the ocean, at the top of the atmosphere (TOA) is a challenging task
for satellite applications. This is mainly because of the relatively small magnitude of the
polarized water-leaving radiance and the large contribution of polarized light, mostly singly
scattered, by atmospheric molecules and particulates. Nevertheless, it has been shown that the
contribution of the Stokes components of the water-leaving radiance at the TOA is not
negligible for blue light over open ocean waters [8,9] and for near-infrared light from bright
coastal waters [5].

In the planetary atmosphere, polarized light is mainly singly scattered by molecules and
aerosols, giving a polarization signature at the TOA that directly corresponds to the angular
feature of the polarized phase function or Mueller matrix of the atmospheric particles [10].
Therefore, features primarily originating from single scattering can be readily identified in the
angular distribution of the degree of linear polarization (DoLP) [10]. In the open ocean, the
majority of particles are organic particles (both living and nonliving), whose concentrations
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co-vary with chlorophyll concentration [Chl]. These types of particles induce a weak
depolarizing effect on the underwater DoLP caused by molecular scattering, due to low
relative refractive index [3]. Underwater polarization is, therefore, mainly driven by Rayleigh
scattering by water molecules resulting in a relatively simple DoLP pattern [11-13]. On the
other hand, in coastal waters, hydrosols are mainly composed of two types of particles: non-
algal and algal. Algal particles with high water content have a low refractive index
(approximately 1.06) relative to that of water and are therefore poor distinctive scatterers [13—
15]. They can impact polarization fields only primarily through their absorption features.
Non-algal particles (NAP), such as minerals, are more effective scatterers due to their high
relative refractive index, typically around 1.18 [16]. These particles can significantly decrease
the DoLP of the water-leaving radiance and should be more easily detectable than organic
particles in the open ocean. Although the DoLP is highly sensitive to scattering [4,17],
absorbing properties of the water also significantly impact the polarized light field: increase
of absorption usually corresponds to the decrease of the number of the scattering events and
leads to an increase of the DoLP. Thus, colored dissolved organic matter (CDOM), typically a
strong absorber of light present in coastal waters, increases the DoLP [9].

Several approaches were proposed for the retrieval of water parameters from polarized
observations [3,5,18-20] but have not been fully implemented yet for various technical
reasons. For example, Chami et al. [18] suggest that it is possible to retrieve the suspended
particulate matter (SPM) from the measurements of the DoLP at the Brewster angle using a
derived empirical relationship. That relationship is limited to calm sea states and high
inorganic concentrations. It was also suggested that the current polarimeteric satellites such as
the POLarization and Directionality of the Earth's Reflectances (POLDER) instrument on
Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with
Observations from a Lidar (PARASOL) [21] and the planned Multi-viewing, Multi-channel,
and Multi-polarization Imager (3MI) instrument [22] having multi-directional and polarized
measurements capability can be used for such retrievals. Regrettably, these sensors are mainly
designed for aerosol retrieval studies and have very coarse spatial resolution (6-7 km). This
makes the retrievals and their validation of useful ocean parameters very difficult, especially
in coastal waters where the 10Ps can rapidly change, even over short distances. Besides that,
atmospheric correction is a very important aspect that needs to be taken into account for
retrievals over coastal waters due to the increased heavy presence of aerosols over these
regions and non-negligible water-leaving signal in the near-infrared part of the spectrum.

It was recently shown that DoLP patterns of underwater light are quite stable, even when
the sea surface is ruffled by strong winds, and can be well predicted by vector radiative
transfer (RT) simulations based on known 10Ps [11,23-25]. Thus, a more accurate retrieval
of oceanic parameters can be possible by the measurements of the polarized water- leaving
radiance.

Remote sensing reflectance (R;s) is defined as the water-leaving radiance normalized by
the sum of direct and diffuse downwelling irradiances. It is, to a first approximation,
proportional to by/a for open ocean waters and to by/(a + by) for coastal waters, where b, is the
total backscattering coefficient and a is the total absorption coefficient. As such, R by itself
does not contain any information on the light forwardly scattered into the water. At the same
time, studying polarized radiance scattered in milky solutions, Timofeyeva [26] found a
relationship between the DoLP and “the parameter T which is equal to the ratio of the
attenuation coefficient of the scattered light flux to the direct light flux”. This parameter is in
turn well connected to the attenuation/absorption ratio c/a, where ¢ is equal to a + b and b is
the scattering coefficient, hence, c/a = (a + b)/a = 1 + (b/a). Our recent studies [27,28]
showed that at some viewing angles a relation between the DoLP and the
attenuation/absorption ratio exists for waters with a very broad variability of constituents and
thus can be used for the retrieval of c/a from the measured DoLP and retrieving ¢ if a is
known.

On the other hand, standard retrieval algorithms estimate the backscattering coefficient by,
not the scattering coefficient b, and therefore assumptions on the backscattering ratio have to
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be made to determine the scattering coefficient b [29,30]. The backscattering ratio varies
between 0.5% (in open ocean) and 3% (in coastal waters with high mass concentrations of
inorganic particles [31]). In coastal waters, the complexity of the water composition is higher,
since interactions with shores and rivers discharge of sediments and nutrients lead to
unpredictable variability of the type of water constituents and their relative concentrations. As
a result, a new approach needs to be developed in order to avoid the rough estimate of the
backscattering ratio, which leads to high inaccuracies in the retrievals of the scattering or
attenuation coefficients.

The present article extends the initial study of Timofeyeva and our related work
[27,28,32] focusing on the dependence of the DoLP on the 10Ps for a broad range of bio-
optical and microphysical parameters. DoLP measurements are especially advantageous
because the DoLP is independent of the absolute calibration of related sensors [9,23,33].

The purpose of this study is to explore, in detail, the relation between DoLP and c/a for
various water compositions and for particles with various microphysical properties. We
primarily focus our attention on coastal waters, where the particles strongly affect the
polarization of the upwelling light. The study is based on a theoretical analysis encompassing
a large range of realistic parameters. First, the bio-optical and the radiative transfer models
are described in Section 2. The results of the radiative transfer simulations and the analysis of
the measurements of the DoLP for the retrieval of optical properties are then presented in
Section 3 followed by the conclusions in Section 4.

2. Radiative transfer modeling
2.1. Theoretical background

The RayXP program [34] was used to simulate the transfer of radiation in homogenously
scattering, plane parallel media. Generally, polarized radiation moves through the coupled
system of atmospheric layers, through the surface of the ocean (air-water interface), and
through the oceanic layers. Since the system is considered to be plane parallel, each layer is
characterized by its own molecular and aerosol or hydrosol extinction coefficient (c), single
scattering albedo (), and Mueller matrix (F). The propagation of light into the medium is
governed by the vector radiative transfer equation (VRTE),

aS(z,n) _o(z) : N
L = JIF(z.n.n)s(z.n )dn —S(z,n), (1)
where S(z,n) is the Stokes vector of the light in the direction n(u,p); 1 = cos(6) and 8 and ¢
are the zenith and azimuth angles in a spherical coordinate system; z is the optical thickness
of the medium and F is its scattering matrix.

The program optimizes computational time by incorporating various techniques,
collectively called the Multicomponent Approach (MCA), for solving the VRTE. They
include the multicomponent approximation, the Fourier expansion of the transfer equation,
the small angle solution, and the adding doubling method. The MCA separates the scattering
matrix of the scatterer into two main components. It separates the peaked component from the
more diffused remaining component of the scattering matrix. Each of these two separate
components are further divided into multiple components that are generally easy to solve for
the VRT equations, significantly reducing the computational time without compromising the
accuracy of the RT general solution [34]. The outputs of the vector radiative transfer code are
the Stokes elements of underwater radiance (at a specific optical depth). The DoLP can then

be calculated as
é 2 2
DoLP = M (2)
|
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where | is the total radiation, Q and U are the linearly polarized components of the Stokes
vector representing linearly polarized radiance. The circularly polarized radiance, V, is
assumed to be negligible [35].

2.2. Bio-optical model

In this work, we simulated the atmosphere-ocean system assuming two simple, plane-parallel,
homogeneous layers. The first layer is dedicated to the atmosphere, assuming Rayleigh
(molecular) scattering only. For simplification, no aerosols are included in this analysis.
Rayleigh optical thickness values are taken from MODIS products (0.098 at 550 nm) and the
molecular optical properties are obtained from the standard data bank provided with RayXP,
with a molecular depolarization factor of 0.0279 [36]. No gas absorption is included in the
modeled atmospheric layer. The second layer is dedicated to the ocean, which is assumed
optically deep in order to minimize bottom boundary effects. A wind speed of 3 m/s, is
assumed for the wind-ruffled surface between the atmosphere and the ocean.

The optical properties of the oceanic layer were generated using the bio-optical model
detailed in Gilerson et al. [37] and references therein. We use a realistic and representative
four component bio-optical model of typical coastal waters. The constituents included water
itself, non-algal particulates (i.e. mineral), (NAP), chlorophyll-containing particles
(phytoplankton) and CDOM. We use the subscripts ‘w,” ‘nap,” ‘ph,” and ‘g,” respectively, to
identify these four components. We are limiting the maximal concentrations of NAP and
[ChI] to be 10 g/m® and 20 mg/m?, respectively and the maximal absorption of CDOM at 400
nm to 3 m™. Minimal concentrations of NAP and Chl are 0.5 g/m® and 1 mg/m?, respectively
and CDOM absorption is 0.3 m™* which corresponds to relatively clear water conditions.

Specific absorption coefficients of phytoplankton and NAP and specific scattering
coefficient for NAP particles were assumed to be constant at the reference wavelength in
order to minimize the effects of the variability of the assumed model and to focus on the
effects of varying particulate concentrations and related scattering matrices. In Fig. 1, the
flow diagram explains the bio-optical and the RT modeling. The input parameters are the real
part of the bulk refractive indices for phytoplankton particles and NAP (1.06 and 1.18
respectively). For simplification, it is also assumed that both types of particles are
homogeneous spheres. The scattering matrices are calculated with the Lorenz-Mie theory for
a Junge (or hyperbolic) particle size distribution (PSD) for a specific range of particles radii
using a code developed by Mishchenko et al. [38]. The structure of such matrices is as
follows:

F, F, 0 0
F(Hsca[ ) — FlZ F22 O 0
0 0 Fy F,
0 0 -F, F,

®)

The first element of the scattering matrix F, Fq, is the phase function, and the rest of the
components are the elements of the scattering matrix computed for spherical particles, whose
symmetry is responsible for the zeros [36,39]. Although that assumption may not be true for
the type of particles that occupy the water body in coastal waters, it is an approximation good
enough to simulate the DoLP in these water conditions [9]. The scattering matrix is a function
of the scattering angle (6s.t) Which is the angle between the incident light and the scattered
light. Although we assume fixed refractive indices for both types of particles, the calculated
bulk scattering matrix is a mix that depends on the scattering coefficients of phytoplankton
particles and NAPs (derived from the bio-optical model) as follows [36]:

bnap X Fnap +bph x th

bnap +bph

, (4)

FBqu =
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where Fgyy is the bulk scattering matrix resultant from the mixing of the NAP scattering
matrix (Fnqp) and the phytoplankton scattering matrix (Fy,). The variability in the calculations
of the bulk scattering matrix is directly dependent on the particulate concentrations in the bio-
optical model. The radii of both phytoplankton particles and NAP were assumed between 0.1
and 50 pm with the slope (&) of the Junge-type particle size distribution (PSD) equals to 3.5,
4.0, and 4.5 for each type of particles. These three different slopes cover the typical range of
different types of particles in the ocean [31]. By independently varying all the parameters, for
the two particle types, we were able to cover a large range of 10Ps typical of both open ocean
and of coastal waters.
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Fig. 1. Flow Diagram of the bio-optical and RT models for the generation of the data set.

In the block of the bio-optical model in Fig. 1, the specific absorption of the
phytoplankton a*,,, which is spectrally dependent, is obtained using the model of Ciotti et al.
[40] for the single size factor S; = 0.3. The spectral attenuation coefficient of the
phytoplankton c,n(4) is a function of the exponent Y,,, which is directly related to the slope of
the hyperbolic particle size distribution shown in the input block [31]. The scattering
coefficient by(4) is calculated as the difference between the attenuation and the absorption
coefficients. The absorption coefficient of the non-algal particles an,,(4) is modeled as an
exponential decaying function [16], where an,,(412) is the product of the NAP concentration
and specific NAP absorption a*,,, at 412 nm, which is fixed at 0.05 mzlg. Similarly, the NAP
scattering coefficient by, at the reference wavelength of 550 nm, is the product of NAP
concentration and specific scattering b*p,, at 550 nm, which is fixed at 0.6 m?/g. The spectral
NAP scattering coefficient b,.(4) is also modeled as a power law function with the power
directly related to the particle size distribution. CDOM absorption coefficient ag(4) is
calculated as an exponentially decaying function with a fixed slope S, of 0.014 according to
Babin et al. [15].

The bio-optical model for the simulation of the spectral IOPs described above uses three
main parameters as inputs: the concentration of chlorophyll, [Chl], the concentration of non-
algal particles, [NAP], and the CDOM absorption coefficient at 400 nm, a4(400). We use a
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logarithmic distribution [30] to describe the variability of particulate concentrations in water.
There are 15 different cases for both [ChI] and [NAP] and 5 cases for a4(400). Since the
number of cases for each type of particulate concentrations is limited to 15, the distribution of
the input does not have a great effect on the output results.
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Fig. 2. Histogram of hydrosol plus CDOM absorption coefficients ‘asy + ag’, hydrosol
scattering coefficients ‘bg’, total attenuation to absorption ratio ‘Citaf/@wota’, and total single
scattering albedo ‘wal’, at 440, 550, and 665 nm wavelengths.

To generate the RayXP data sets, the different [Chl], [NAP], a4(400), PSDs of each type
of particles were permutated into 10125 different cases. For each one of these cases, four
main parameters were needed for RayXP: the spectral attenuation, the single scattering
albedo, the bulk scattering matrix, and the CDOM absorption. Figure 2 shows the histograms
of the hydrosols absorption coefficient (as) plus CDOM absorption coefficient (ag) and
scattering coefficient (bg,) with the subscript ‘sol’ for particles (phytoplankton particles and
NAP), CDOM absorption with the subscript ‘g’; absorption and attenuation with subscript
‘total” for hydrosol plus CDOM plus water, and single scattering albedo (wi) at three
chosen wavelength (440, 550, and 665 nm).

In Fig. 2, we obtained simulations for a broad range of water conditions including highly
scattering waters, often found in coastal areas. The single scattering albedo, wy,, Which is the
ratio of NAP and phytoplankton plus water scattering coefficients to their attenuation
coefficients plus CDOM absorption coefficient, is a representative of optical properties in
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oceans. As can be seen from Fig. 3, a greater weight is placed on the scattering properties of
NAP in the calculation of the bulk scattering matrices from Eq. (4). The bulk (or mixed)
scattering matrix matches more closely the shape of the NAP scattering matrix since the
scattering coefficient of NAPs are much higher than the scattering coefficient of
phytoplankton particles. Figure 3 shows the phase function and the normalized polarization
components of the Mie scattering elements (F1q, F1o/F11, Faa/F11, and Fz4/ Fqy) for one case of
chlorophyll and NAP concentrations and slope of PSD, as an illustration. The polarization
elements (Fio/F11, Fsa/F11, and Fsy/ Fiy) of the scattering matrix of phytoplankton particles
follow the shape of pure Rayleigh scattering since the relative refractive index is very low, i.e.
1.06. The matrix is calculated for spherical shaped particles. On the other hand, the shape of
the polarized scattering matrix elements of NAPs looks different due to their high refractive
index except for the near forward and backward direction where it exhibits a weak
polarization effect according to the Mie-Lorenz theory.

10° ; : : I
Mixed

= NAP

e Phytoplankton

=t ol
. 10" A

0 50 100 150 0 50 100 150
Scattering Angle, 0\“1 [deg] Scattering Angle, ()WI [deg]
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Fig. 3. Phase function and normalized polarization elements of the scattering matrix from Mie
calculations for one case as an illustration for nnp = 1.18, Npy = 1.06, &up = 4.0, &n = 4.0,
[NAP] = 1.45 g m~ and [ChI] = 10.5 mg m™® at 440 nm.

3. Results and discussion
3.1. Parameterization of the relationship

In this section, simulated radiative transfer outputs of DoLP are investigated in order to find a
definitive relationship with the 10Ps, in terms of the attenuation to absorption ratio (c/a).
Such a relationship would give us the possibility of retrieving the attenuation coefficient, c, of
the water constituents from data obtained by under- or above-water polarization radiometer
measurements of the upwelling radiation, since the absorption coefficient, a, is routinely
estimated from the remote sensing reflectance using well-established algorithms [30,41].

The results presented below were obtained from simulations at three wavelengths (440,
550, and 665 nm) at depths just below the air-water interface. Regarding the sun angle and the
viewing geometry, we fix a single solar zenith angle (i.e. 30°) and vary the viewing angle to
cover the largest range of scattering angles in the backward direction. The range which
corresponds to the aperture of Snell’s window, whose border is shown by dashed lines in Fig.
4 is the one in which we are mostly interested because of the possibility of future above-water
remote sensing measurements of the DoLP. In Fig. 4, we show the angular plot of the DoLP
for three relative azimuth angles equal to 0°, 40°, and 90° at the three aforementioned
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wavelengths. The plot shows the dependence of the DoLP on the c/a ratio by the color
gradation from light to darker grey or black. Light grey corresponds to values of the DoLP
calculated for low c/a ratio, whereas dark grey represents high c/a ratios. In another sense,
this color gradation could also corresponds to the single scattering albedo, where higher c/a
ratio means less absorption, more scattering, and higher single scattering albedo in the
medium, therefore producing lower DoLP. Similarly for lower c/a ratio, it means less
scattering and lower single scattering albedo producing higher DoLP.
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Fig. 4. DoLP just below water surface vs. viewing angle between —70° and 80° (0° for
vertically downward), sun zenith 30° and relative azimuth plane 0°, 40°, and 90° at three
wavelengths (440, 550, and 665 nm). The grey color gradation corresponds to varying values
of c/a. Lighter grey is for lower c/a ratio, while darker is for higher c/a ratio. The dashed
vertical lines correspond to the angles of the borders of Snell’s window.

We can also notice that the color gradation is not linear, especially in the 440 and 550 nm
due to the logarithmic distribution assumed for constituents’ concentrations ([Chl] and
[NAP]) and therefore absorption and scattering coefficients. On the other hand, the DoLP at
665 nm shows a less noticeable variability of color gradation since the optically dominant
component is water absorption which is assumed to be constant [42].

The scattered plots in Fig. 5, 6, and 7 represent the variability of the DoLP just below the
surface, DoLP?, at different viewing and azimuth angles (0° for nadir viewing angle and 180°
for zenith; by convention the azimuth angle is equal to 0° when the Sun and the sensor are in
opposition) versus c/a ratio at 440, 550, and 665 nm. Each of the three different colors
corresponds to a different slope of the PSD. We focus only on the slope of the NAP particles
because of their dominant weight on the calculation of the bulk phase matrix and on the DoLP
accordingly simulated.
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Fig. 5. The relation between DoLP and c/a at three wavelengths at different viewing angles
and for sun relative azimuth of 0° for three slopes of the NAP PSD, i.e. 3.5, 4.0, and 4.5. Sun
zenith angle is fixed at 30°.

It can be noticed that the relationship between DoLP and c/a ratio dramatically degrades
in the viewing geometry (i.e. Gyiew = —40°) that corresponds to a large (i.e. close to 180°)
scattering angle where the DoLP is least sensitive due to the nature of scattering of light
according to Mie theory. These angles are between —40° to 0°, where the negative sign shows
that the observer is in the anti-solar plane where the sun is behind the sensor for the assumed
sun zenith of 30°. Between the viewing angles 0° and 20°, the relationship exhibits a shape
similar to the shape corresponding to other viewing angles, for example, 40°, but with smaller
variability since these angles are far from the maximal DoLP. The maximum of DoLP
typically falls between 90° and 110° scattering angle [11], depending on the type of
constituents present in the water body, which corresponds to nearly 70° viewing angle for our
sun geometry; however, these viewing angles are outside Snell’s window. High sensitivity of
the DoLP versus the c/a ratio is obvious in Fig. 5, 6, and 7. The sensitivity of the DoLP to the
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slope of the PSD of NAPs is slightly higher at the wavelength of 665 nm when compared to
440 and 550 nm.
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Fig. 6. The relation between DoLP and c/a at three wavelengths at different viewing angles
and for sun relative azimuth of 40° for three slopes of the NAP PSD, i.e. 3.5, 4.0, and 4.5. Sun
zenith angle is fixed at 30°.

The Fig. 5, 6, and 7 show a strong relationship between the DoLP and c/a ratio with high
variability in the broad range of both parameters for specific viewing angles (20°-50°) in the
sun’s main plane, and at 40° and 90° away from it (this range of viewing angles in water
corresponds to 27°-82° viewing angles in the air). As a result, it is possible to easily fit the
relationship, which allows us to retrieve the attenuation coefficient given the DoLP
measurements and the absorption coefficient (which can be retrieved with good accuracy
using inversion algorithms [30]) plus a prior knowledge of the slope (&) of the PSD of NAPs.
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Fig. 7. The relation between DoLP and c/a at three wavelengths at different viewing angles
and for sun relative azimuth of 90° for three slopes of the NAP PSD, i.e. 3.5, 4.0, and 4.5. Sun
zenith angle is fixed at 30°.

The parameterized relationship was estimated using a power law fitting for the three PSD
slopes of NAPs as follows:

c
{(_J } :{Z(DOLP)7}§ s ©
a fit fnap=3-5,4.0,4,5 nap =3-2,4.0,4.

where a and c are the absorption and attenuation coefficients, respectively; y and y are the
fitting coefficients. The power law fitting is believed to be a good method because of its
simplicity in representing the bio-optical properties of the water (c/a) using only two
parameters; this also agrees with the results shown by Timofeyeva [26]. Although we used a
fourth order polynomial for the fitting in our previous work [28,32], the power law fitting
showed residuals similar to the polynomial fittings.
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In Fig. 8, the relationship between the IOPs (c/a ratio) and the DoLP is parameterized as a
power law as in Eq. (5) with a good coefficient of determination R? (squared correlation)
opening the possibility for an accurate retrieval technique of the attenuation coefficient.
While deriving a final semi-analytical or analytical relationship between DoLP and c/a are
not the main goals of this paper, nevertheless it is important to show that a relationship exists
between the polarization signature of the ocean and its bio-optical, microphysical, and geo-
chemical properties. An interesting result shown in Fig. 8 is that the fits for both &, of 4.0
and 4.5 are similar for the all three wavelengths. In coastal waters, the slope &, of PSD of
NAP largely falls in the range 4.0-4.5, where these particles are small in size [14,31]. Since
the relationship weakly depends on the PSD of chlorophyllic particles, a rough estimate of
&nap 10 be in its typical range may not induce large errors in, for example, retrieval analysis.
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Fig. 8. Fitted relationship between DoLP at Oy, = 40° and ¢yiew = 90° and c/a ratio at three
wavelengths for three different NAP slopes of the particle size distribution (PSD).

The quality of the fitting of Eq. (5) can be estimated by calculating the root mean squared
error (RMSE) or the coefficient R? between the parameterized/fitted values and the resultant
values of the radiative transfer simulations. A high correlation or a low RMSE value indicates
a good quality of the fitting and vice-versa. The coefficient of determination is calculated as

follows:
10125 | (o ~ P
5o ]
R2 _SSR = [\a TN

(61N

where SSR is the sum of squared differences between the regression predictions or fit
((c/a(DoLPj)sy) and the sample mean of (c/a) with the over bar in Eq. (6), where ‘i’ iterates
from 1 to 10125 different cases of IOPs in the RT simulations. The SST term stands for sum
of squares total which means the sum of squared deviations of the (c/a) values around their
mean.

In order to have a synoptic view of the fitting quality, the R* values are plotted in Fig. 9
for all the viewing geometries available for a given solar angle (i.e. 65, = 30°). In this
manner, we can estimate the range of geometries that permits one to obtain the best accuracy
for the retrieval of the attenuation (and the scattering, b = c-a) coefficient based on
measurements of the DoLP. Similar results were found from RMSE distributions.

o
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R? (1=440) R? (3=550) R? (2=665)

Fig. 9. Synoptic view of the coefficient of determination R? at just below the air-water interface
for sun relative azimuth from 0° to 360° (0° azimuth is for sun and sensor are in opposition)
and viewing angle of upwelling polarized light from 0° to 80° (0° viewing angle is for sensor
looking vertically downward). Dashed lines correspond to the borders of Snell’s window.

In Fig. 9, the coefficient of determination (R?) for most of the viewing geometries below
the water surface is higher than 0.9. That indicates a good and consistent relationship between
the simulated data set and the fitting obtained using the power law function in Eq. (5). It is
also noticeable that R? degrades in the backscattering direction where the DoLP is
theoretically minimal (DoLP ~ = 0). That region is in the anti-solar plane (180° relative
azimuth, between 150° and 210°) and between viewing angles ranging from 0° to just slightly
higher than 40° for &, of 3.5 and 4.0 at 440 nm and between 0° to 20° for &, 0f 3.5, 4.0 and
4.5 at 550 and 665 nm. Less steep slopes of NAP PSD are not typical in the ocean; they
correspond to higher density of large NAP, which can have a highly depolarizing effect on the
upwelling radiance. As a result, degradation in the relationship between DoLP and c/a is
probably due to the decrease in the sensitivity of the DoLP. It can be seen from Fig. 9 that
waters with larger-sized NAP (&, Of 3.5) exhibit lower R? compared to other slopes of NAP
PSD.

The high (squared) correlation in Fig. 9 is very promising when considering future air- or
space-borne measurements of the polarized water-leaving radiance, since it does not limit the
range of viewing angles at which this type of sensors operate. For example, the good
correlation that exists at the meridian plane away (90° away, for instance) from the sun’s
main plane (and therefore away from sun glint contaminations), makes the measurements of
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polarized water-leaving radiance easier and more accurate and opens the possibility of a
direct estimation of the attenuation coefficient, otherwise physically impossible, using above
water sensors. It is obvious from Fig. 9 that the best R? values can be achieved at 665 nm for a
broad range of azimuth and viewing angles. This is most likely due to the moderate
absorption (usually dominated by the water absorption) which reduces the number of the
scattering events and increases DoLP in comparison with 550 nm case. Details of these
effects should be further studied.

X (A=440) X (A=550) x (A=665)

¥y (A=665)

90 80

Fig. 10. Synoptic view of the fitting coefficients y and y at three wavelengths and &, = 4.0 at
just below the air-water interface for sun relative azimuth from 0° to 360° (0° azimuth is for
sun and sensor are in opposition) and viewing angle of upwelling polarized light from 0° to
80° (0° viewing angle is for sensor looking vertically downward).

Figure 10 gives a synoptic view of the fitting coefficients for the power law function in
Eqg. (5). It is noticeable that the fitting coefficients depend on the wavelength as well as the
viewing geometry for this scenario where the sun position is fixed. These fitting coefficients
should explain the variability between DoLP and c/a ratio.

3.2. Assessment of the relationship for above water detection

A feasible remote sensing algorithm requires a comprehensive analysis of the relationship
between the bio-optical variables and the optical characteristics of light above the water
surface. It was shown in the previous section that a strong relationship exists between DoLP
and c/a for various viewing geometry at just below the air-water interface. In this Section the
relationship is analyzed for conditions above the interface and is carried out by transmitting
the Stokes components using the transmission matrix given in Kattawar et al. [43] for a flat
sea-surface. Only the underwater upwelling light within Snell’s window would be transmitted
to above water, since the light outside the 96° cone suffers a total internal reflection due to the
interface. Since the sun zenith angle in our simulations is assumed to be 30°, the maximal
DoLP typically falls at scattering/viewing angles outside Snell’s window. As a result, the
maximal range of DoLP is undetectable from above water measurements. A further analysis
has been done in order to propose a set of viewing geometries optimal for above-water
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detection. In Fig. 11, a synoptic view of the coefficient of determination R? is calculated to
assess the relationship between the DoLP and the c/a ratio for three PSDs, three wavelengths
and all geometries at just above the water surface.

R? (\=440) R? (A=550) R? (A=665)

90 g0

Cnap—3-3
Eoap =40
Cnap = %D

i
0.9 0.92 0.94 0.96 0.98 1

Fig. 11. Synoptic view of the coefficient of determination R® at just above the air-water
interface for sun relative azimuth from 0° to 360° (0° azimuth is for sun and sensor are in
opposition) and viewing angle of upwelling polarized light from 0° to 80° (0° viewing angle is
for sensor looking vertically downward).

In Fig. 11, as expected, the R® values significantly deteriorate in the backscattering
direction. The low correlation region which was clearly noticeable below water expands to a
larger range of angles above the water due to light refraction. The transmission of the DoLP
to above-water results in a lower correlation than below-water, generally degrading the
variability of the DoLP versus c/a relationship. On the other hand, Fig. 11 shows a large
range of viewing geometries with R? values higher than 0.9 in the main solar plane and away
from it. For above water observations it is important to acquire measurements that are not
contaminated by the sun glint which is maximal in the main plane. Sun glint reflection can be
avoided by performing measurements at azimuth angles between 90° and 135° [44] with
respect to the sun. Unfortunately, the DoLP of water-leaving radiance is typically highest in
the sun’s main plane and at large viewing angles near the borders of Snell’s window. As a
result, high values of DoLP tend to occur at higher viewing angles near the horizon. These
limitations of the DoLP and R? values intersect, suggesting ideal viewing zenith angles
between 40° and 60°, and a relative viewing azimuth angle of 90° as a preliminary estimation.
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It can be seen that the limitations are much smaller for the 665 nm wavelengths where high R?
values are observed for a broad range of viewing conditions as in the case for the below air-
water interface conditions.

Further analysis needs to be performed also to take into account varying sun positions.
The sun zenith is a major factor that can change both the magnitude of DoLP and R? values
versus the geometry. For example, when the sun is near the horizon (large zenith), the
maximal values of DoLP shift towards the inside of Snell’s window and can be detected
above water. Small sun zenith angle or overhead sun leads to highly depolarized upwelling
radiance for most of the viewing geometries and therefore undetectable polarization signal. In
Fig. 12 we show the DoLP of water-leaving radiance (DoLP%") versus the sun zenith angle
from 0° to 70° for four cases of water conditions ranging from clear oceanic waters to turbid
coastal waters, while we fixed & for both types of particles to 4.0, and for fixed CDOM
absorption coefficient a5 at 400 nm to 0.6, with 60° viewing and 90° azimuth angles to ensure
a detectable polarized signal above-water.

A=440nm; 60 . =60° ¢ . =90° A=550nm; 6. =60° ¢  =90° A=665nm; 6. =60° ¢  =90°
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Fig. 12. DoLP versus the sun zenith angle sy, = 0°-70° for Qiew = 60°, pyiew = 90° at 440, 550,
and 665 nm.

The DoLP in Fig. 12 is seen to be sensitive to three variables; primarily sun angle, water
condition, and wavelength at which the signal was simulated. As expected, the DoLP
increases with higher sun zenith angle. So the preferable sun angle should be around 50° at
which point the reflectance signal will also remain high.

The dependence of the DoLP on the water conditions is noticeable. The signals from the
water with high [Chl] and low [NAP] (blue curve) and low [NAP], low [ChI] (black curve)
are highly polarized for all wavelengths, whereas higher turbidity (i.e. high [NAP]) leads to
smaller detectable polarized signal above the water (red and green curve). The DoLP for low
[NAP] cases (black and blue curves) show a significant increase from 440 to 665 nm, while
more turbid cases (green and red curves) show just a small increase in DoLP for all sun
angles. In all cases, concentrations of chlorophyllic particles do not have a significant effect
on the DoLP. At green wavelengths, the total absorption coefficient is smaller than at blue
and red wavelengths. This leads to the decrease of DoLP for high [NAP] cases (green and red
curves). In conclusion, it is obvious that the DoLP is highly sensitive to the variability of
water conditions for different wavelengths above the water and at optimal geometries. The
sun position has a major impact on the magnitude of observed DoLP, whereas it does not
have a profound effect on DoLP trends as a function of viewing angle for different water
conditions, thus reducing ambiguity. Despite all the previously mentioned challenges, it is
still possible and reasonable to move in the direction of retrieving bio-optical properties using
above-water polarization measurements.

For future studies, in order to use the fitting coefficients of the power law function (in the
form of look-up tables, for example) to estimate the attenuation coefficient, it is important to
account for broader variability of bio-optical parameters, including the specific absorption
and scattering coefficients of particulates, a*p, a*mp and b*., the size factor of
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phytoplankton specific absorption S;, and the slopes of the absorption and the scattering
coefficients of the three main constituents of the ocean waters Spap, Sy, Yo, and Y, . More
importantly, in order to have a robust algorithm for retrievals, the DoLP versus c/a
relationship should be comprehensively tested above the water surface and for specific
viewing geometries, using either satellite, air-borne, or sensors on fixed observational
platform and for varying sun position. This approach can be readily applied to under- or
above-water measurements, such as those collected by the Long Island Sound Coastal
Observatory (LISCO), in operation since October 2009 [45-48], where the HyperSAS
hyperpspectral instrument, equipped with two additional polarization sensitive water-leaving
radiometers, is installed. Further simulations for above-water conditions will open the doors
for more variables that affect the relationship mentioned in this study, including parameters of
aerosols, wind speed and its effect on the ocean’s surface, which all can significantly change
the polarimetric signal at the TOA.

4. Conclusions

While attenuation and scattering coefficients are not retrievable from the scalar reflectance
measurements, a relationship between the degree of linear polarization (DoLP) and the
attenuation to absorption coefficients ratio (c/a) has been investigated using vector radiative
transfer simulations for a large range of viewing geometries, wavelengths, and bio-optical and
microphysical parameters typical of ocean and coastal waters for conditions just below the
air-water interface. We showed that it is possible to fit, using a power law function, the
relationship between the DoLP and the c/a ratio with a satisfactory coefficient of
determination R? and with a relatively weak dependency on the particle size distribution.
These results open a possibility for the retrieval of the attenuation and, further, the scattering
coefficients of the water medium from the DoLP measurements assuming given absorption
coefficient, which is routinely retrieved from remote sensing reflectance data. The
relationship was also tested for above the air-water interface and showed high R? values for a
broad range of viewing angles. Dependence of the relationship on the sun zenith angle was
analyzed as well. The best viewing geometries for below water polarization measurements
call for a viewing angle between 20° and 40° from the nadir direction, which is within the
borders of Snell’s window, and a relative azimuth of 90° with respect to the sun and for above
the water viewing angles from 40° to 60° with relative azimuth of 90°. Established
relationships can be tested in the future for many of the illumination and viewing conditions
considered here, together with varying water properties at the LISCO site. Applications to
above water polarization measurements, such as those provided by the LISCO
instrumentation set are one of the main potential follow-ons of this work and of future
validation studies.
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