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Abstract: Retrieval of biogeochemical parameters from remotely sensed
data in optically complex waters such as those found in coastal zones is a
challenging task due to the effects of various water constituents (biogenic,
nonalgal and inorganic particles, dissolved matter) on the radiation exiting
the ocean. Since scattering by molecules, aerosols, hydrosols and reflection
at the sea surface introduce and modify the polarization state of light, the
polarized upward radiation contains embedded information about the
intrinsic nature of aerosols and suspended matter in the ocean. In this study,
shipborne above water angularly resolved visible/near infrared multiband
measurements of the degree of polarization are analysed against their
corresponding in-situ biogeochemically characterized water samples for the
firgt time. Water samples and radiometric data were collected in the English
Channel along an inshore-offshore transect. Angular variationsin the degree
of polarization P are found to be consistent with theory. Maximum values of
P are observed near the Brewster viewing angle in the specular direction.
Variations in the degree of polarization at the Brewster angle (Pg) with
water content revealed that the suspended particulate matter, which is
mainly composed of inorganic particles during the experiment, contributes
to depolarise the skylight reflection, thus reducing Ps. An empirical
polarization-based approach is proposed to determine biogeochemical
properties of the particles. The concentration of inorganic particles can be
estimated using Pg to within +13% based on the dataset used. Larger sets of
polarized measurements are recommended to corroborate the tendency
observed in this study.
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1. Introduction

Over the past two decades, ocean color data have primarily been used to infer chlorophyll
concentration and phytoplankton biomass in open ocean waters. Empirical approaches, in
which in situ oceanographic measurements are used to relate spectral band ratios of above
surface remote sensing reflectance (Rrs) to chlorophyll a concentration (Chla), are generally
employed for this environment [1, 2]. In recent years, there have been increasing numbers of
optical studies performed in coastal waters. Thisis largely because a significant proportion of
global marine primary production occurs on continental shelves and the coastal ocean is most
utilized and impacted by humans. In coastal environments the derivation of marine
biogeochemical properties from the upwelling light field can be highly inaccurate due to
contributions from inorganic and/or coloured dissolved organic material. Semi-anaytical
algorithms, which are based on radiative transfer simulations, are used to approximate the
relationship between the inherent optical properties (IOPs. absorption, scattering and
backscattering coefficients) and the remote sensing reflectance. Note that model inputs often
consist of the reflectance measured above the sea surface level (hereafter referred to as 0%)
because (i) the inversion algorithms are essentially devoted to ocean color satellite imagery
and (ii) underwater radiometric measurements can be difficult in turbid coastal waters due to
high attenuation levels. The inverse problem of ocean color in coastal zones is often examined
as a two step process: derivation of IOPs from reflectance, and then biogeochemical
parameters such as Chla or suspended particulate matter (SPM) concentration from the 10Ps.
Numerous retrieval algorithms based on the semi-analytical approach have been developed [3-
11]. For example, Rrs can be inverted via various optimisation techniques [7,8] such as the
Levenberg-Marquart approach [11] and nonlinear least sguare schemes [5] or via a
modification of the inverse problem to a simplified expression for linear inversion such asthe
simplex method [12] or the matrix inversion based on the least-squares approach [4].

Beyond retrieval errors due to the particular algorithm employed, current inversion
techniques have two other limitations. First, estimation of remote sensing reflectance from
above surface measurements such as the downwelling irradiance Ey and water leaving
radiance L,, can be significantly affected by errors associated with remova of surface-
reflected sky radiance [13,14]. In particular, the sea surface Fresnel reflectance factor (which
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is used to remove the reflected sky radiance) is strongly dependent on the windspeed and solar
zenith angle. Second, most of the current agorithms developed for coastal waters focus on the
retrieval of 1OPs rather than biogeochemical parameters. The principal reason for that is the
lack of reliable bio-optical models that relate the |OPs to the suspended particulate material in
those areas. Therefore, assessment of particulate fluxes in the coastal ocean and investigations
into the transport and fate of sediments and pollutants on continental shelves, which are of
great interest for coastal zone management and other policy decisions, still remain difficult to
perform.

Previous studies have investigated the use of the polarization state of light to overcome
some of the limitations mentioned above [15-17]. Based on the theoretical finding that the
specular reflection of the sky radiance at the air-sea interface is totally perpendicularly
polarized at the Brewster viewing angle s (6 = 53.2° for the air-sea interface), Fougnie et al.
[15] proposed to significantly reduce the contribution to reflectance from skylight reflection
by measuring the parallel component of the upwelling signal. The underlying assumption is
that the radiance scattered by the ocean does not significantly alter the polarization state of
light at 0". Note that Fougnie et al. [15] focused their study on open ocean waters only. Other
investigators [18,19] suggested that polarization measurements could be used to separate the
fraction of inorganic particles from biogenic cells. Recently, Chami [17] showed based on
theoretical modelling that an empirical-based inversion approach relying on the underwater
polarized reflectance could retrieve the concentration of inorganic particles regardless of the
phytoplankton content in coastal waters. On this basis, measurement of the polarization state
of oceanic radiation might alow direct estimation of suspended inorganic matter
concentration from remotely sensed data in coastal areas.

Despite the importance of polarization for marine applications, relatively few in-situ
observations of the oceanic polarization state of light have been carried out [20-30] owing to a
lack of instrumentation and to the practical difficulties in achieving reliable measurements. It
is the purpose of this paper to exploit unique shipborne above water angularly resolved
measurements of the degree of polarization obtained in a coastal environment to derive
biogeochemical properties of the water mass. Another goal of this paper isto validate some of
the theoretical findings about the influence of marine particles on the polarized signal. Note
that it is the first time, to our knowledge, that in-situ angularly resolved polarized radiometric
measurements at 0" have been collected at various viewing angles and analyzed. The paper is
organized as follows. First, the field experiment will be described. Then measurements of the
degree of polarization will be presented and discussed together with in-situ biogeochemical
data. In particular, we will focus on variations in the degree of polarization measured at the
Brewster angle with respect to suspended particulate material concentrations. The results will
be interpreted using radiative transfer modelling.

2. Data and methods

Data were collected during a field experiment in the English Channel in summer 1994. The
study area and the conditions of the cruise experiment were described in detail in Chami and
Santer [31]. Radiometric and biological measurements were collected onboard the research
vessel Sepia Il (Centre National de la Recherche Scientifique, France) along an inshore-
offshore transect located in the Strait of Dover (see Fig. 3 in [31]). The data reported in this
paper were recorded at nine stations on June 14 1994 in the morning (between 9 am and 2 p.m
UTC). The coordinates of each station are given in table 1. Note that stations 1 and 9 were
located near the coast and the middle of the Strait respectively. The distance between
sampling stations was about 0.6 nautical miles up to station 7 and about 1.2 nautical miles
from station 7 to station 9. The maximum depth of the Strait of Dover is about 50 m.
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Table 1 : Coordinates of the sampling stations

Station Latitude Longitude
1 50°47.70N 1°33.90E
2 50°47.85N 1°32.80E
3 50°47.85N 1°31.80E
4 50°48.05N 1°31.00E
5 50°48.10N 1°29.75E
6 50°48.30N 1°29.00E
7 50°48.50N 1°27.10E
8 50°48.90N 1°24.30E
9 50°49.30N 1°22.50E

2.1 Biogeochemical measurements

Water samples (18 in total) were taken at two depths (surface and bottom) using a5 L Niskin
bottle. For analysis of phytoplankton pigments and particulate concentrations, suspended
particles were filtered from water samples onto Whatman glass-fiber filters (GF/F). The filters
were then stored in liquid nitrogen before analysis in the laboratory. The spectrophotometric
method was used to estimate Chla. In this method the optical density (absorbance) of pigment
extracted in ethanol was measured at 665 nm. After correction for background signal in the
near infra red (750 nm), the absorbance was converted to Chla using the relationships
established by Unesco [32]. The concentration of total (SPM), inorganic (IPM) and organic
(OPM) particulate matter was also measured. To estimate the total suspended matter
concentration, the GF/F filters were weighed before and after filtration of water samples. The
inorganic particulate matter was derived by burning the total suspended matter and weighing
the residue. The organic particulate matter concentration was obtained by difference between
M and IPM. In-situ vertical profiles of physical properties of seawater including
temperature and salinity were measured using SeaBird temperature, conductivity and pressure
SENsors.

2.2 Measurements of the degree of polarization

Polarized light can be described by the four Stokes parameters (see[33] for details). Since the
ellipticity of the radiance generated by natura processes has been shown to be negligible [34],
three parameters are sufficient to describe the polarization state of reflected light : (i) the total
reflectance which is the sum of unpolarized and polarized light, (ii) the polarized portion of
the total reflectance (i.e., polarized reflectance) and (iii) the angle of the linear polarization
relative to the vertical reference plane (containing the viewer). The degree of polarization P is
defined as the ratio of the polarized reflectance to the total reflectance. The degree of
polarization of scattered light can be expressed as[Eq. (1)]:

_|J__|II
F)_|L+|.| @)

where || represents the flux of scattered light polarized perpendicular to the reference

plane and |, represents the flux of scattered light polarized parallel to the reference plane.

An instrument, called REFPOL, was developed at the Laboratoire d Optique
Atmosphérique, (University of Lille, France) for measuring the bidirectiona polarization
distribution function of the atmosphere and surfaces in the field. It was equipped with 4
optical barrels, each carrying a different spectral filter. During the English Channel cruise, the
4 channels were centered at 450 nm, 650 nm, 850 nm and 1650 nm with passbands of 100 nm
for the 1650 nm band, and 40 nm for the others. Polarizers rotate in front of the 4 detectors (3
silicon photodiodes and one germanium for the longest wavelength band) and allow three
successive measurements with three polarizers turned by steps of 45°, thus providing the
degree of polarization. Calibration of the REFPOL instrument was performed before and after
the field campaign in the laboratory using an integrating sphere. The radiometric uncertainty
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was of the order of +5%. Note that one of the major advantages of the degree of polarization
isthat it is less sensitive to calibration errors than is the absolute radiance.

The radiometer was mounted on a scanning system operating twice (one way and back)
through a 2 &t cycle scanning in a vertical plane. A step by step electric engine alowed an
inclination up to 70° either side of nadir viewing. Measurements were made every 2.5°. An
inclinometer automatically provided the zenith viewing angle of the radiometer and this
information was stored with the measurements. The total angular sampling time from —70° to
+70° was 120 seconds. REFPOL was mounted at the extremity of the front deck of the ship (~
10 m height) in such a way that the observation plane was nearly perpendicular to the ship
axis. The field of view was 16° (total) which yielded a footprint size of 2.8 m. By rotating
from —70° to +70° relative to the nadir direction, the radiometer sampled the angular signature
of the degree of polarization of the water surface in a vertical plane defined by its azimuth
angle relative to the sun. The azimuth angle could be changed easily by hand. However, the
measurements were collected exclusively in the principal plane, which is defined by the sun
zenith and observation direction. Thus, the principal plane corresponded to the reference
plane. In this paper, a positive value of the viewing zenith angle &, specifies view rays from
the sensor that reflect toward the sun (termed “ specular direction”), while negative values of
6, mark view rays that reflect away from the sun (termed “anti-specular direction”) (Fig. 1).
Note that, when looking upwards, the instrument measured the skylight polarization which is
a separate portion of the entire measurement sequence. Here, since our goal is to examine the
influence of the subsurface suspended particles on the degree of polarization, we focus on
analysis of REFPOL data when the instrument was looking at the sea surface at the three
spectral bands that are of interest for ocean color studies, namely 450 nm, 650 nm and 850
nm. The windspeed was about 2 m s* resulting in a cam flat sea with negligible wave
structure effects.

A

Anti-specular direction Specular direction

& g,<0 | 6,50

Sun §
65 ev

Ocean Principal plane

Sensor

Fig. 1. Geometry of observation of the REFPOL instrument in the principal plane.

3. Results and discussion

The environmental conditions observed during the field experiment were previously described
in [31]. The solar zenith angle &; varied from 28° to 39° aong the transect (table 2). Since the
measurements started from the coast, the solar zenith angle was greater at the first station and
decreased as the ship moved offshore. The atmosphere was relatively turbid. The aerosol
optical depth at 550 nm, which was measured using a Cimel radiometer, ranged from 0.4 to
0.9 over the course of the day, which is equivalent to horizontal visibility in the range 8 km —
15 km. The atmospheric turbidity was relatively stable during the morning of the transect
(table 2) and continuously increased in the afternoon together with the relative humidity. Both
parameters (i.e., aerosol optical depth and humidity) showed the highest values around 4 pm
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(UTC). Rigorous analysis of REFPOL skylight polarization measurements revealed that the
Shettle and Fenn model T90 [35] correctly matched the aerosol optical properties on June 14
1994 [31]. Furthermore, the spectral variation of the aerosol optical depth was stable in the
morning (the Angstrom exponent was about 1.6, see Fig. 5 in [31]), suggesting that the optical
properties of the aerosols changed slightly during the period of data collection.

Table 2. Time (in UTC), solar zenith angle 6, (in degrees) and aerosol optical depth T, measured at 550 nm during the

transect on June 14 1994.
Station 1 2 3 4 5 6 7 8 9
Time 9.3am |9.7am | 10.0am |10.5am |10.8am |11.3am |1l.4am |124pm |1.1pm
0 38.9 37.7 34.9 32.0 30.7 285 27.8 28.1 31.0
14(550 0.38 0.38 0.36 0.37 0.40 0.44 0.45 0.49 0.50
nmy

3.1 Chlorophyll a and suspended particul ate matter concentrations

Figure 2 shows surface horizontal gradients of Chla and suspended particulate matter
concentrations (i.e. SPM, IPM, OPM) along the transect. The general trend is a decrease in
particle loading from the coast heading offshore. The chlorophyll a concentration varies from
1.6 to 8.5 mg m™>. The highest value is observed at station 2. The slope of the decrease in Chla
is steepest in the first part of the transect between stations 2 and 5 where Chla drops by a
factor of 2. The horizontal variations of the other particulate parameters have similar features
to those observed for Chla. High concentrations of suspended material near the coast are
consistent with increases in terrigenous inputs due to the strong influence of continental
effects such as river runoffs. The strong gradient observed between stations 2 and 5 indicates
that coastal waters are clearly dissociated from the open ocean. Previous studies carried out in
the same area [36-38] demonstrated the occurrence of a quasi permanent frontal zone that
separates the coastal and open ocean water types, the effect of which is to prevent the
migration of particles away from the coast. Brylinsky et al. [38] highlighted that the front
induces a meridional flow of the coastal current along the continent. The physical properties
of the water mass (i.e., density, salinity and temperature) measured by the CTD (Conductivity
Temperature Depth sensors) are consistent with the occurrence of the front during the
experiment. The temperature and salinity are respectively higher and lower near the coast. The
density gradient is strongest at station 5, suggesting that the frontal zone is located near this
station. CTD measurements also reveal homogenous vertical profiles of the density for each
station, meaning that the water masses are well mixed. Vertical profiles of particulate
concentrations are fairly homogenously distributed in the water column due to resuspension of
particles from the bottom to the surface layer.
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o—o6—oChla(mgm®) |
E—e&—a SPM (mg 1)
a—a—2a0PM (mg )
v—s—% IPM (mg )

SPM (mg I} or Chla (mg m*)
T

Station

Fig. 2. Variations in the suspended matter (organic, inorganic and total suspended matter) and
Chla concentrations along the transect.

Figure 2 also shows that the concentration of inorganic particles is much greater than that
of organic particulate matter, except for the two furthest offshore stations (stations 8 and 9).
The contribution to the total particulate matter from inorganic particles is often significant
along the transect, exceeding 50% in coastal stations (Fig. 3). Note that the inorganic particles
dominate by more than 70% the samples collected upstream from the frontal zone. Therefore,
despite a significant concentration of phytoplankton and biological activity, minerals till
remain the main contributor to the particulate material for most of the stations of the transect.
On the other hand, the organic particles contribute about 60%-80% of the total suspended
matter for the offshore stations located beyond the front (station 8 and 9) which are the
clearest as well. Note that the organic particulate matter concentration is almost constant
along the transect. Thus, OPM cannot be a significant source of variability in optical signals
for these stations.

0.80— -

0.60 — -

IPM/SPM

Station
Fig. 3. Variations of the portion of inorganic particles (i.e., IPM/SPM) along the transect.
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3.2 Above surface measurements of the degree of polarization

The angular distribution of the degree of polarization measured a 650 nm above the sea
surface is first examined for various stations along the transect (Fig. 4). Angular variationsin
the degree of polarization show similar features for each station. P is highly peaked in the
specular (i.e., 8, >0) and anti-specular directions (i.e., & <0°) around &~=55° and P shows a
minimum value around the nadir viewing angle. Note that the peak produced in the anti-
specular direction is slightly less pronounced than that observed in the specular direction.
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Fig. 4. Angular variations in the degree of polarization measured at 650 nm at 0" for various
stations along the transect : station 3, 5 and 9. Note that the half-plane where 8, >0 is the
specular direction and the half-plane where 8,<0 is the anti-specular direction.

For both the specular and anti-specular directions, maximum values of P are observed
close to the Brewster angle &s, which is 65=53.2° when dealing with a flat sea surface. On the
basis of the Fresnel’s law, the Brewster angle is an interesting singular point for the
polarization field as the reflected skylight radiation is theoretically totally perpendicularly
polarized in this geometry, the parallel component (i.e., 1)) becoming identically zero. Thus,
the degree of polarization is maximised and theoretically reaches 100% at the Brewster angle.
However, it is often less than 100% in natural waters, as observed in Fig. 4. Different
processes potentially contribute to the value of P(&) (hereafter referred to as Pg). First,
agitation of the ocean surface caused by wind contributes to a natural depolarization. Here,
because of the weak windspeed, a slight depolarization (a few percent) is expected. Second,
the net degree of polarization emanating from the ocean surface is complicated by the
emergence of light from below the air-water interface due to scattering of incident radiation
by particles in the water. In particular, Pg decreases as the turbidity increases near the coast,
suggesting that the degree of polarization measured at the Brewster angle might provide
information on water content. The influences of marine particles on Pg will be discussed |ater.

To compare our measurements with theory, radiative transfer computations of the above
water degree of polarization are carried out. The simulations are made using the OSOA model
[19]. The OSOA radiative transfer model is appropriate here since it accounts for the
polarization state of light in the coupled ocean-atmosphere system, which is not the case for
most of the commonly used radiative transfer codes such as Hydrolight [39], CDISORT [40]
or Monte Carlo [41]. The simulations are performed for the offshore station case (station 9)
which shows the highest peaks of P. The input parameters of the model are based on
atmospheric and oceanic observations. The Shettle and Fenn aerosol model T90, which was
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derived from REFPOL skylight measurements [31], and the measured aerosol optical depth
(table 2) are used to simulate the incoming solar light. The solar zenith angle is =31°. The
Chla and total suspended particle concentrations are 1.6 mg m® and 0.4 mg I respectively.
The absorption and scattering coefficients of phytoplankton are derived from Chla using the
bio-optical models of Bricaud et a. [42] and Loisel and Morel [43]. Phytoplankton and
inorganic particles phase functions are modelled using Mie theory. The refractive indices of
phytoplankton and inorganic matter relative to water are set to 1.05 and 1.18 respectively. The
size distribution of particles is assumed to follow the Junge hyperbolic function, which is
often used for natural waters [44-46], with a Junge exponent value of —4. The minimum and
maximum radii of the size distribution are 0.1 um and 50 um respectively. Homogenous
vertical profiles of hydrosols are considered since the waters were well mixed. Figure 5 shows
the comparison between measurements and model outputs. The model nicely reproduces the
observed angular variationsin P. It is noteworthy that the measurements are highly consistent
with theory in the anti-specular direction. Note that the simulated results are weakly sensitive
to variations in the refractive indices or the Junge exponent due to the low concentration of
suspended particles in the water mass at station 9. The good agreement observed between
radiative transfer modeling and the radiometric measurements indicate a posteriori that the
quality of the in-situ data is fairly satisfactory despite the practical difficulties relative to
shipborne measurements.

To gain an understanding of the influence of the atmosphere on the degree of polarization,
computations are repeated with and without atmosphere, for which aerosol and molecule
optical depths are set to zero (Fig. 5). When the atmosphere is ignored in the computations,
the angular variation in the degree of polarization is fairly flat in the anti-specular direction
where P is very weak in magnitude. The comparison between the two simulated cases
corroborates the argument that differences in depolarization between specular and anti-
specular angles, which already depend on water leaving radiance, are aso a function of
contributions from direct reflection. Direct reflection is notably stronger in specular directions
than in anti-specular directions since the forward-scattered sky radiance driving the specular
directions is stronger than the back-scattered sky radiance driving the anti-specular directions.
Also, at the Brewster angle, the direct reflectance component is highly polarized. Therefore,
even if the water leaving component is the same for both anti and specular directions, the fact
that the direct reflection is considerably stronger in the specular direction means that the
depolarization from the water leaving component is a smaller percent effect than for the anti-
specular direction. In the anti-specular direction, the direct reflection is relatively smaller, and
the depolarization is relatively more important. For the extreme case where the atmosphere is
omitted in the ssimulation, the direct reflection is null for the anti-specular direction, there
being no sky radiation for the interface to polarize. In the specular direction, the predicted
degree of polarization at the Brewster angle for the case without atmosphere is slightly lower
than with atmosphere because for the latter case, the additional scattered light adds to the
direct solar beam, increasing the surface reflection component. Note that the occurrence of
any signa in the specular direction for the without-atmosphere case is due to sea surface
waveslopes differing from zero due to Cox-Munk model with 2 m s* windspeed. Although
the maximum radiance reflection would occur at the specular angle 6 (31 deg in this case),
the maximum degree of polarization would occur at Brewster angle, corresponding to a
waveslope of about 7.5 deg.
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Fig. 5. Angular variationsin the degree of polarization measured at 0" at 650 nm at the offshore
station 9. The measurements are compared with radiative transfer simulations. The inputs of
the radiative model are outlined in the text.

3.3 Spectral variation in the degree of polarization

Variations in the degree of polarization with wavelength are now studied. First, the
measurements collected at the offshore station 9 are examined. Figure 6 shows the angular
distribution of P at 450 nm and 850 nm. Note that the measurements collected at 650 nm were
previously plotted in Fig. 5. One of the most striking features is that the peaks observed in
both half spaces are more pronounced as the wavelength increases. As an example, Pg varies
from 84% to 100% between 450 nm and 850 nm. Similarly, the maximum observed in the
anti-specular direction varies from 64% to 98%. For observations at a given station, decreases
in the magnitude of P are due to the increased level of scattering from beneath the surface
with decreased wavelength. This in turn is due to substantially larger subsurface illumination
levels thanks to less absorption at decreased wavel engths (water absorption coefficient of 0.01
m' a 450 nm versus 2 m* at 870 nm), aong with some Rayleigh scattering (Rayleigh
scattering attenuation coefficient of 0.0015 m™ in pure water at 550 nm). The increased level
of water leaving radiance competes vectorialy with the above water reflected skylight, thus
inducing a significant depolarisation of the upward radiation. At 850 nm, the magnitude of the
subsurface radiation is lower than in the blue due to both the increased absorption and lower
scattering by water molecules. Thus, the subsurface radiation has little influence on the above
water polarization field and the upward signal is completely polarized at both 6 and 8=-55°
due to surface reflection phenomena. Figure 6 also shows the consistency of spectral multi-
angular measurements with simulations. Inputs similar to those used for the retrieval of P at
650 nm were used for the OSOA radiative transfer model. The agreement between
measurements and theory is very satisfactory, and demonstrates our ability to reproduce
multiband above water polarization measurements from knowledge of atmospheric and
oceanic parameters.
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Fig. 6. Angular variation of the degree of polarization (a) at 450 nm and (b) 850 nm. Radiative
transfer computations are also added (see text for the description of the model inputs).

Spectral variations in Pg measured at different coastal stations are plotted in Fig. 7 and
compared to the offshore station (station 9). A decrease of Pg toward short wavelengths is
systematically observed for each station as a result of increased scattering from subsurface
suspended particles due to increased subsurface illumination levels. Consequently, increased
suspended particle loadings will result in increased water leaving radiance, further
depolarisation, and in turn lower Py Pg significantly decreases for stations located closer to
the shoreline. For example, Pg varies from 84% to 45% in the blue from the offshore to the
inshore gtations. It is interesting to note that the magnitude of the degree of polarization at
station 1 significantly departs from 100% at 850 nm (~80%). Since the atmospheric turbidity
was weakly variable along the transect, especially between station 1 and 4 (table 2), the
sensitivity of Pg to the station location is broadly attributable to the concentration of
particulate matter in the water mass, which is much higher for coastal stations (Fig. 2). The
sensitivity of Pg to suspended matter concentration is studied in the following section.
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Fig. 7. Spectral variation of the degree of polarization Ps measured at the Brewster viewing
angle at various stations, namely station 1, 5 and 9.

3.4 Relationships between the degree of polarization measured at the Brewster angle and
suspended matter concentrations

As discussed above (Fig. 4 and Fig. 7), the degree of polarization at 0" is highly sensitive to
the turbidity of the water mass, especialy at the Brewster viewing angle &. Therefore, it
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might be possible to exploit measurements of Pg in coastal waters to derive information about
water content such as the concentration of the particles. Relationships between Pg and the
concentration of suspended matter are now investigated. Since the range of variation of P
along the transect is greater at 650 nm than at other wavelengths (Fig. 7), variationsin Pg with
the water turbidity are studied at 650 nm. Note that the use of a red wavelength is convenient
to reduce the contribution of water molecules to the degree of polarization and to enhance the
signature of the subsurface particles. Figure 8 shows the relationships obtained between Pg at
650 nm and concentrations of SPM and IPM. The general trend is a significant decrease in Pg
as the particle loading of the water mass increases. As expected, a high value of Pg (~90%) is
observed in clear waters (i.e., SPM = 0.4 mg I™) because of the dominant contribution to the
reflectance from the skylight reflection at the interface compared to the contribution from the
signal exiting the ocean. This result supports the approach suggested by Fougnie et al. [15]
which consists of using the polarized signal at the Brewster angle in clear waters to correct for
above water radiances from the skylight reflection. When the turbidity increases, the amount
of transmitted light through the boundary significantly increases. Despite a very weak
polarization of the transmitted radiation due to the interface, the vectorial addition of the
transmitted light and the reflected skylight radiation reduces the polarization level of the
signal measured at 0". The recommendation to observe the ocean through a vertical polarizer
to avoid strong skylight perturbation, as proposed by Fougnie et al. [15], may still be applied
in turbid waters. However, the polarization factor that is used in Fougnie's approach to
convert the paralel-polarized reflectance to unpolarized reflectance should be carefully
estimated in coastal waters to account for the polarization effects induced by ocean
congtituents. Currently, the polarization factor is calculated theoreticaly for open ocean
conditions [15]. This study shows that the polarization factor needs to be adjusted for turbid
waters. Such atask is challenging because of the strong variability of the composition of the
particles found in those areas, which makes difficult the selection of an appropriate model of
hydrosol (i.e., refractive index and size distribution) to compute the polarization factor.

T T T T T T T T T T T
——— Py=54.71%exp(-0.512 IPM) + 41.39.r°=0.96

T T T T T T 100 -
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Fig. 8. Relationship between the degree of polarization measured at the Brewster angle Pg at
650 nm and (a) total suspended matter concentration SPM and (b) inorganic suspended matter
concentration IPM. The best fits and the coefficient of determination r? have been added in the
figures.

The best fits for the empirica relationships found between Pg and the particulate
concentrations show that the degree of polarization decreases exponentially with turbidity
(Fig. 8). The significant correlation obtained between the degree of polarization and the total
suspended matter concentration SPM (r’=0.93) [Fig. 8(a)] suggests that this latter parameter
can be redlistically retrieved from the polarization pattern measured above the sea surface
using a straightforward empirical relationship. Figure 8(b) shows that inorganic matter
explains 96% of the observed variability in Pg. Therefore, inorganic material is the main
source of variability in the polarization signal. Such a result was expected here since the
dynamic observed for IPM and OPM is very different. During the experiment, IPM varies by
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afactor of 50 (i.e., from 0.1 to 5 mg I™) while OPM varies by afactor of 3 only (from 0.3 to
1.1 mg ™). OPM is nearly constant compared to the IPM dynamic (Fig. 2). On this basis, the
set of measurements presented in this study is not sufficiently representative to be generalized
for global observation. M easurements made in areas where OPM is the main contributor to the
total suspended matter are necessary to confirm the observed trend. However, based on
previous theoretical findings [19] which showed that the magnitude of the signa that is
ascribed to biogenic material is about one order of magnitude lower than the signal ascribed to
highly refractive particles at long wavelengths, the influence of OPM on the degree of
polarization in the red is expected to be much lower than that of IPM. Our field results are
consistent with these theoretical findings.

3.5 Determination of particulate concentrations from the degree of polarization measured at
the Brewster angle

Since inorganic particles have the major impact on the degree of polarization for our dataset,
an atempt is made to retrieve their concentration from remotely sensed polarized
measurements at 650 nm. Thus, the relationship obtained in Fig. 8(b) is inverted to express
IPM as a function of Pg [Fig. 9(a)]. The concentration of inorganic matter could be derived
from Pg using Eq. (2)

IPM = 1.469 Ln(Ps — 44.498) + 5.957 2

where the units of IPM and Pg are mg I and percents respectively. Note that the
coefficient of determination of the IPM-Pg relationship is r?=0.96.

A simple way to evaluate the errors induced on IPM due to the proposed empirical
algorithm consists of comparing the inorganic particulate matter concentration estimated
using Eq. (2) (hereafter referred to as | PMegimateq) With the measurements (hereafter referred to
aS |PMeasrred) [Fig- 9(b)]. Note that this analysis provides an indication of the errors and
should not be seen as a rigorous validation exercise. The error in the retrieval of IPM is
calculated using the relative root mean square error (RRMSE) which is defined as Eqg. (3):

2
— |30 IPMiesinater—1 PM o e 3)
RRM SE—\/ nz( TPM imecsred

where n is the number of measurements.
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Fig. 9. (a). Relationship between the inorganic particulate concentration |IPM and the degree of

polarization measured at Brewster angle at 650 nm Pg, (b) comparison between |PM retrieved
from the empirical algorithm [Eq. (2)] and the measurements.

The overadl relative error in the estimates of 1PM from the degree of polarization measured
at the Brewster angle is 13.0 %, which is satisfactory. These results indicate that a
straightforward empirical polarization-based algorithm could be useful for deriving mineral
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concentrations in local coastal applications, supporting the theoretical analysis recently
presented by Chami [17]. Further radiative transfer simulations showed that the relationships
between IPM and Pg are highly dependent on the solar zenith angle and atmospheric
conditions (optical depth, aerosol model). In practice, Ps measurements would need to be
adjusted for skylight conditions per the radiative transfer model computations in order to
estimate |PM for data collected under a wide range of atmospheric conditions and solar zenith
angles. The results obtained in this study are encouraging given the optical complexity of the
coastal waters, but the method needs to be examined on larger datasets in the future.

The polarization-based empirical algorithm is a complementary attractive approach to the
radiance-based empirical algorithms which currently make use of the radiance signal in the
near infra red spectrum to derive SPM in coastal waters [47]. Nevertheless, such an approach
is sensitive to the roughness of the sea surface and thus to the windspeed. For significant
windspeeds, surface waves will change the polarization pattern. P will have values somewhat
above or below its calm water value, depending on the slope of the waves, but P will be still
highly influenced by the particulate loading. It islikely that the parameters of the relationships
obtained between Pg and IPM [EQ. (2)] in this study have to be adapted for such conditions.

4. Conclusion

Above water measurements of the degree of polarization were acquired during a field
experiment in the English Channel. In the first part of the paper, a rigorous analysis of the
angular variations in the degree of polarization was performed since this is the first time, to
our knowledge, that such shipborne above water measurements have been made. It was
observed that the shape of the degree of polarization P is fairly symmetric around the nadir
viewing angle (&=0°). P reaches maximum values for both the specular and anti-specular
directions at the Brewster viewing angle (i.e., 6s=53.2°). These features were attributed to the
effects of Fresnel reflectance. The downwelling light already scattered by the atmosphere in
these directions is reflected by the sea surface which polarizes the upward radiation. This
polarizing effect is amplified around the Brewster viewing angle. The measurements were
highly consistent with theoretical radiative transfer simulations. Spectral variations in the
degree of polarization showed a decrease toward short wavelengths due to the increased level
of water leaving radiance.

In the second part of the paper, variations in P with water content were investigated. The
degree of polarization was highly sensitive to the amount of light transmitted from beneath the
surface (i.e., marine reflectance) which is strongly correlated to the water turbidity. Therefore,
polarized measurements above the sea surface for correcting the upward radiance for skylight
reflection effects as proposed by other investigators[15] should be carefully processed when
dealing with coastal turbid waters. An original empirical polarization-based approach was
proposed to determine the concentrations of suspended particles. Because the in-situ data used
here are a limited set for which the marine reflectance variation is primarily governed by
inorganic matter content, the degree of polarization measured at the Brewster angle (Pg) was
related to the inorganic particle concentration. Pg allows retrieval of the inorganic particulate
concentration within +13% in the study area, which is satisfactory given the optical
complexity of these coastal waters. Nevertheless, it should be highlighted that a restricted set
of measurements (corresponding to calm sea state and for coastal waters where SPM is
dominated by IPM) was used to derive the empirical algorithm. So for example, because the
sea state affects the viewing angle, the roughness of the sea has to be considered to build
appropriate empirical algorithms. Although this study covered limited optical conditions of
natural seawater, we were able to demonstrate that the polarization based empirical approach
could be used as an alternative method to derive biogeochemical properties of the water mass
from remotely sensed data. The advantages of the method proposed here are as follows. The
polarization-based approach (i) is readily implemented in terms of instrumentation, and (ii) is
weakly dependent on instrument calibration since the degree of polarization is aratio.

The empirical polarization algorithm, which consists of a simple nonlinear relationship,
might with further efforts be applied to satellite sensors measuring the polarization state of

#83993 - $15.00 USD Received 8 Jun 2007; revised 5 Jul 2007; accepted 5 Jul 2007; published 17 Jul 2007
(C) 2007 OSA 23 July 2007 / Vol. 15, No. 15/ OPTICS EXPRESS 9508



light such as the PARASOL sensor (CNES) to derive suspended matter concentration. Note,
however, that in this latter case, the atmospheric correction over coastal waters needs to be
accurately carried out, which still remains a challenging task due to significant effects of
aerosols on the polarization state of light. Analysis of directional variations in the degree of
polarization as measured by the PARASOL sensor will allow a synoptic view of the
biogeochemical properties of particles in coastal zones. Mapping biogeochemical parameters
such as mineral concentration in the coastal ocean from satellite data is of great interest for
estimating suspended matter fluxes between continents and the ocean which are key to
predicting local impacts of climate changes and anthropogenic factors on coastal and shelf
seas. Future efforts should also be put into the development of in-situ instruments measuring
the polarization state of light to improve the empirical relationships obtained in this study.
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Notation and abbreviation

Chla Chlorophyll a concentration (mg m™)
Eq downwelling irradiance (W m?)
I, Flux of the scattered light polarized perpendicular to the scattering
plane
I Flux of the scattered light polarized parallel to the scattering plane
Ly water leaving radiance (W m? sr™h)
0" above the sea surface
P Degree of polarization above the sea surface (%)
Ps Degree of polarization at Brewster viewing angle 6:=53.2°
G Brewster viewing angle: 6:=53.2°
Os Solar zenith angle (degree)
8, Viewing angle (degree)
Ta aerosol optical depth
CNES Centre National d’ Etudes Spatiales
CTD Conductivity Temperature Depth
IOP Inherent Optical Properties
IPM Inorganic particulate matter concentration (mg 1™%)
OPM Organic particulate matter concentration (mg 1)
OSOA Ordres Sucessifs Ocean Atmosphere
PARASOL Polarization and Anistropy of Reflectances for Atmopsheric
Sciences Coupled with Observations from a Lidar
REFPOL REFlectance POLarimeter
RRMSE Root Mean Square Error [see Eg. (3)]
Rrs Remote sensing reflectance (™)
SPM Total suspended particulate matter concentration (mg 1™
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