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Abstract: The analysis of satellite ocean color data that are acquired over coastal waters is highly
relevant to gain understanding of the functioning of these complex ecosystems. In particular,
the estimation of the suspended particulate matter (SPM) concentrations is of great interest for
monitoring the coastal dynamics. However, a high number of pixels of satellite images could
be affected by the surface-reflected solar radiation, so-called the sunglint. These pixels are either
removed from the data processing, which results in a loss of information about the ocean optical
properties, or they are subject to the application of glint correction techniques that may contribute
to increase the uncertainties in the SPM retrieval. The objective of this study is to demonstrate
the high potential of exploiting satellite observations acquired in the sunglint viewing geometry
for determining the water leaving radiance for SPM dominated coastal waters. For that purpose,
the contribution of the water leaving radiance Lw to the satellite signal LTOA is quantified for the
sunglint observation geometry using forward radiative transfer modelling. Some input parameters of
the model were defined using in-situ bio-optical measurements performed in various coastal waters
to make the simulations consistent with real-world observations. The results showed that the sunglint
radiance is not sufficiently strong to mask the influence of the oceanic radiance at the satellite level,
which oceanic radiance remains significant (e.g., 40% at 560 nm for a SPM concentration value of
9 g m−3). The influence of the sunglint radiance is even weaker for highly turbid waters and/or for
strong wind conditions. In addition, the maximum radiance simulated in the sunglint region for
highly turbid waters remains lower than the saturation radiances specified for the current ocean
color sensors. The retrieval of Lw and SPM should thus be feasible from radiances measured in the
sunglint pattern by satellite sensors, thus increasing the number of exploitable pixels within a satellite
image. The results obtained here could be used as a basis for the development of inverse ocean color
algorithms that would interestingly use the radiance measured in sunglint observation geometry as it
has been done for other topics than the field of ocean color research.
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suspended particulate matter; coastal waters

Remote Sens. 2020, 12, 1445; doi:10.3390/rs12091445 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0001-7815-0533
https://orcid.org/0000-0003-2290-6383
http://www.mdpi.com/2072-4292/12/9/1445?type=check_update&version=1
http://dx.doi.org/10.3390/rs12091445
http://www.mdpi.com/journal/remotesensing


Remote Sens. 2020, 12, 1445 2 of 15

1. Introduction

Satellite observations of ocean color are highly relevant to improve our understanding and
monitoring of coastal ecosystems. Such ecosystems are characterized by a considerable spatial
variability because of river discharges, wind and tidal/water-level fluctuations. Knowledge of the
distribution and transport of suspended particulate matter (SPM) at a synoptic scale is thus of primary
importance for investigating the physical and biogeochemical processes occurring in coastal zones.
The retrieval of SPM concentrations from satellite remote sensing data first requires the correction of
the satellite radiance from the atmospheric effects and from the sea surface effects prior to applying
a bio-optical inversion method to convert the derived water leaving radiance, noted Lw, into the
SPM concentration. The atmospheric effects include the scattering and absorption processes caused
by the presence of molecules and aerosols. The sea surface effects include the direct solar radiance
that is specularly reflected from wave facets by the sea surface, so-called the sunglint radiance,
and the scattered light that is specularly reflected by the sea surface, so-called the skyglint radiance.
The consideration of both the sunglint and skyglint radiances is hereafter referred to as the glint
radiance Lglint. The top of atmosphere radiance is referred to as LTOA.

The analysis of the sunglint radiance measured from satellite data has a considerable potential
for various remote sensing applications such as the calibration of satellite bands [1], the estimation
of water vapor content [2], the estimation of the absorbing component of aerosols [3], the estimation
of the oceanic wind speed [4–7], the detection of internal waves within the ocean [8], the detection
and monitoring of oil spill [9,10], and the estimation of uncertainties in the sea surface temperature
retrieval [11]. In the framework of the analysis of ocean color, the sunglint radiance is regarded as
a significant nuisance, which seriously limits the ability of determining bio-optical parameters such as
the SPM concentration from remotely sensed data. Although the orbit of ocean color sensors is designed
to collect most of the data out of the sunglint pattern, a significant amount of pixels within satellite
scenes could remain strongly affected by the sunglint radiance, thus leading to an important loss of
information. As an example, half of the pixels of an image that was acquired by the Medium Resolution
Imaging Spectrometer (MERIS) satellite sensor [12] were contaminated by the sunglint at sub-tropical
latitude [13,14]. A few satellite sensors were designed to avoid the sunglint contamination either by
tilting from nadir viewing direction as was the case for the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS, NASA) instrument [15] and is the case for the current Sentinel3/Ocean and Land Colour
Imager (OLCI) instrument (Copernicus, ESA) [16] or by performing multidirectional measurements
as was the case for the Polarization and Directionality of the Earth Reflectances (POLDER, CNES)
instrument [17]. However, for satellite ocean color sensors that do not have a tilting capability such as
the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument [18], many sunglint removal
algorithms have been proposed to exploit satellite pixels that are viewed under the sunglint geometry.
Kay et al. [19] performed a rigorous review of these various glint correction algorithms. Some of these
techniques are based on geometric approaches requiring information on the sea surface state [20,21];
other algorithms are based either on neural networks [22], or on an empirical approach [23] or on
polynomial formulations [14]. It should be highlighted that specific methods were developed for
correcting high spatial resolution data from the sunglint contamination [24–28].

In open ocean waters, the sunglint signal is much higher than the water leaving radiance in
all spectral bands, thus obscuring nearly completely the information of optically active substances
carried by the oceanic radiance such as the chlorophyll a pigment concentration (Chl-a). For such
a type of waters, there are usually no meaningful retrievals of bio-optical parameters in regions
that are significantly contaminated by sunglint unless a glint correction technique is applied [20].
In coastal waters, because the scattering processes induced by the presence of SPM lead to a significant
increase of the water leaving radiance, the contribution of Lw to the satellite radiance is strengthened in
comparison with both the atmospheric and sunglint radiances. The goal of this study is to investigate
the feasibility of detecting SPM concentrations in coastal areas from the top of atmosphere radiance in
the sunglint observation geometry when no glint correction techniques are applied. For that purpose,
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the contribution of the water leaving radiance to the satellite radiance is quantified especially in the
sunglint observation geometry for moderately turbid to turbid waters. Forward radiative transfer
modelling is used to simulate the various components of the top of atmosphere radiance, namely the
water leaving radiance Lw and the glint radiance Lglint. A benchmark case of simulation is analyzed to
demonstrate the potential of using the sunglint geometry to determine the water leaving radiance from
satellite remote sensing, which has important implications for the derivation of SPM concentrations.
The values of the model inputs used for the benchmark case are determined wherever possible from
in-situ bio-optical datasets acquired in coastal areas.

The paper is organized as follows. The forward radiative transfer model is described in Section 2
together with the bio-optical datasets that are used to provide the model inputs of the benchmark case
of simulation. The angular distribution of the various radiances contributing to the top of atmosphere
radiance, namely Lw and Lglint, are analyzed in the principal plane observation geometry (i.e., the plane
composed by the specular and backscattering planes) in Section 3. The contribution of Lw to the top of
atmosphere radiance LTOA, which is studied through the ratio Lw/LTOA, is also examined in Section 3
for the benchmark case with a focus on the sunglint geometry. The sensitivities of such a ratio to the
water turbidity, to the wind speed and to the atmospheric turbidity, are discussed in Section 4.

2. Data and Methods

A forward radiative transfer model has been used to simulate the upwelling satellite radiance
LTOA, the water leaving radiance Lw, and the glint radiance Lglint. The model and the datasets used to
provide some of the bio-optical input parameters are presented in this section. The benchmark case of
simulation is also defined here.

2.1. Radiative Transfer Model OSOAA

The simulations of the various upwelling radiances LTOA, Lw, and Lglint are carried out using
the so-called OSOAA radiative transfer model [29]. The radiative transfer equation is solved by the
OSOAA model using the successive orders of scattering method through the atmosphere-ocean system.
Such a method allows the multiple scattering effects caused by the water molecules, the hydrosols,
the aerosols and the air molecules to be taken into account. The Stokes formalism is used to compute
both the radiance and the polarization state of light. The model considers a rough sea surface based
on both the Cox and Munk’s [4] wave slope distribution model and the value of the wind speed.
The model inputs consist of the bio-optical properties of the hydrosols, namely their scattering and
absorption coefficients, and their concentration. The hydrosols are composed of phytoplankton-like
particles (e.g., chlorophyll a concentration), mineral-like suspended particulate matter (SPM), and the
colored dissolved organic material; the latter is represented by its absorption coefficient (aCDOM) in
the model. The aerosol optical thickness (AOT) and the aerosol optical properties are considered to
simulate the atmosphere scattering properties. The model outputs the angular distribution of the
radiance and degree of polarization at any altitude or depth for azimuth relative viewing angles
ϕOSOAA ranging from 0 to 180◦ and for viewing zenith angles θv ranging from 0◦ to 70◦. It should be
highlighted that the geometrical convention that is used by the OSOAA model is defined such that the
value of ϕOSOAA of 0◦ corresponds to an observation made in the Sun specular half-plane (i.e., the Sun
and the satellite sensor are in two opposite planes). The specular half-plane is thus the half-plane
containing the sunglint reflection. A value of ϕOSOAA of 180◦ corresponds to an observation made in
the anti-specular half-plane (i.e., the Sun and the satellite sensor are located in the same plane), which is
in fact the backscattering plane. The so-called principal plane observation is thus defined as the plane
composed of these two half-planes (i.e., the values of ϕOSOAA are 0◦ and 180◦). The spectral range of
computations allowed by the OSOAA model is the visible/near infrared range from 400 nm to 800 nm.
Because the radiances that are initially computed by the OSOAA model are normalized to a value of
an extraterrestrial incident solar irradiance Es of π (unit sr−1 µm−1), the simulated radiances have been
multiplied by the ratio Es/π to account for the sunlight incident illumination, thus providing values
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of the radiance in geophysical units, namely in W m−2 sr−1 µm−1. The values of Es are provided by
Thuillier et al. [30]. The reader is referred to Chami et al. [29] for more details about the OSOAA model.

2.2. Data Inputs of the OSOAA Model

A benchmark case of simulation that could be representative of coastal waters is defined. The phase
functions of the hydrosols are obtained from Mie theory using values of the refractive index of 1.05
and 1.15 for phytoplankton-like particles and SPM particles, respectively. A Junge power law size
distribution, which is characterized by the Junge exponent J, the minimum and maximum radius rmin

and rmax, is used for both types of hydrosols. The backscattering ratio, which is defined as the ratio
between the particulate backscattering coefficient bbp and the scattering coefficient bp, is 0.8% and 2.8%
for phytoplankton and SPM particles, respectively. The values of the hydrosol concentrations that are
informative of the water turbidity (SPM, chlorophyll a, and aCDOM at 443 nm) are defined based on in-situ
bio-optical datasets to make the simulation close to real-world observations. The SeaWiFS Bio-optical
Archive and Storage System (SeaBASS) database (https://seabass.gsfc.nasa.gov/wiki/NOMAD) [31] and
the CoastColour Round Robin dataset (CCRR) (https://doi.pangaea.de/10.1594/PANGAEA.841950) [32],
which are both publicly available, are used to set the parameters of the water turbidity within the
OSOAA model. The use of these databases is relevant for several reasons. First, the data have
been collected in various coastal environments at a global scale. The data thus describe the strong
variability of the optical properties observed in these dynamic ecosystems. Second, these datasets
were primarily designed for performing the validation of remote sensing ocean color algorithms;
they are thus composed of high-quality controlled data. Note that because this study is focused on
the analysis of coastal waters, only the data collected within 50 km from the coastlines are selected
within the SeaBASS and CCRR databases. A statistical analysis of these datasets has been carried
out here to compute the median values of the water turbidity parameters that need to be used as
inputs of the OSOAA model. Note that the median value is more relevant than the mean value
as it minimizes the influence of pronounced regional coastal features. The median values of the
Chl-a concentration, SPM concentration, and aCDOM(443 nm) are 1.8 mg m−3, 9.0 g m−3 and 0.07 m−1,
respectively. The number of data available for which the median was calculated is 366, 38, and 330 for
chlorophyll a (Chl-a), SPM, and aCDOM(443 nm) parameters, respectively. The value of the spectral
slope of aCDOM (SCDOM), namely 0.0176 m−1, is derived from the analysis performed by Babin et al. [33]
in coastal waters. Shettle and Fenn’s coastal model has been used to determine the aerosol optical
properties [34]; the value of the aerosol optical depth is set to 0.2, which represents a horizontal visibility
of 23 km. The value of the solar incident zenith angle θs is 30◦ and the value of the wind speed is
5 m s−1. The overall input parameters used for the simulation of the benchmark case are summarized
in Table 1.

https://seabass.gsfc.nasa.gov/wiki/NOMAD
https://doi.pangaea.de/10.1594/PANGAEA.841950
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Table 1. Values of the parameters used for the benchmark case of simulation as inputs of the OSOAA
radiative transfer model.

Parameter Values

Chl-a (mg m−3) 1.8
SPM (g m−3) 9.0
aCDOM(443 nm) (m−1) 0.07
SCDOM (m−1) 0.0176
Refractive index of phytoplankton 1.05 − 0.00i
Refractive index of SPM 1.15 − 0.00i
Junge exponent J (size distribution) 4
Minimum radius (rmin, µm) 0.01
Maximum radius (rmax, µm) 200
Backscattering ratio –phytoplankton (%) 0.8
Backscattering ratio –SPM (%) 2.8
Backscattering ratio of mixed hydrosols (%) 2.5
Aerosol Optical Thickness (AOT) 0.2
Wind speed (m s−1) 5
Solar zenith incident angle θs (◦) 30
Seabed depth (m) 50
Seabed composition Sand

2.3. Simulation of the Glint Radiance Lglint and of the Water Leaving Radiance Lw

The OSOAA model is able to simulate the upwelling radiance just above the sea surface (0+).
Actually, the radiance calculated at 0+ is the sum of the contribution of the signal exiting the ocean,
namely the water leaving radiance Lw, and the atmospheric signal that is reflected by the sea surface,
namely the glint radiance Lglint. The glint radiance is thus composed of both the radiance caused by
the skylight reflection by the air–water interface (skyglint) and by the incident solar beam reflection
by the air-water interface (sunglint). The glint radiance is determined from the radiance at 0+ by
performing a specific simulation for which a black ocean is considered (i.e., no scattering processes
within the oceanic layer). Note that a specific variable is available within the OSOAA model to remove
the scattering processes within the oceanic layer. The water leaving radiance could then be determined
by subtracting the glint radiance from the radiance calculated at 0+ when the ocean is no longer black.

3. Results

3.1. Angular Variations of the Top of Atmosphere, of the Oceanic and Glint Radiances in the Principal Plane

The angular variations of the top of atmosphere, of the water leaving and glint radiances are
examined for the benchmark case of simulation at 560 nm in the principal plane of observation
(i.e., ϕOSOAA = 0◦ and 180◦) (Figure 1a).

Figure 1a shows that the glint radiance is highly pronounced around the θv value of +30◦ as
expected from the specular reflection of the solar light. The influence of such a specular reflection on the
angular distribution of the glint radiance could be observed up to viewing angle values varying within
±20◦ from the specular direction (θv = +30◦) as a result of the sea surface roughness induced by the wind.
The amplitude of Lglint is negligible in the backscattering half-plane in comparison with the specular
plane due to the much lower contribution of the skylight reflection in comparison to the sunlight
reflection by the sea surface. The water leaving radiance Lw varies within 20% (i.e., between 50 and
60 W m−2 µm−1 sr−1) over the entire range of viewing zenith angle in both half-planes. Such an angular
variation of the oceanic radiance is consistent with results found in previous studies [35–37].
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Figure 1. (a) Variation of the top of atmosphere radiance LTOA, of the water leaving radiance Lw

and of the glint radiance Lglint (in W m−2 µm−1 sr−1) as a function of the viewing zenith angle θv.
The simulations are carried out at 560 nm using the benchmark parameters listed in Table 1. The results
are shown in the principal plane observation geometry. Note that positive values of the viewing
zenith angle θv are used for the specular half-plane (ϕOSOAA = 0◦) and negative values are used for
the backscattering half-plane (ϕOSOAA = 180◦); (b) Comparison of the top of atmosphere radiance
LTOA between the benchmark case of simulation and the same case except the atmospheric scattering
processes are removed (black sky); results are shown in the backscattering half-plane only (θv < 0).

The top of atmosphere radiance LTOA shows strong angular features. First, a peak of radiance
is observed in the specular plane as a direct consequence of the sunglint contribution. Second,
LTOA significantly increases in the backscattering plane, typically by 40% from 80 to 110 W m−2 µm−1

sr−1 for θv values increasing from 0◦ to −70◦. Such a strong angular variation is necessarily due to
scattering processes occurring in the atmosphere since both Lglint and Lw do not show such high
variations of radiance. To verify that assumption, the top of atmosphere radiance was simulated for
the specific case of a black sky condition, which means that all the scattering processes occurring in the
atmosphere were removed. The variation of LTOA for a black sky condition remains fairly flat around
55 W m−2 µm−1 sr−1 over the range of θv [0◦; −70◦] (Figure 1b). This is because the reflection of the
skylight radiation by the sea surface vanishes in the backscattering plane when the scattering by the
atmosphere is omitted in the simulation. Therefore, the comparison between the benchmark case and
the black sky case of simulations clearly demonstrates the strong influence of the atmospheric scattering
in the angular shape of LTOA in the backscattering plane. More precisely, additional calculations
pointed out that the Rayleigh scattering process is the main cause of the observed increase of LTOA

with viewing angle in the backward direction. Chami and McKee [38] previously showed, using in-situ
measurements, the strong influence of the skylight reflection by the sea surface on the significant
increase of the degree of polarization in the backscattering plane, thus corroborating the major role of
the molecular scattering process in the backward increase of the radiance that is observed in Figure 2b.
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3.2. Angular Variations of the Ratio Lw/LTOA

The contribution of the water leaving radiance to the satellite radiance could be estimated using
the ratio Lw/LTOA. Figure 2a shows the variation of such a ratio with respect to the viewing zenith angle
in the principal plane at 560 nm for the benchmark parameters listed in Table 1. The contribution of the
oceanic radiance to the satellite radiance is significant, typically from 40% to almost 70%, with values
greater than 50% outside the sunglint geometry. Sturm [39] provided typical values of the contribution
of the water leaving radiance to the satellite radiance ranging from 14% to 35% at 550 nm outside the
sunglint geometry from clear to turbid phytoplankton dominated waters. It should be highlighted
that the values obtained here are based on both an exact forward radiative transfer model and on
the use of in-situ bio-optical measurements as inputs of the model while the values provided by
Sturm [39] were obtained from the inversion of satellite data. The values found in the current study
are higher than those provided by Sturm [39] because of the consideration of mineral-like hydrosols,
which are efficient backscatterers (Table 1), in addition to phytoplankton-like hydrosols. Figure 2a thus
confirms the well-known potential of using satellite measurements at 560 nm for the retrieval of the
SPM concentration in coastal waters out of the sunglint geometry.

For the sunglint observation geometry (around θv = +30◦), the value of the ratio Lw/LTOA is
expectedly minimal in comparison to other geometries due to the stronger influence of the sunglint
radiance (Figure 2a). However, interestingly, the water leaving radiance still contributes by 40% to the
top of atmosphere radiance for such a particular geometry. This means that the oceanic radiance is
sufficiently high to significantly reduce the influence of the sunglint radiance on the satellite signal.
In other words, the sunglint signal does not totally obscure the information provided by the SPM
contained in Lw. Yet, sunglint effects have systematically been considered as a serious limitation for
accurately determining water optical characteristics from remotely sensed ocean color data (Section 1).
The results shown here indicate the feasibility of using the satellite radiance measured in the sunglint
geometry for determining the water leaving radiance in the case of moderately turbid waters. Note that
the values of the ratio Lw/LTOA remain significant at 560 nm whatever the azimuth and viewing zenith
angle outside the principal plane (Figure 2b). A maximum value of 80% is reached for a geometry that
is far from the sunglint pattern, namely a relative azimuth angle value ϕOSOAA of 70◦ and a viewing
zenith angle of 45◦, which could be an optimized geometry for the retrieval of water leaving radiance
from satellite data for the treated case of simulation.
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4. Discussion

The simulations performed in this study depend on the phase functions that were calculated
using Mie theory for two types of hydrosols, namely phytoplankton and mineral-like particles
(Table 1). The modelled phase functions (Figure 3) are quite consistent in their general shape with
many observations acquired over a broad range of oceanic water types, especially their backward
portion (i.e., from 90◦ to 180◦) [40–43]. Note that the backward portion of the phase function is of
major interest for the purpose of satellite remote sensing. In particular, the particulate backscattering
ratio is a key parameter that enables the influence of mineral-like hydrosols (SPM) on the water
leaving and satellite radiances compared to the influence of biogenic particles to be highlighted.
The theoretical values calculated here for both types of hydrosols (Table 1) are consistent with those
measured by Sullivan et al. [44] in a SPM-dominated water type (Santa Barbara channel, USA)
and in a phytoplankton-dominated water type (Monterey Bay, USA), respectively. Note, however,
that a strong variability in the backscattering ratios is often observed in natural waters. As an example,
Twardowski et al. [42] measured values ranging from 3.9% to 7.8% in waters characterized by
turbid patches of resuspended sediment in the site of Scripps Pier (La Jolla, USA). Zhang et al. [43]
observed a biogenic backscattering ratio of 0.16% in the site of Monterey Bay while Sullivan et al. [44]
measured higher ratios ranging from 0.5% to 1.5% for the same phytoplankton-dominated study
area. Zhang et al. [43] recently examined the partition of the measured phase function into two
components due to particulate organic matter and particulate inorganic matter. Their analysis revealed
that the fractional contribution by mineral-like particles to the backward portion of the phase function
significantly increases with scattering angles from 60% to almost 90% for the case of a SPM-dominated
water type in the Gulf of Mexico (Mobile Bay, USA). Therefore, a backscattering efficiency of SPM higher
by about 3.5 times than phytoplankton’s one, as modeled in the current study (Table 1), is consistent
with Zhang et al. findings [43]. Thus, the theoretical phase functions and backscattering ratios used
here for the simulations are in agreement with observations performed in various SPM-dominated
coastal waters.
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Figure 3. Phase functions of the hydrosols, namely phytoplankton, suspended particulate matter (SPM)
and their mixture, modelled using Mie theory for the benchmark case of simulation (Table 1).

As mentioned in Section 3, the angular variation of the satellite radiance with respect to the
viewing zenith angle in the principal plane of observation is characterized by two main features,
which are the strong influence of the sunglint radiance in the specular plane and the significant
influence of the skylight reflection by the sea surface in backscattering plane. However, despite the
amplitude of these effects, the water leaving radiance remains a significant contribution of the top of
atmosphere radiance from 40% to 70%, including within the sunglint pattern. The contribution of Lw

to LTOA could even reach 80% out of the principal plane geometry. The range of variation of the ratio
Lw/LTOA is much greater than the range observed by SeaWiFS (NASA) satellite sensor over the global
ocean, which is typically between 5% and 20% [45]. Higher values of Lw/LTOA are expected here as
a result of the strong scattering induced by the presence of SPM in coastal turbid waters.
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Although the correlation between the SPM concentration and the water leaving radiance is high
in green wavelengths such as 560 nm, the choice of using radiances measured in red wavelengths,
typically between 600 nm to 670 nm, is often made to derive SPM concentrations from remotely sensed
data [46–51]. This is because of the potential saturation of the water leaving radiance with SPM
concentrations in green bands that is commonly observed in turbid waters [47]. Therefore, the angular
variation of the ratio Lw/LTOA has been examined at 620 nm and for various oceanic turbidities, namely
for SPM concentrations of 1, 9, and 70 g m−3 (Figure 4).
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The overall contribution of Lw to LTOA is lower at 620 nm (Figure 4) than that observed at 560 nm
(Figure 2) as a consequence of the increased absorption by the water molecules in the red, thus reducing
the amount of the signal exiting the ocean. As an example, Lw contributes to LTOA between 10% and
50% for the SPM value of 9 g m−3 compared to the range of 40% to 80% previously observed at 560 nm
(Figure 2b). The minimum value of the ratio is systematically observed for the sunglint observation
geometry whatever the turbidity. This is because of the higher influence of the sunglint radiance for
such geometry, thus leading to a relative decrease contribution of Lw to LTOA.

The influence of the water turbidity on the ratio Lw/LTOA clearly shows that the oceanic radiance
contribution to LTOA is too weak in clear waters (Figure 4a), typically less than 10%, especially in the
sunglint region, to be able to properly exploit the satellite radiance in the red band for retrieving the
optical signature of the hydrosols for the sunglint geometry. However, the red band appears to be
relevant to exploit the water leaving radiance from satellite data in highly turbid waters for which
the ratio Lw/LTOA varies from 50% to 90% over all the geometries (Figure 4c). In particular, satellite
observations performed in the sunglint geometry remain highly relevant for detecting SPM using red
bands. One advantage of using both green and red spectral bands is that band ratio algorithms have
been shown to be effective to retrieve the SPM concentrations in coastal turbid waters [46,47,50,51].

Additional radiative transfer simulations were carried out based on Table 1 to calculate the
maximum radiance Lmax that could be measured over all the geometries at the top of atmosphere for
highly turbid waters, namely a value of SPM of 70 g m−3. The values of Lmax are 251 W m−2 µm−1 sr−1

and 176 W m−2 µm−1 sr−1 at 560 nm and 620 nm, respectively. As a comparison, the saturation
radiances of the Sentinel 3/OLCI (Copernicus/ESA) satellite sensor are 525 W m−2 µm−1 sr−1 and
398 W m−2 µm−1 sr−1 at 560 nm and 620 nm, respectively [16]. The saturation radiances of the VIIRS
(NASA/NOAA) satellite sensor are 667 W m−2 µm−1 sr−1 and 718 W m−2 µm−1 sr−1 at 555 nm and
640 nm, respectively [52]. Therefore, the sum of the sunglint and the water leaving radiances should not
lead to saturate satellite pixels of the current satellite ocean color sensors, thus confirming the feasibility
of using satellite radiances measured in the sunglint geometry for retrieving the SPM concentrations
for moderately turbid to turbid waters (i.e., SPM values greater than 9 g m−3).

Since the sea surface roughness is mostly driven by the wind strength, the sensitivity of the
ratio of Lw/LTOA to the wind speed WS (in m s−1) is examined for the specular direction (θv = +30◦,
ϕOSOAA = 0◦) (Figure 5). For that purpose, the simulations are performed using the input parameters
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listed in Table 1 but for wind speed values varying from 1 m s−1 to 15 m s−1, namely 1, 5, 10, and 15 m s−1.
Results are shown at 560 nm (Figure 5a) and 620 nm (Figure 5b) for various SPM concentrations,
namely 1, 9, and 70 g m−3.
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The ratio Lw/LTOA significantly increases with higher wind speed values. As an example, the ratio
increases by a factor of 2.7 at 560 nm (Figure 5a) and by a factor of 4 at 620 nm (Figure 5b) when
the wind speed increases from 1 to 15 m s−1 for a SPM value of 9 g m−3; the increase is especially
sharp from 1 to 5 m s−1 with a factor of 2. Such a shape of variation could be explained by the fact
that the extent of the sunglint is controlled by the distribution of wave slopes on the sea surface,
which is linearly related to wind speed as modelled by Cox and Munk [4]. The sunglint pattern is thus
more spatially widened as the wind speed increases. For strong wind speed values, typically greater
than 5 m s−1, the amplitude of the surface reflected solar radiation is significantly reduced in the sole
specular direction (θv = +30◦ here) due to the higher variance of the wave slope distribution. Therefore,
the sunglint radiance is weaker in that specular direction, which enables the water leaving radiance to
be more easily distinguished at the top of atmosphere level. In addition, Koepke [53] showed that the
contribution of whitecaps is small even for wind speed as high as 15 m s−1. These results thus confirm
the high potential of satellite remote sensing data acquired in the sunglint geometry for determining
the SPM concentrations from the water leaving radiance in the coastal ocean. However, it should be
highlighted that such an approach would not be applicable for clear waters (e.g., SPM = 1 g m−3) and
for a nearly flat ocean surface (WS= 1 m s−1) where the contribution of Lw to LTOA is lower than 10%
(Figure 5). In the case of clear waters, this is because of the weak influence of the scattering processes in
the water column; in the case of a nearly flat ocean, this is because of the major influence of the sunglint
radiance that masks the ocean optical signature. Conversely, an approach which would consist in
exploiting the satellite radiance measured in green and red spectral bands in the sunglint observation
geometry for deriving the SPM concentrations would be the most useful for moderately turbid to
turbid waters, typically for SPM values greater than 9 g m−3, and for moderate to strong sea surface
roughness, typically for wind speed values greater than 3 m s−1. Note that Harmel and Chami [54]
showed based on the analysis of satellite data that the wind speed values mostly vary from 4 m s−1 to
7 m s−1 over the entire globe.

Finally, the sensitivity of the ratio Lw/LTOA to the atmospheric turbidity, namely the aerosol optical
depth AOT, has been examined in the specular direction for the input parameters listed in Table 1 and
for values of AOT of 0.1, 0.2, and 0.5 (Figure 6). The ratio regularly increases with the atmospheric
turbidity. This is due to a decrease of LTOA in the specular direction resulting from the weaker direct
atmospheric transmittance when AOT is higher. In any case, the atmospheric turbidity does not alter
the main conclusions previously drawn about the potential of deriving the water leaving radiance in
the sunglint observation geometry.
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5. Conclusions

The satellite remote sensing of coastal waters is of great interest for improving our understanding
of the functioning of these dynamic ecosystems. It is also of particular importance for a variety of
applications dedicated to coastal management which often implicitly contain an economic interest.
The top of atmosphere radiance LTOA is composed of the water leaving radiance Lw, the atmospheric
radiance and the glint radiance Lglint; the latter includes both the components of the skylight and the
sunlight reflections by the sea surface. The retrieval of bio-optical parameters such as the chlorophyll
a concentration or the suspended particulate matter (SPM) concentrations from ocean color satellite
data is commonly performed for pixels that are not contaminated by the sunglint pattern, which is
mainly located near the specular direction in the principal plane (i.e., the plane that contains both
the sun and the satellite sensor). This is because the sunglint radiance is often so high that it could
mask the information provided by the water leaving radiance, especially in the open ocean or weakly
turbid waters. In this study, the potential of using the satellite radiance measured in the sunglint
geometry for the retrieval of Lw and its implications for deriving the SPM concentrations in coastal
waters has been investigated based on forward radiative transfer modelling. A benchmark case of
simulation was defined. The model input parameters were set based on bio-optical in-situ datasets
that were acquired in various coastal areas, thus making the simulations consistent with real-world
conditions. In particular, the median values of the concentrations of the hydrosols were used to account
for the strong variability of the hydrosols encountered in coastal zones. Note also that the modelled
phase functions and backscattering efficiencies of SPM and phytoplankton hydrosols were consistent
with observations.

First, the angular distribution of the different radiance components which compose the
satellite signal, namely LTOA, Lw, and Lglint, was analyzed in the principal plane of observation.
The glint radiance Lglint showed a pronounced peak in the specular plane, as a result of the surface
specularly-reflected solar radiation. The water leaving radiance Lw varied within 20% over all the
viewing directions; such a directional variation was consistent with results found in previous studies.
The top of atmosphere radiance showed a significant increase by up to 40% with viewing zenith
angles in the backscattering plane. The increase was explained by the importance of the skylight
reflection by the sea surface originating from the Rayleigh scattering process. Such a result could
be further used to help the interpretation of the satellite directional radiance that will be measured
in the near future by forthcoming multidirectional satellite sensors such as the Multidirectional,
Multipolarization and Multispectral (3MI) instrument (ESA and EUMETSAT) and, to a lesser extent,
the Ocean Color Instrument (OCI) NASA) which should be able to acquire directional measurements
thanks to polarimeters in the frame of the PACE mission (NASA).
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Second, the contribution of the water leaving radiance to the satellite signal was analyzed through
the ratio Lw/LTOA. The results revealed that such a contribution is significant, typically between 40%
and 80% at 560 nm for turbid waters over all the observation geometries. It was noted that this range
of variation is much lower for open ocean waters. Our results thus demonstrated that the optical
signature of Lw should not be masked by the sunglint radiance at the satellite level when observing
waters showing a turbidity greater than 9 g m−3. The sensitivity analysis that was carried out showed
that measurements performed in the sunglint geometry using a red spectral band is also suitable to
derive SPM concentrations provided that turbid waters are concerned. It was also shown that the
detection of SPM using the radiance measured in the specular direction is even more feasible when the
sea surface is strongly agitated due to the higher spatial extent of the sunglint pattern. In addition,
it was mentioned that the maximum radiance that is expected at the top of atmosphere in turbid
waters within the sunglint region remains lower than the saturation radiance of the current ocean
color sensor, thus making it possible to measure it. The improvement of the radiometric saturation
specifications of the current satellite instruments is therefore not necessary. This study also revealed
that the observation of the ocean color in the specular direction should not be helpful for clear waters
and/or for a nearly flat ocean surface because the water leaving radiance is either not sufficiently high
(clear waters) or masked by the sunglint radiance at the satellite level (flat surface). It was also noted
that the atmospheric turbidity does not change the conclusions drawn in this study.

The results presented in this paper could be then used as a basis for the development of inverse
algorithms dedicated to the retrieval of SPM in turbid coastal waters from the use of satellite data
acquired in the sunglint geometry. The sunglint radiance could thus be treated as relevant information,
as it was previously exploited for other topics (Section 1), rather than a nuisance information for
ocean color. Inverse algorithms based on the exploitation of the sunglint radiative properties would
extend the analysis of a given satellite ocean color image through the consideration of pixels that are
contaminated by the sunglint instead of removing them.
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