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Abstract High resolution satellite data of the Medium Resolution Imaging Spectrometer in full resolution
mode (MERIS FR, pixel size is 300 m) were used to study the impact of suspended particulate matter (SPM)
on oyster-farming sites in a macrotidal bay of the French Atlantic coast where SPM concentration can
exceed 100 g m™>. Because MERIS standard SPM concentration retrieval saturates at about 50 g m >, we
developed an alternative method for turbid nearshore waters. The method consists in the combination of
the Semi-Analytical Atmospheric and Bio-Optical (SAABIO) atmospheric correction with a regional bio-
optical algorithm based on a linear relationship between SPM concentration and the reflectance band ratio
at 865 and 560 nm. MERIS FR-derived SPM concentrations were validated from 10 up to 300 g m 3, and
then merged with oyster ecophysiological responses to provide a spatial picture of the impact of SPM con-
centration on oyster-farming sites. Our approach demonstrates the potential of high resolution satellite
remote sensing for aquaculture management and shellfish-farming ecosystems studies.

1. Introduction

Accurate measurements of suspended particulate matter (SPM) concentration in turbid waters are a prere-
quisite for the environmental monitoring of nearshore areas, bathing waters, and navigational channels. As
water quality parameter, turbidity, which depends on SPM concentration, is an operational indicator for the
evaluation of the ecological status of coastal waters, as defined in policies of marine ecosystems integrated
management, such as the European Water Framework Directive (2000/60/EC). Observing SPM concentration
variations over a continuum of spatiotemporal scales, from a few meters to several kilometers, and from
hours to years, improves our understanding of the structure and functioning of nearshore marine ecosys-
tems. Turbidity reduces the penetration of solar irradiance within the water column and limits the photosyn-
thetically available radiation for primary producers, including phytoplankton and microphytobenthos. In
estuarine turbidity maximum zone, the concentration of dissolved oxygen can dramatically decrease as a
result of negative balance between autotrophic and heterotrophic biological processes, thus negatively
affecting marine organisms.

Variations in SPM concentration also influence the physiological responses of suspension-feeders such as
oysters, mussels, and other filter-feeders [Dubois et al., 2009]. These organisms rely on suspended particles,
trapped by their feeding structures, for their growth and reproduction [Cranford et al., 2011]. However, too
high SPM concentrations negatively affect the ability of oysters to filter seawater, select and ingest particles
[Dutertre et al., 2009a], in spite of phenotypic adaptation to cope with high turbidity conditions [Dutertre

et al,, 2009b]. Oyster clearance rate stops above an SPM concentration of about 200 g m™2 as a result of gill
saturation, and particle selection efficiency, which allows oyster to preferentially select particulate organic
matter before ingestion, decreases when SPM concentration exceeds 150 g m ™3 [Barillé et al., 1997].
Satellite-derived maps of surface SPM concentration could be used in aquaculture spatial planning to iden-
tify farming sites with the most favorable SPM concentration for oyster growth. Due to the spatial coverage
and timeframe of satellite observations, the value of satellite remote sensing for the management of marine
resources has been emphasized in a number of recent publications [Kapetsky and Aguilar-Manjarrez, 2007,
2013]. For example, satellite-derived sea surface temperature and chlorophyll-a concentration can be used
to predict spatiotemporal variability in mussel growth and to evaluate the suitability of coastal ecosystems
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to shellfish aquaculture [Thomas et al., 2011]. However, the development of algorithms specifically adapted
to turbid waters is an important requirement for aquaculture management and shellfish ecosystems studies
because oyster-farming sites are often located within muddy intertidal environments characterized by
important and highly variable SPM concentrations.

Due to ocean color satellite remote sensing, synoptic and spatially resolved maps of water reflectance can
be used to monitor the changes of turbidity in coastal waters, which are caused by variations in the surface
concentration of colored substances such as microalgae, colored dissolved organic matter, and suspended
particulate matter. In turbid waters, SPM concentration remote sensing algorithms are usually based on
empirical relationships established between SPM concentration and water reflectance at specific visible or
near-infrared (NIR) wavelengths. The remote-sensing reflectance (R,), which is defined as the ratio between
the water-leaving radiance to the downwelling irradiance just above sea surface, is at first-order propor-
tional to the coefficient of backscattering and inversely proportional to the coefficient of absorption [Morel
and Prieur, 1977]. As suspended particles absorb and scatter light in characteristic ways, R, is a suitable sur-
rogate to determine SPM concentration using either in situ radiometers deployed under or above the air-
water interface, or airborne, or satellite remote sensing.

In turbid waters where SPM concentration typically exceeds 50 g m ™2, the retrieval of R, from satellite remote
sensing is mainly challenged by two issues associated with the existence of a significant water reflectance sig-
nal in the NIR (usually taken as the range 700-1000 nm). First, this affects atmospheric correction. In clear oce-
anic waters, the retrieval of aerosol reflectance is based upon the assumption that the NIR water-leaving
radiance is equal to zero [Gordon and Wang, 1994]. This does not hold in turbid waters where NIR R, can sig-
nificantly increase with SPM concentration [Ruddick et al., 2006]. Second, R, saturates in visible wavelengths
when SPM concentration exceeds 50 g m™ > [Shen et al,, 2010]. It is therefore recommended to shift to NIR
wavelengths [Ruddick et al., 2006] where the correlation between R,; and SPM allows the retrieval of SPM con-
centration over a larger range with a better accuracy [Doxaran et al., 2002]. In very turbid waters where SPM
concentration exceeds 100 g m ™3, the R, signal in the short-wavelength infrared region (SWIR, 1000~

3000 nm) can also be used to improve atmospheric correction [Wang and Shi, 2007], as well as the retrieval of
SPM concentration [Knaeps et al.,, 2012] and inherent optical properties [Shi and Wang, 2014].

Another challenge of remote sensing in coastal waters relates to the difficulty of acquiring consistent data
at relevant spatiotemporal scales. Nearshore areas are highly dynamic and the concentration, composition,
and size distribution of marine particles typically undergo large variations [Wozniak et al., 20101, which are
accompanied by correspondingly large variations in the intensity and shape of R, spectra. In macrotidal
environments, resuspension of sediments occurs during the tidal cycle, inducing quarter-diurnal changes
whose magnitude can exceed the seasonal range of surface SPM concentration variability [Eleveld et al.,
2014]. A limited number of satellite images acquired at any time of the day regarding to the tidal cycle does
not provide a representative picture of the range of SPM concentration in coastal areas influenced by tidal
processes [He et al., 2013; Ruddick et al., 2014]. Tide-driven physical processes such as sediment transport
and sea level variation also influence SPM variations at monthly time scales in coastal waters, and spring-
neap SPM surface concentration variations are of the same order of magnitude than annual changes [Rivier
et al, 2012; Shi et al.,, 2011, 2013; Roberts et al., 2014]. In such environments, measurement strategies
designed to detect vertical and horizontal SPM variability including bottom sediment resuspension and ver-
tical mixing within the water column are therefore needed to resolve the large range of SPM concentration
that actually occurs in nearshore areas [Schubel, 1968]. Though satellite remote sensing cannot detect near-
bed concentration, it can be used to study spatiotemporal variation of surface SPM concentration, and
satellite-derived SPM maps are valuable tools to study the influence of SPM concentration in shallow waters
influenced by tidal resuspension of bottom sediment and vertical mixing [Fettweis and Nechad, 2011].

We developed an SPM concentration algorithm for one of the most turbid oyster-farming area of the French
Atlantic coast: Bourgneuf Bay, located south of the Loire estuary. Hyperspectral reflectance field data were
used to develop a bio-optical relationship between SPM concentration and R,; using a combination of
wavelengths specific to the spectral bands of the Medium Resolution Imaging Spectrometer (MERIS). The
algorithm was successfully validated at two oyster-farming sites, for a range of SPM concentration extend-
ing from 10 to 300 g m 3. High resolution MERIS-derived maps of surface SPM concentration were then
used to quantify the influence of turbidity on oyster growth in several oyster-farming sites of Bourgneuf
Bay, and to suggest management operations.
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———— 2. Data and Methods
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Figure 1. Map of the Loire estuary and Bourgneuf Bay on the French Atlantic coast, showing sector, SPM annual mean con-
the intertidal zone (gray area), the location of oyster-farming sites (black grid), the 5 m centration measured at about
depth contour line (gray line), the stations sampled during the bio-optical cruises in the
Loire estuary in 2002 (white squares) and Bourgneuf Bay in 2013 (white circles), and the K K
location of the two turbidity sensors deployed in 2005 and 2006 at the sites of La Coupe- (corresponding to the height of
lasse and Graisselous (circled letters C and G, respectively). oyster rack) is in the order of

150 g m ™3, whereas it is about
30 g m~? at the site of Graisselous in the southern part of the bay [Dutertre et al., 2009a]. Particles composition
also varies between the northern and southern sectors of the intertidal zone. Monthly mean concentration of par-
ticulate inorganic matter (PIM) accounts for 80-85% and 70-80% of the total SPM concentration at La Coupelasse
and Graisselous, respectively [Dutertre et al.,, 2009a]. Grain size distribution of the bed sediments also differs
between the two sectors: particles with mean diameter smaller than 44 um account for >40% and <10% of the
total weight of sediment at the sites of La Coupelasse and Graisselous, respectively [Méléder et al,, 2005].

0.7 m above bed sediments

Intertidal mudflats of the Loire estuary and Bourgneuf Bay host microphytobenthos (MPB), that form bio-
films dominated by assemblages of benthic diatoms at the surface of the sediment [Méléder et al., 2005;
Benyoucef et al., 2013]. Resuspended MPB significantly contributes to the concentration of chlorophyll-a
(Chl-a) measured in seawater samples, thus constituting an important trophic resource for oysters and other
filter-feeder mollusks when phytoplankton abundance is limited by the environmental conditions [Decottig-
nies et al,, 2007]. In Bourgneuf Bay, oyster parks cover an area of 10 km? within the intertidal zone, and the
bay yields an oyster production of about 8600 tons a year [Agreste, 2003], despite the negative influence of
high SPM concentration on oyster growth and reproduction [Dutertre et al., 2009a; Barillé et al., 2011a].

2.2. In Situ Measurements

Two cruises were performed to acquire a data set of reflectance spectra and SPM concentration in turbid
waters. The first cruise was conducted from 25 February to 1 March 2002 in the Loire estuary, as described
in Doxaran et al. [2003]. The second cruise was conducted in Bourgneuf Bay from 8 to 12 April 2013 to study
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how environmental parameters impact the functioning of oyster-farming ecosystems. During both cruises,
water sampling and radiometric measurements were performed at nearshore stations located within the
intertidal area (Figure 1) to acquire a wide range of SPM concentration data in conjunction with reflectance
spectra. In Bourgneuf Bay, a traditional oyster-farming flat-bottomed barge was used to navigate through-
out the shallow waters of the intertidal zone before low tide, and some stations were visited when the
water depth was as low as 0.5 m. In these highly turbid waters, the bottom was never visible from above,
even at the shallowest stations for which the Secchi depth was about 0.2 m.

The same method was used to measure reflectance spectra during the cruises in the Loire estuary and
Bourgneuf Bay. Above-water radiometric measurements were conducted following NASA protocols [Mueller
et al., 2002] to determine the spectral remote-sensing reflectance, R,(1), which was computed as

Rrs()“):[LgJr ()') - psknys)kJ;/()‘)}/Eg+ (4) (1M

where L%*(J) is the upwelling radiance from the water and air-sea interface measured at a zenith angle of
about 37°, L% (1) is the sky radiance measured toward the region of sky that reflects into the seaviewing
sensor, py, is the air-water interface reflection coefficient for radiance equal to the Fresnel reflection coeffi-
cient in the case of a flat sea surface, ES* (1) is the above-water downwelling irradiance, and 4 is the wave-
length. The barge was maneuvered on station away from the sun to avoid shadowing effects. Radiance
sensors were pointed at a solar azimuth angle between 90° and 135°. L%, L?k;, and ES* measurements
were recorded simultaneously during about 5 min of apparently stable sky conditions using three TriOS-
RAMSES hyperspectral spectroradiometers, two measuring the radiance signal and one measuring the

downwelling irradiance.

A hyperspectral ASD spectroradiometer was also used in Bourgneuf Bay to acquire R,(1) data concomitantly
with TriOS measurements. The same ASD sensor was used to measure L2*, L?k; and the downwelling radi-
ance at nadir, L3", during consecutive 2 min time series of data acquisition. L5* and L?,:; were recorded by
pointing the ASD sensor in the same directions as the TriOS sensors used to measure the upwelling and sky
radiances, respectively. The ASD sensor was then pointed toward a white Spectralon plate to measure Lg*.
ES* was computed from L%* multiplied by = and by the exact reflectance of the calibrated Spectralon plate,
and R,; was computed as in equation (1). A similar method to acquire R,(1) was used in the Loire estuary,
where consecutive measurements of Lg*, 1%, and Lg+ were performed using a single Spectron SE-590 spec-

sky’
troradiometer [Doxaran et al., 2003].

The ratio Lf,;’,/Ec‘;+ at 750 nm was used to discriminate clear from cloudy sky conditions following Ruddick et al.
[2006], and only clear sky data were selected. Wave height was <0.5 m and wind speed was <5.0 ms™ '
during both cruises. The p, coefficient was taken as 0.02 following Austin [1974]. A careful quality check
was applied to the selected clear sky data which were then averaged over the time span of the measure-
ments to obtain the mean value and standard deviation of R, at each station. The final output data of the
TriOS measurements were the hyperspectral remote-sensing reflectance R, at a spectral resolution of

2.5 nm, from 305 to 950 nm. The final output data of the ASD measurements were the hyperspectral
remote-sensing reflectance R, at a spectral resolution of 1 nm, from 350 to 2500 nm. The Fraunhofer
absorption line around 761 nm corresponding to the dioxygen O,-A band was removed from ASD reflec-
tance spectra.

Seawater samples were collected just below the surface during optical measurements for subsequent labo-
ratory determination of SPM concentration. Seawater samples were homogenized and stored in 1 | bottles
until being analyzed in the laboratory in the afternoon. Measured volumes of seawater (between 25 and
100 mL depending of the turbidity of the sample) were filtered through preweighed GF/F glass-fiber filters.
At the end of filtration, sample filters were rinsed with deionized water to remove sea salt. For the analysis
of 2013 cruise samples, the turbidity, T (in Formazin Nephelometric Unit, FNU), of each water sample was
determined in triplicate using a 2100Q portable turbidimeter (Hach Company, Loveland, CO, USA) in order
to optimize the volume of filtered seawater, as in Neukermans et al. [2012]. SPM concentration, defined as
the dry mass of particles per unit volume of seawater, was then determined using a standard gravimetric
technique. The dry mass of particles collected on the filter was measured with a MT5 microbalance (Mettler-
Toledo Intl. Inc.) with a resolution of 0.001 mg. The average particle mass retained on the filter was 4.73 mg
while the mean filter dried mass was 26.0 mg. The measurement uncertainty was assumed to be the
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Figure 2. Scheme of MERIS data processing showing how the suspended particulate matter centration from Rrs data in the
(SPM) concentration is computed from level 1 top-of-atmosphere (TOA) radiance data. Loire estuary and Bourgneuf
MEGSS8.1 processing steps are in white, changes specific to SAABIO or to the regional bio- Bay. The algorithm was based
optical algorithm are highlighted in gray. Three SPM concentrations were eventually com- . R R
puted, respectively, the MEGS8.1_NN, MEGSS.1_regional, and SAABIO_regional SPM on a regional relationship
concentrations. between SPM concentration

and R,(865)/R,(560), a reflec-
tance band ratio adapted to the spectral characteristics of the Medium Resolution Imaging Spectroradiome-
ter (MERIS). The algorithm was applied to MERIS data (see next section), and validated using an
independent data set of in situ SPM concentration. The validation data set consists in a 2 year turbidity time
series at two oyster-farming sites in Bourgneuf Bay (La Coupelasse and Graisselous, Figure 1) where two oys-
ter racks (i.e., oyster growing structure) were instrumented. Multiparameter water quality probes 6600 (YSI
Inc., Yellow Springs, OH, USA) equipped with nephelometry sensor were deployed from 2005 to 2006 to
perform autonomous turbidity measurement at an hourly frequency. SPM concentration was determined
from turbidity using a linear relationship: SPM (g m™~3) = 1.44 X T+ 12.92, where T is the turbidity in nephe-
lometric turbidity units (NTU). The relationship was obtained using a regression between turbidity and SPM
concentration determined from concomitant seawater sampling, with a correlation coefficient (r%) of 0.93,
as described in Dutertre et al. [2009a]. The turbidity sensors were fixed at oyster racks’ level at about 0.7 m
above bottom. Sensor were inspected every month, and equipped with a flushing system to prevent bio-
fouling. No drift was observed in the turbidity time series. At low tide, no data were acquired when the
water depth was below the height of the oyster racks.

2.3. Processing of Satellite Data

MERIS level-2 data were downloaded from the Kalicotier web portal (http://kalicotier.gis-cooc.org), which
provides access to the complete archive of MERIS full resolution data (MERIS FR, pixel size is 300 m) on five
coastal areas including the French Atlantic coast. Two processing chains are available and were considered
in this study: the nominal European Space Agency'’s (ESA) third reprocessing [MERIS Quality Working Group,
2011], corresponding to processor version MEGS 8.1, and the alternative Semi-Analytical Atmospheric and
Bio-Optical processing (SAABIO) provided as part of Kalicotier by ACRI-ST [Mazeran, 2012]. The difference
between MEGS 8.1 and SAABIO relates to the bright pixel atmospheric correction (BPAC) applied prior to
the clear water atmospheric correction (Figure 2). Among the changes, the MEGS 8.1 BPAC uses three bands
in the NIR [Moore and Lavender, 2011], whereas the SAABIO BPAC uses five bands in the visible and NIR
(560, 620, 709, 775, and 865 nm) to avoid extrapolation of aerosol reflectance toward smaller wavelengths;
this allows a better separation of the oceanic and atmospheric contributions from the top-of-atmosphere
(TOA) radiance, and limits the risk of negative marine reflectance in the blue part of the spectrum. All other
processing steps are strictly similar between MEGS 8.1 and SAABIO, in particular, the clear water atmos-
pheric correction based on two NIR bands and providing marine reflectance in the visible spectral domain
[Antoine and Morel, 1999] and its associated vicarious calibration factors (Figure 2).

SPM concentration was inversed from MEGS 8.1 or SAABIO marine reflectance using the regional bio-
optical algorithm developed from the Loire estuary and Bourgneuf Bay data set, and two different SPM
products were, respectively, computed, namely the MEGS8.1_regional and the SAABIO_regional products.
The combination of SAABIO or MEGS 8.1 atmospheric correction with the regional bio-optical algorithm
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constitutes an alternative to the neural network approach used in MEGS 8.1 for turbid waters [Doerffer,
2011], where SPM concentration is computed directly from TOA radiance data (Figure 2). For the sake of
simplicity in the notation, the SPM concentration computed using the neural network inversion is hereafter
named MEGS8.1_NN SPM concentration.

38 MERIS FR cloud free images over the study area were selected in 2005 and 2006 to observe surface
SPM concentration in the intertidal zone of Bourgneuf Bay. Years 2005 and 2006 were chosen due to
the existence of a large amount of in situ turbidity data acquired in the intertidal zone and available for
validation. As SPM concentration variability in nearshore waters is characterized by significant fine-scale
spatial variations [e.g., Doxaran et al., 2006], only the nearest MERIS FR pixel was extracted to compare
SPM concentration derived from satellite radiometry with in situ turbidity measurements. The distance
between the center of the extracted pixel and the location of the sampling point ranged from 20 to
223 m, with an average of 112 m and a standard deviation of 42 m. Given the importance of short
time-scale variability associated with tidal dynamics, in situ hourly SPM concentration time series was
interpolated to the exact time of MERIS overpass. Pixels flagged as cloud, land, ice haze, or high-glint
were rejected.

A SPOT satellite image of Bourgneuf Bay acquired with the 20 m High Resolution Visible sensor (HRV2) dur-
ing high tide on 13 December 2005 was selected to investigate MERIS subpixel spatial variability in the case
of spatially heterogeneous SPM concentrations. SPOT level-2 data were computed using the Fast Line-of-
Sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) radiative transfer code [Cooley et al., 2002].
The FLAASH correction retrieves the sensor’s gain and offset, as well as the geometric information from
SPOT metadata. For each spectral band, the TOA upwelling radiance was corrected from atmospheric
effects using the radiative transfer look-up tables of MODTRAN 4 (MODerate resolution atmospheric radi-
ance and TRANsmittance model) [Berk et al., 1989]. The contribution of atmospheric constituents to the TOA
radiance was estimated using a middle latitude winter atmospheric model and a maritime aerosol model
parameterized with a visibility of 80 km. The final product derived from the FLAASH processing is the
remote-sensing reflectance, R,,, from which SPM concentration was computed using a specific relationship
developed for SPOT-HRV2 in the Loire estuary [Doxaran et al., 2003]. SPOT-derived SPM concentration map
was spatially averaged from its initial 20 m ground resolution to pixels of 300 or 1200 m, respectively, corre-
sponding to the full or reduced resolution of MERIS images, in order to assess the degree of small-scale spa-
tial variations within a MERIS pixel.

2.4. Coupling Satellite Data With Oyster Physiology

The MERIS FR imagery selected and validated in 2005 and 2006 were used to evaluate the potential impact
of high SPM concentration on the main oyster-farming sites in Bourgneuf Bay. For each pixel of the
satellite-derived SPM concentration maps, oyster clearance rate was computed following the model of
Barillé et al. [1997] in which oyster clearance rate is negatively impacted by turbidity when SPM concentra-
tion exceeds two thresholds located at 60 and 200 g m > (Figure 3). A subset of 25 pixels was extracted
over the main oyster-farming sites of Bourgneuf Bay, for which averaged oyster clearance rate and SPM
concentration were analyzed to quantify the effect of SPM concentration on oyster growth. As all currently
farmed oyster parks are located within the intertidal zone, an additional subtidal site was investigated out-
side the intertidal zone to assess the potential interest of offshore oyster-farming. The geographic coordi-
nates of the offshore site correspond to the actual location of a mooring equipped with underwater cages
that was recently tested for offshore oyster-farming (technical center for oyster-farming, P. Glize, personal
communication, 2008).

3. Results

3.1. In Situ SPM Concentration and R, Variations

Annual variations of SPM concentration at the oyster-farming site of La Coupelasse are characterized by the
absence of seasonal variability and by oscillations associated with springs-neaps tidal cycle (Figure 4a).
Hourly averaged SPM concentration varies from <10 to >1500 g m > during a year whereas the concentra-
tion averaged over 1 tidal cycle spans a smaller range (10-500 g m~3), thus highlighting the importance of
tide-driven temporal variability at this nearshore site. In macrotidal environments, SPM variability is domi-
nated by the resuspension, dilution, and concentration of mineral and organic sediments occurring
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Figure 3. Modeled effect of suspended particulate matter (SPM) concentration on oyster centration exceeds 250 g m*3_
clearance rate. The arrow at ~200 g m~> shows the SPM concentration threshold at which .
oysters cannot filter anymore because of gill saturation (adapted from Barillé et al. [1997]). The SpeCtral width of the Ris
maximum plateau increases

with SPM concentration, extending from 570 to 650 nm for the most turbid waters shown in Figure 4. This
green-yellow plateau announces the saturation of R, in the visible domain [Ruddick et al., 2006]. Secondary
reflectance maxima associated with the increase in SPM concentration occur at 810 and 1070 nm. Nonzero
value of R, in the NIR is a known feature of turbid waters [Doxaran et al., 2002; Wang and Shi, 2007]. A sec-
ondary reflectance maximum in the SWIR at 1070 nm was previously observed in the turbid waters of the
Scheldt River [Knaeps et al., 2012]. The hyperspectral R, spectra also display several features associated with
the presence of pigment-bearing particles. The depression of R,; around 675 nm is due to the absorption by
chlorophyll-a (Figure 5). Another inflection in the slope of the reflectance spectra is also visible around

632 nm, attributable to the absorption by both chlorophyll-a and chlorophyll-c, a pigments association spe-
cific to diatoms [Méléder et al., 2005; Barillé et al., 2011b].

Oyster clearance rate (L h™")

3.2. Development of a Regional Bio-Optical Algorithm for Turbid Waters

A total of 28 pairs of concomitant R, spectra and SPM concentration data have been gathered for the Loire
estuary and Bourgneuf Bay. ASD measurements were not used in the development of the R, versus SPM
bio-optical algorithm, though they favorably compare with TriOS data (Figure 5). Thanks to the acquisition
of hyperspectral reflectance data, several combinations of R, at different wavelengths were tested to deter-
mine the most accurate relationship between SPM concentration and R,,. The best empirical relationship for
MERIS was obtained between SPM concentration and the 865-560 nm band ratio of remote-sensing reflec-
tance, R,(865)/R,s(560) (Figure 6). The combination of the Loire estuary [Doxaran et al., 2003] and Bourgneuf
Bay data sets yields a robust relationship (r* = 0.98) between SPM concentration and R,,(865)/R,s(560) over a
range of seston concentration spanning 1 order of magnitude from 25.4 to 527.3 g m~>. The similarity of
the two data sets suggests that the optical properties of suspended particles in the Loire estuary and Bourg-
neuf Bay are similar enough to develop a single regional bio-optical algorithm for the whole area (Figure 6).
The existence of a single relationship all over the study area is noteworthy, given the hydrological heteroge-
neity of the stations sampled during the two cruises, which covered moderately to very turbid waters in the
Loire estuary and intertidal oyster-farming sites in Bourgneuf Bay (Figure 1).

3.3. Evaluation and Application of the SPM Algorithm to MERIS FR Data

We remind here that three methods were evaluated to retrieve surface SPM concentration from MERIS data
in the turbid waters of the Loire estuary and Bourgneuf Bay (Figure 2). MEGS8.1_NN SPM concentrations are
severely underestimated in comparison with in situ measurements (Figure 7a), and the SPM concentration
inversed using the neural network saturates when turbidity increases, rapidly reaching an upper limit
around 50 g m 3. The application of the regional bio-optical algorithm to the marine reflectance deter-
mined using either MEGS 8.1 or SAABIO atmospheric correction significantly improves SPM concentration
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Figure 4. (a) Time series of in situ suspended particulate matter (SPM) concentration

determination (Figures 7b and
7¢). The best algorithm is the
combination of the SAABIO
atmospheric correction with
the regional bio-optical algo-
rithm, and the comparison
between in situ and SAA-
BIO_regional SPM concentra-
tion is overall satisfactory over
a wide range of seston concen-
tration. No bias is observed
between in situ and SAA-
BIO_regional SPM concentra-
tion, and the regression line
stays very close to the 1:1 line
(Figure 7¢).

A focus on few acquisitions
spanning different turbidity
regimes allows to better
appraise the performance of
the three methods (Figures 8
and 9). The difference of accu-
racy between the two regional
methods is relatively low for
moderately turbid waters with
SPM concentration below 50 g
m >, for which both MEGS8.1
and SAABIO atmospheric cor-
rection algorithms yield similar
surface R, spectra (Figure 8a).
The subsequent determina-
tions of SPM concentration are
roughly equivalent (Figure 8b).
The accuracy of MEGSS8.1
atmospheric correction
degrades in turbid waters
when SPM concentration

obtained from automated turbidity measurements at 0.7 m above bottom at La Coupelasse
in 2006. Hourly averaged SPM concentration is in gray; average concentration over 1 tidal
cycle is in black. (b) Example of a 3 day time series of SPM concentration from 13 to 15
August 2006. Within-day SPM concentration variation (in black) is associated with the tidal
cycle of water height measured by a pressure sensor fixed at 0.7 m above bottom (dashed
gray line). Note the absence of data at low tide when the turbidity and pressure sensors
were above water.

reaches about 90 g m > (Fig-
ure 8c), and MEGS8.1_regional
SPM concentration is underes-
timated by a factor of 2 (Figure
8d). The bright pixel atmos-
pheric correction implemented
within MEGSS8.1 atmospheric correction fails when SPM concentration exceeds 200 g m ™3, yielding null
R.s(4) in the NIR (Figure 8e), which prevents the computation of SPM concentration from the R,5(865)/
R,s(560) band ratio (Figure 8f). The neural network inversion always returns an SPM concentration value, but
it is systematically underestimated whatever the turbidity range (Figures 8b, 8d, and 8f). For the same MERIS
FR pixels, the alternative SAABIO atmospheric correction yields consistent R, spectra (Figures 8a, 8c, and
8e), and the application of the regional bio-optical algorithm produces correct estimations over a range of
SPM concentration spanning 1 order of magnitude from about 26 to 260 g m 3 (Figures 8b, 8d, and 8f).

The comparison of SPM concentration spatial distributions derived from the MEGS8.1_NN and SAABIO_
regional methods further illustrates the underestimation of MERIS standard case 2 SPM algorithm, and its
inadequacy to map SPM concentration in very turbid waters, on the contrary to the combination of SAABIO
atmospheric correction and of the regional bio-optical algorithm, which detect spatial structures in the Loire
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Figure 5. Examples of spectra of remote-sensing reflectance, R.(4), for moderately to very turbid waters in Bourgneuf Bay on 12 April
2013, acquired using an ASD or TriOS spectroradiometer. Arrows point to two significant absorption bands by chlorophyll-a and c.

estuary and Bourgneuf Bay (Figure 9). MEGS8.1_NN SPM concentration spans a limited range of values all
over the study area, monotonously increasing shoreward from about 10 to 50 g m ™ (Figures 9a and 9c).
MEGS8.1_NN SPM concentration does not exceed 50 g m ™3, even in the most turbid sectors of the Loire
estuary and Bourgneuf Bay. The spatial distribution of MEGS8.1_NN SPM concentration is barely the same
during neap and spring tide condition, whereas the resuspension of sediment particles by tidal currents is
much lower during neap tide than during spring tide condition (Figures 8 and 9).

The same images processed using the combination of SAABIO atmospheric correction with the regional
bio-optical algorithm display a wider range of SPM concentrations, up to 400 g m 2 (Figures 9b and 9d).
During neap tide, SAABIO_regional SPM concentration exhibits the highest values at the fringe of the inter-
tidal zone, notably in the turbid sectors of Les Moutiers, La Coupelasse, and Gril Nord (see Figure 10 for their
location), consistently with the location of soft and noncohesive mudflats in Bourgneuf Bay. During spring
tide, heterogeneous patches of turbid waters are detected over the intertidal zone, spreading high concen-
trations of seston offshore (Figures 9b and 9d). In the southern part of the bay, a turbid plume associated
with tidal flow releases high
loads of particles off the nar-
row channel between main-
land and the island of
Noirmoutier. The spatial distri-
bution of surface SPM concen-
tration in the Loire estuary is
also more realistically dis-
played, showing fine-scale fea-
ture like the stretching of
highly turbid water offshore
along the southern side of the
N =28, =098 estuary (Figure 9). The turbid
Intercept =0 "
Slope = 521.1075 plume off the Loire estuary
that is visible at the surface

000, 4 v v vy spreads to the west into the
0 100 200 300 400 500 coastal ocean over a distance

. 3
SPM concentration (g m™) of about 10 km, even during

. neap tide condition (Figure 9).
Figure 6. Suspended particulate matter (SPM) concentration versus band ratio of remote- Theii f SPM
sensing reflectance, R,;(865)/R(560), in the Loire Estuary (gray squares) and Bourgneuf Bay e improvement o con-
(white circles). The black line shows the regression line. centration retrieval within the

1.0

| @ Loire Estuary
-0 Bourgneuf Bay

0.8

0.6~

0.4

R,(865)/R ,(560)
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Figure 7. (a—c) For the intertidal stations of La Coupelasse and Graisselous,
matchups of in situ suspended particulate matter (SPM) concentration

obtained from nephelometry data versus MERIS FR-derived SPM concentration,
using (a) MEGS8.1_NN, (b) MEGS8.1_regional, and (c) SAABIO_regional process-
ing. The dashed line shows the 1:1 line, the continuous line shows the regression

line.

intertidal zone using the SAABIO_re-
gional method allows us to study the
impact of high SPM concentration on
oyster-farming sites, as presented in
the next section.

3.4. Using High Resolution MERIS
SPM Data for Oyster-Farming Spatial
Planning

An example map of oyster clearance
rate map derived from SAABIO_re-
gional SPM concentration data is
shown in Figure 10a. On this example,
the spatial distribution of the modeled
oyster clearance rate is highly con-
trasted. A constant maximum clearance
rate of 48 L h™" is reached wherever
the SPM concentration is lower than
60 g m 3, and the highest clearance
rates are mainly distributed offshore.
On the contrary, the modeled clear-
ance rate decreases below 4 L h™ ' in
the intertidal zone, displaying large
variations between and within interti-
dal oyster-farming sites. On this exam-
ple, the maximal clearance rate is
reached over three oyster-farming
sites: Les Moutiers, Graisselous, and
Paillard, whereas the minimum is
located over the farming site of La Cou-
pelasse, where the spatial variability is
also maximal (Figure 10a).

In 2005 and 2006, farming site aver-
aged oyster clearance rates ranged
from <3.0to 4.8 L h™" (Figure 10b),
with the offshore site, where surface
SPM concentration never exceeded

20 g m 3, having the highest value.
The intertidal oyster-farming sites of
Noirmoutier, Graisselous, and Paillard,
all located in the southern part of the
bay, ranked second in terms of clear-
ance rate. The upper limit of SPM con-
centration at these sites was indeed
consistently below the threshold value
of 60 g m > at which oyster clearance
rate generally starts to decrease [Barillé
et al., 1997]. Oyster clearance rate was
altered at the oyster-farming sites of
Ringeau and Gril Nord, which experi-
enced moderate to high SPM concen-
trations. In the northern area of
Bourgneuf Bay, the oyster-farming sites
of Les Moutiers and La Coupelasse

GERNEZ ET AL.

©2014. American Geophysical Union. All Rights Reserved.

7286



@AGU Journal of Geophysical Research: Oceans

10.1002/2014JC010055

[ a) Moderately turbid waters (27 July 2005) Ry from: b) Moderately turbid watefs SPM determined from:
Satellite overpass at high tide --0- MEGSS.1 27 July 2005 O in situ data
- -m- SAABI H ® MEGS8.1 NN
00 . SAABIO S 400 ) ; o MEg_ggl R,
- A gﬂ - # TR . ,S,AABIO Rz A
£ / —
g N 1l '
0.02f o T = 200 ! I . SERC)
Fopulis - =} ‘| ] g" \ ’ —
| L = \ ! 8! \ ' =
= ,. 8 = \ ! @i ' L =
2, r " 1] \ 4 =i X ()
@ /~ g 100 i 5! \ 2=
b [ ] o o L d 4 =
001 : 2 [ ] e
q a =] -
Q 3 { =
. S 1=
r d
Bl g E 40 14
0.00 w ]
| 20 1.2
| ' 1 ' 1 L 1 ' 1 ' | |
400 500 600 700 800 900 0 4 8 12 16 20 24
A (nm) Time (GMT)
c¢) Turbid waters (12 July 2005) d) Turbid waters
Satellite overpass during flow 12 July 2005 :
0.03 M - 5
Y T
L ’ % g
’l, Pesens a L n @
| PU . m = 200 )
~ 002 o By, \ 5 pe
| . F =R} —
N A 3 g =
% 5 o L 2 100 >
IS o B ‘\ 8 B
= 001 d Y h"“ b=t L
S o <
) > o B
L D-.n_. L] E 40 4
fensig g ;
000~  d «
L7 20 12
| L) L | L | L | L | L | Lo b o by e b o by o o b |
400 500 600 700 800 900 0 4 8 12 16 20 24
A (nm) Time (GMT)
e) Very turbid waters (28 February 2005) ) Very turbid waters :
Satellite overpass at low tide 28 February 2005
0.3 . 5 400
| PPt AN gﬂ _
- A
¥ ety = 200 g
~ 002 J/ LN 5 =
I 4 b = =
5| 5 A y 5 B
% y A N = 100 2
o f. o El | ] 8 —
X 0.01F ’ \ =] 40'_.’
’ N =) <
P : g o =
r [ |} ." .'.
J d E 40 : 4
’ [=] K 7] L :
0,00 o T, :
oo 201~ 1.2
! . ! . ! . ! . 1 . 1 [P I IEPUE S RN R B |
400 500 600 700 800 900 0 4 8 12 16 20 24
A (nm) Time (GMT)

Figure 8. (a) For the moderately turbid waters of La Coupelasse at high tide on 28 July 2005, remote-sensing reflectance spectra, R,s(1), extracted from a single MERIS FR pixel using
either MEGS8.1 or SAABIO atmospheric correction. (b) For the same date and location, MERIS-derived suspended particulate matter (SPM) concentration obtained using MEGS8.1_NN
(gray square), MEGS8.1_regional (white square), and SAABIO_regional (black square) processing at the time of satellite overpass are plotted on the daily time series of in situ SPM con-
centration (white circles) and water height measurements (dashed line). Same as in Figures 8a and 8b but (c, d) for turbid waters during tidal flow on 12 July 2005, and (e, f) for very tur-

bid waters during low tide on 28 February 2005. Note the failure of the MEGS8.1 atmospheric correction (i.e., Rs(865) equals 0) and of the subsequent MEGS8.1_regional SPM

concentration determination for very turbid waters (Figures 8e and 8f).
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Figure 9. (a and b) During neap tide on 28 July 2005, map of suspended particulate matter (SPM) concentration computed using (a) either MEGS8.1 neural network, or (b) the combina-
tion of the SAABIO atmospheric correction with the regional bio-optical algorithm. The emerged part of the intertidal zone is in gray. White pixels correspond to clouds. (c, d) Same as in
Figures 9a and 9b but during spring tide on 28 February 2005. In Figures 9b and 9d, black pixels correspond to points where R,(865) and SPM concentration equal zero.

showed the lowest clearance rate, as low as 3 L h™". In these very turbid sectors SPM concentration often
exceeded 200 g m 3, a threshold value at which oyster gill saturation starts to occur [Barillé et al., 1997].

4, Discussion

4.1. Remote Sensing of Nearshore Intertidal Areas

Intertidal and nearshore waters have rarely been observed from ocean color satellite sensors for several rea-
sons. First, the spatial resolution of past and current ocean color sensors was generally not adapted to
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Figure 10. (a) Example of spatial distribution of modeled oyster clearance rate computed
from MERIS FR SAABIO_regional SPM concentration on the 28 February 2005. The polygons

show the location of the oyster-farming sites used in Figure 10b. (b) For the oyster-farming oyster—farming areas, an exam-
sites shown in Figure 10a, temporal average and standard deviation of the mean SPM con- pIe of SPOT-HRV2 SPM concen-
centration and oyster clearance rate computed using all MERIS FR data selected in 2005 and . .

2006. tration map was spatially

averaged at 300 and 1200 m
ground resolutions, respectively, corresponding to MERIS full resolution (FR) and reduced resolution (RR)
modes (Figure 11). The SPOT image was acquired near high tide and every oyster park within the intertidal
zone was submerged by water. The spatial distribution of surface SPM concentration displays complex and
heterogeneous patterns that are clearly visible due to the high spatial resolution (20 m) of SPOT-HRV2. The
black rectangle in Figure 11a shows the turbid region-of-interest (ROI) selected to illustrate the changes in
SPM spatial distribution observed at different scales. The comparison of the native resolution (20 m) and
resampled data within the ROI clearly demonstrates the inability of the resolution of MERIS RR (1200 m) for
nearshore oyster-farming studies, whereas the resolution of MERIS FR (300 m) is sufficient to catch the spa-
tial details of surface SPM concentration over each oyster-farming site. The fine scale structure of the varia-
tion in SPM concentration along a 2 km coastward transect is clearly visible at 20 m resolution, still fairly
visible at 300 m resolution, and completely blurred at 1200 m resolution (Figures 11 and 12). The degrada-
tion of spatial resolution from 20 to 300 m allows us to quantify MERIS FR subpixel variability. On this exam-
ple, averaged MERIS FR subpixel spatial uncertainty is about 10%, locally reaching 30% in very dynamic
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Figure 11. During high tide on 13 December 2005, SPOT-HRV2 map of suspended particulate matter (SPM) concentration showing (a) Bourgneuf Bay, and (b) a smaller region of interest
near the oyster-farming parks of La Coupelasse. The location of oyster-farming growing structures is indicated by black polygons. One oyster park, the basic unit for oyster rearing, corre-
sponds to a single polygon. The gray area shows the emerged part of the intertidal zone. The horizontal segment at about 47.03°N shows the transect used to compute SPM concentra-
tion variation in Figure 12. (c, d) Same as in Figure 11b, but the resolution has been degraded to 300 m and 1200 m to, respectively, simulate MERIS SPM concentration at full resolution

(FR) and reduced resolution (RR).

areas where SPM concentration varies from 150 to 350 g m~ > within only 500 m (Figure 12b). The conclu-
sion that 300 m is a relevant resolution for coastal zone research was recently drawn by Vanhellemont
and Ruddick [2014] in a Landsat 8 study of SPM concentration spatial variations within an offshore wind
farms array. Our analysis of the spatial scales of SPM concentration variation within an oyster-farming sec-
tor further demonstrates the potential of MERIS FR data for the environmental monitoring of nearshore
areas.

Beyond HRV2 and MERIS, our approach could be extended to the next generation of ocean color
satellite sensors such as the Multispectral Instrument (MSI) and the Ocean and Land Color Instru-
ment (OLCI) that will be, respectively, launched in a near future onboard Sentinel 2 and 3 by ESA.
Both MSI and OLCI spectral bands include the visible and NIR channels required for the SAABIO
correction, and the bio-optical relationship between SPM concentration and R,(865)/R,,(560) could
be easily adapted to the spectral bands of OLCI and MSI using the data set of hyperspectral R,
spectra.
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400F The significant increase in
a) reflectance at 1070 nm when
SPM concentration exceeds
250 g m > (Figure 5) demon-
strates the interest of using
measurements of R, in the
SWIR to retrieve SPM concen-
tration in extremely turbid
waters [Knaeps et al., 2012; Shi
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1020 nm. Hyperspectral data
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to detect chlorophyll-a in tur-
bid waters, even when particu-
late matter is dominated by
o+ v I A PPN mineral assemblages of mud
v Lo, Jan and fine grain sediments. Chlo-
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2400 1800 1200 600 0 ble on the R, spectra acquired

Distance from coastline (m) in the intertidal waters of
Bourgneuf Bay (Figure 5). The
Figure 12. (a) Variation in suspended particulate matter (SPM) concentration along the presence of these pigments in
shoreward transect shown in Figure 11b, observed at a resolution of 20, 300, or 1200 m. (b) seawater. which was confirmed
SPM concentration error at a resolution of 300 or 1200 m along the same transect, com- !
pared to the native 20 m resolution. by High-Performance Liquid

Chromatography (HPLC) analy-
ses (data not shown), can be explained by the resuspension of benthic microalgae in the water column.
Microphytobenthos form biofilms at the surface of intertidal mudflats, whose spatial distribution can be
detected remotely, using either airborne [Combe et al., 2005], or satellite images acquired at high [Méléder
et al,, 2003] and moderate spatial resolution [van der Wal et al., 2010; Brito et al., 2013].
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A limitation of satellite observation of intertidal waters is associated with the discrepancy between the time
of satellite overpass and tidal cycle. Sun-synchronous polar orbiting sensors provide tidally biased observa-
tions in midlatitude tidal environment [Eleveld et al., 2014]. In Bourgneuf Bay, the time slot of satellite over-
pass (10:00-12:00) coincides with high-tide conditions during neap tides and with low-tide conditions
during spring tides. MERIS observation of Bourgneuf Bay intertidal waters therefore mainly occurs during
neap tides, thus leading to the under representation of SPM concentration variation, and to the subsequent
under estimation of the actual impact of SPM on oyster physiological responses. In fact, for the selection of
validated clear-sky and high-tide MERIS FR images, the tidal coefficient was generally low (mean: 61.7,
standard deviation: 12.8, minimum: 23, maximum: 98). Interestingly, observations of surface SPM concentra-
tion from geostationary satellites [Neukermans et al., 2009; Choi et al., 2012; He et al., 2013; Ruddick et al.,
2014; Vanhellemont et al., 2014] can overcome this limitation and provide data coincident with low-tide con-
ditions whatever the tidal amplitude. In complement to ocean color satellite observations, the deployment
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of automated in situ turbidity sensors in crucial areas could provide high-frequency data during all meteoro-
logical conditions [e.g., Fettweis and Nechad, 2011].

4.2. Using Ocean Color Satellite Data for Oyster-Farming Studies

Ideally, the modeling of other oyster ecophysiological functions requires SPM concentration, sea surface
temperature (SST), and chlorophyll-a concentration (Chl-a). Maps of satellite-derived SST, Chl-a, and SPM
concentration could therefore be used to map oyster growth in oyster-farming areas. Several ecophysiologi-
cal models including the Dynamical Energy Budgets (DEB) and the Scope for Growth (SFG) have been suc-
cessfully used to simulate oyster growth in several oyster-farming areas along the French coast [Alunno-
Bruscia et al., 2011] including Bourgneuf Bay [Barillé et al., 2011a]. The modeling approach is not restricted
to oyster-farming, and could be extended to other shellfish species, such as cockles [Troost et al., 2010],
mussels [Rosland et al., 2009], or scallops [Bacher et al., 2003]. Surprisingly, the combination of shellfish eco-
physiological modeling with ocean-color satellite remote sensing has been rarely investigated, despite the
wide range of expected applications in aquaculture [Grant et al., 2007, 2009]. Thomas et al. [2011] recently
spatialized DEB simulations of mussel growth at 1 km spatial resolution using NOAA18-derived SST and
SeaWiFS-derived Chl-a concentration in the moderately turbid and large embayment of Mont Saint Michel
Bay within the French Atlantic coast.

To our knowledge, our remote-sensing analysis is the first study to address oyster-farming issues using
high resolution ocean color satellite data. Assessing the impact of SPM concentration on oyster-farming
in such turbid waters was only possible due to the successful development of a regional bio-optical algo-
rithm, which was specifically designed to retrieve SPM concentration up to 300 g m 2 in the intertidal
waters where oyster parks are located. Such study would have not been possible using the standard
MERIS case 2 SPM concentration product, which saturates at about 50 g m 2. The satellite-derived spa-
tial distribution of oyster clearance rate in Bourgneuf Bay confirms that oyster-farming sites located in
the northern sector of the bay are more impacted by too high SPM concentrations than the sites located
in the southern area, an observation previously made from in situ oyster growth studies [Haure and
Baud, 1995; Barillé-Boyer et al., 1997]. These in situ oyster growth experiments were however limited to
two geographic locations, and the satellite analysis provides a spatially resolved picture of the response
of oyster to high SPM concentration. Our analysis demonstrates that oysters reared offshore would be
much less altered by high SPM concentration than oysters farmed within the intertidal zone, thus con-
firming the potential of offshore oyster-farming in alternative to traditional farming in turbid intertidal
environments.

5. Conclusions

While the influence of SPM concentration on the physiological responses of suspension-feeders has mostly
been assessed through laboratory experiments, it has rarely been studied at the scale of shellfish-farming
ecosystems. We demonstrated that high resolution satellite data can be merged with oyster ecophysiologi-
cal responses to provide a consistent spatial picture of the impact of SPM concentration between oyster-
farming sites. Specifically, our major findings are:

1. A regional algorithm was developed and successfully applied to MERIS FR data to retrieve surface SPM
concentration up to 300 g m~? in the Loire estuary and Bourgneuf Bay.

2. MERIS-derived SPM concentration maps were merged with oyster ecophysiological responses to study
the impact of high SPM concentration on oyster-farming sites all over Bourgneuf Bay.

3. Offshore sites, which are currently not used for oyster-farming, have a better potential for oyster growth
than the traditionally farmed intertidal oyster-farming sites.

The approach presented here is only a first attempt to use satellite observations for the spatial planning of
marine resources, and it opens new perspectives for aquaculture management and shellfish-farming eco-
systems studies. As satellites have the ability to observe the world ocean at a global scale as well as to
zoom in specific coastal areas, the combination of high resolution satellite observations with bivalves eco-
physiological model could make it possible to spatially explore the response of cultivated suspension-
feeders to environmental conditions in every region of the planet, at a spatial scale compatible with the
size of shellfish-farming sites.
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