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Abstract:



The present study investigates the performances of the three-dimensional multicomponent hydro-sedimentary model ROMS (Regional Ocean Modeling System) to predict near-surface suspended sediment concentrations (SSC) in the English Channel (western Europe). Predictions are assessed against satellite-retrieved observations from raw MODIS and MERIS images for the year 2008 characterized by the highest availability of cloud-free data. Focus is put on improvements obtained with: (1) SSC inputs at the open boundaries; and (2) simple parameterizations of the settling velocity and the critical shear stress. Sensitivity studies confirm the importance of the advection of fine-grained suspended sediments in the central waters of the English Channel exhibiting benefits of refined SSC estimations along the sea boundaries. Improvements obtained with modified formulations of the settling velocity and the critical shear stress finally suggest possible seasonal influences of biological activity and thermal stratification on near-surface SSC.
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1. Introduction


Quantification of suspended sediment concentration (SSC) is very important for several ecological and engineering problems of continental shelf ecosystems. Major concerns include: (1) evaluations of light available for photosynthesis and biological primary production; (2) assessment of water quality in relation to the transport of polluting substances; or (3) investigation of coastal morphological changes induced by human activities. A narrow arm of the North Atlantic ocean tapering eastward to its junction with the North Sea at the Dover Strait, the English Channel (Figure 1) is recognized as a region of strong tidal and wave regimes with intense associated bed erosion and suspended sediment transport, as exhibited in satellite images during winter energetic periods [1] (Figure 2).


Figure 1. (a) Location of the English Channel on the northwestern European continental shelf; (b) Bathymetry of the computational domain with the locations of Points M1–M4.



[image: Jmse 03 00193 g001]





Figure 2. Averaged near-surface suspended sediment concentration (SSC) from MODIS satellite images over the period 2003–2009 for the months of (left) January and (right) August (Ifremer, Francis Gohin).
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Numerous numerical models have been implemented in the English Channel to investigate SSC dynamics under the influences of tides and waves. Qualitative estimations were initially conducted correlating sediment-transport pathways with the directions of predicted maximum tidal bed stresses [2]. Confirming previous studies based on morphological (asymmetry of bedforms) and sedimentological observations [3], associated predictions exhibited a causal relationship between surficial sediment deposits and tidal current strength. In the English Channel, granule and pebble deposits are thus found in areas of maximum tidal bed shear stress of the Channel Islands Gulf, the central cross-section between the Isle of Wight and the Cotentin Peninsula or the central Dover Strait, whereas fine sediments prevail in bays and estuaries (e.g., Lyme Bay, Bay of Seine) (Figure 3). These simplified investigations were followed by off-line computing approaches combining outputs from bi-dimensional horizontal (2DH) hydrodynamic models with empirical sand transport formulae [4,5,6]. Numerical results refined the quantifications of tidal sediment transport pathways through the Wight-Cotentin section and the Dover Strait. More complex fully-three-dimensional (3D) computations were finally adopted to assess the consequences of local and advection-dispersion-controlled remote resuspensions on total SSC in tide-dominated conditions [7,8] and stormy wave regimes [9,10]. Validated against in situ observations, these numerical studies remained, however, restricted to the vicinity of measurement sites.


Figure 3. Interpolated median sieve diameter expressed in Wentworth’s grain-size scale [image: ] (with [image: ] in mm).
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In spite of strong dependency with cloud coverage and low time resolutions, remote-sensing images of near-surface SSC constitute an interesting dataset to assess model performances at the scale of the English Channel [1]. Whereas satellite data are evidence of clear-sky conditions, the observed signal integrates seasonal variations induced by major climatological conditions [11], as well as finer temporal modulations, such as spring-neap tidal signatures [12]. Nevertheless, whereas advanced modeling systems successfully approach major observed SSC patterns at the scale of the northwestern European shelf [13,14], no further refined investigations have specifically focused on the English Channel.



The purpose of the present study is to extend these comparisons relying on a fully-3D multicomponent modeling system integrating the major hydrodynamic forcings of tide and waves, associated non-linear interactions in the bottom boundary layer and the consequences in terms of suspended sediment transport with a realistic heterogeneous distribution of bottom sediments (Section 2). Predictions are assessed against satellite-retrieved observations of near-surface SSC during the year 2008 characterized by the highest availability of cloud-free observations (Section 3.1). Focus is placed on the improvements of the numerical results obtained with: (1) SSC inputs at the open boundaries (Section 3.2); and (2) simple parameterizations of the settling velocity and the critical shear stress (Section 3.3). Two sources of OBCs (Open Boundary Conditions) are considered based on: (1) monthly climatologies derived from satellite observations; and (2) daily predictions issued from a new statistical model [12] integrating the variability of resuspension events in relation to site-specific explanatory variables. Sensitivity studies confirm the importance of the advection of fine-grained suspended sediments in the offshore central waters exhibiting the benefits of refined SSC estimations along the sea boundaries. Improvements reached with modified formulations of the settling velocity and the critical shear stress finally suggest possible seasonal influences of the biological activity and the thermal stratification on near-surface SSC in the English Channel.




2. Materials and Methods


2.1. Satellite Images


Remote sensing data of near-surface SSC are derived from observed MODIS/AQUA (Moderate Resolution Imaging Spectroradiometer, NASA) and MERIS (Medium Resolution Imaging Spectrometer, ESA) reflectances processed using the semi-analytical algorithm developed by Gohin [1]. The procedure is briefly detailed hereafter. A simple equation of radiative transfer is considered to express reflectances from absorption and backscattering coefficients of pure sea water and concentrations of phytoplankton and non-algal particles. Phytoplankton biomass is first assumed to be proportional to the concentration of chlorophyll-a (Chl-a) obtained by application of two look-up tables to spectral remote-sensing reflectances [15]. The concentration of non-algal particles, here assumed as the total SSC, is then obtained by inverting the equation of radiative transfer. This algorithm, initially built on a backscattering coefficient at 550 nm [16], performed relatively well in moderately turbid waters, but tended to underestimate concentrations in the most turbid regions. A second channel at 670 nm has thus been added by Gohin [1] to integrate the highest concentrations. If the estimated concentration is lower than 4 mg l[image: ] for both channels, the resulting value derives from the backscattering coefficient at 550 nm. Otherwise, the treatment relies on the channel at 670 nm.



Data issued from this new method compare relatively well with in situ measurements at French coastal stations, including the offshore gradients of near-surface SSC off Boulogne-sur-Mer in the Dover Strait. Recent comparisons conducted by Sykes and Barcelia [14] at four buoys of the CEFAS (Centre for Environment, Fisheries and Aquaculture Science) network confirm also the performances of the algorithm in the northwestern European shelf seas.



The final product has been available since 2002 at a daily frequency between 09:00 a.m. and 02:00 p.m. and a spatial resolution of 1.2 km over the IBI (Ireland, Biscay, Iberian) area through the MyOcean website [17].




2.2. Numerical Model


Modeling is based on the 3D multicomponent sediment transport model ROMS (Regional Ocean Modeling System) [18,19]. Principal model assumptions concern: (1) the flow, which is assumed turbulent over a rough bed; (2) the sedimentary particle assemblage, which is made of [image: ] cohesionless spherical quartz components; and (3) the water-sediment mixture, considered not to be affected by the interactions between solid particles.



2.2.1. Hydrodynamic Module


The hydrodynamic module solves the Reynolds-averaged Navier–Stokes (RANS) equations derived using the hydrostatic and Boussinesq’s approximations. The horizontal eddy viscosity [image: ] is parameterized following Smagorinsky [20]. The vertical eddy viscosity is expressed as [image: ], where k is the turbulent kinetic energy and l is the mixing length. These turbulent moments are computed with the generic length scale (GLS) method [21] solving a pair of transport equations for k and [image: ], respectively.



The momentum and turbulent equations are subjected to vertical conditions based on appropriate formulations of sea-surface and bottom roughness parameters. The sea-surface drag coefficient is computed according to Fairall et al. [22], while bed roughness integrates the effect of the interactions between wave and current bottom boundary layers on the basis of the parameterization proposed by Soulsby et al. [23]. Coastal lateral boundaries are considered as impregnable walls. On the open sea boundaries, free-surface and normal depth-averaged currents are imposed with the iterative scheme proposed by Flather [24], while tangential velocity components are applied according to Chapman [25]. Zero gradient conditions are finally considered for the 3D velocities and the turbulent parameters k and l.



The set of equations is expressed in spherical orthogonal curvilinear coordinates in the horizontal and stretched terrain following σ-coordinates in the vertical. Further details about the hydrodynamic module, its mathematical expression, as well as its numerical resolution are available in Haidvogel et al. [26].




2.2.2. Sediment Transport Module


The instantaneous volumetric concentration [image: ] of each individual class subscripted i, with [image: ], is interpreted as an arbitrary scalar quantity satisfying a 3D advection-diffusion transport equation of the following form:


[image: ]



(1)




where [image: ] is the horizontal gradient operator, t denotes time, u is the horizontal velocity component, H is the instantaneous total water depth, [image: ] is the vertical velocity normal to σ-planes, [image: ] is the horizontal eddy diffusivity parameterized following Smagorinsky [20], [image: ] is the vertical eddy diffusivity expressed as [image: ] and [image: ] is the settling velocity of particles from size class i.



A zero mass flux condition is imposed at the free surface, while the bottom boundary condition specifies the net flux through the bottom level of suspension:


[image: ]



(2)




where [image: ] is the deposition rate due to settling and [image: ] is the upward turbulent entrainment rate. The deposition rate is simply expressed as [image: ] with [image: ] the near-bed concentration [27]. The entrainment rate is parameterized according to Ariathurai and Arulanandan [28]:


[image: ]



(3)




where [image: ] is the volumetric fraction of sediments in size class i in the bed surface layer, p is the bed sediment porosity taken as equal to [image: ], [image: ] is the total maximum wave and current bottom shear stress [23] and [image: ] is the critical shear stress value of the motion of particles in size class i. [image: ] is an empirical entrainment rate taken here to be equal to [image: ] for each grain-size class considered. The value here retained falls in the range [image: ] obtained from a review of parameterizations adopted in the literature [29,30]. The mass of each sediment class available for transport is limited to the mass available in the active surface layer whose thickness is determined with the relation of Harris and Wiberg [31]. The sediment bed is discretized into [image: ] layers with thicknesses and availabilities of sedimentary particles modified at each time step in relation to erosion and deposition fluxes at the seabed interface. Further details on this multi-level bed framework are available in Warner et al. [18].




2.2.3. SSC Open Boundary Conditions


A zero normal gradient condition is considered for unknown SSC inputs along the open sea boundaries, while a scalar condition specifies the imposed concentrations. Two OBC sources are considered based on: (1) monthly climatologies derived from satellite observations; and (2) daily predictions issued from a new statistical model. Monthly climatologies are issued from processing of MODIS reflectances performed by Gohin [1] for the period 2003–2009 over the northwestern European shelf. Daily predictions are obtained with the statistical model developed by Rivier et al. [12] on the basis of merged MERIS/MODIS images for the period 2007–2009 in the English Channel. In this model, the near-surface SSC is expressed as a function of site-specific explanatory variables, such as tides, wind-generated surface-gravity wave amplitudes and Chl-a concentrations, thus integrating the variability of resuspension events. This model approaches, in particular, the daily general patterns of near-surface SSC distribution in the English Channel, including: (1) the horizontal gradients of concentrations in the nearshore regions; and (2) the formation of a turbid area around the Isle of Wight (Figure 2).




2.2.4. Parameterizations of the Sediment Transport Module


The settling velocity and critical shear stress of grain-size classes i, with [image: ], are parameterized according to the formulations of Soulsby [32] and Soulsby and Whitehouse [33], respectively. For the finest grain-size class with the diameter [image: ], these parameters may, however, be affected by seasonal modulations in relation to biological activity or thermal stratification effects. The presence of sticky organic molecules resulting from the degradation of algae and plankton may thus trigger the seasonality of flocculation, increasing the settling velocity of the finest suspended particles in summer and decreasing it, with the easier break-up of suspended flocs, in winter [34]. Biostabilization processes can also affect the cohesiveness of muddy bottom sediments, resulting in higher critical shear stress in summer than in winter [35]. The development of a thermocline may finally influence near-surface concentrations, inhibiting the transport of turbulence from the bottom to the surface layer [13,36]. Following Gourgue et al.’s [37] formulations and the suggestions of Bowers [36] and Ellis et al. [38], these likely seasonal modulations are approximated here, in a very simplified and rough manner, by a sinusoidal function with a maximum in July and a minimum in January:


[image: ]



(4)






[image: ]



(5)




where T is the number of days in the year considered and [image: ] corresponds to the day of the year. [image: ] and [image: ] are thus oscillating between maximum values of [image: ] and [image: ] in summer and minimum values of [image: ] and [image: ] in winter. These parameters are chosen to vary around the settling velocity and critical shear stress adopted for the finest particles when seasonal modulation is disregarded: ws, 1 = 0.36 mms−1 and τcr, 1 = 0.08 N m−2. The following values are finally adopted: [image: ], [image: ], α = 1/6 and β = 1/6.





2.3. Setup


The geographical domain for full computation of hydrodynamic and sediment transport extends in longitude from [image: ]°W–[image: ]°E and in latitude from [image: ]°N–[image: ]°N (Figure 1). It is discretized with a spacing of 3 km and 11 uniform vertical σ-grid cells. Time steps for the external and internal modes are 30 and 300 s, respectively. This inner computational domain is extended to a larger outer domain from [image: ]°W–[image: ]°E and [image: ]°N–[image: ]°N in order to achieve more suitable open boundary conditions [8].



The model is driven by the tidal free-surface elevation recomposed from the dominant ten harmonic constituents of the TPXO.6 (TOPEX/Poseidon) database [39]. Wind speeds at 10 m above the free-surface are provided by the meteorological model ALADIN (Aire Limité, Adaptation Dynamique, Développement International, Météo-France). Wave parameters are finally given by regional Wavewatch III simulations on the northwestern continental shelf (Ifremer, Fabrice Ardhuin). Data are interpolated at each grid node and each time step of the ROMS barotropic mode.



Previous studies [8,10] have shown that the contribution of bottom sediments to the total SSC was negligible for diameters over 500 μm. Suspended sediment transport is thus computed for the four grain size classes of silts ([image: ]μm), very fine sands ([image: ]μm), fine sands ([image: ]μm) and medium sands ([image: ]μm). Suspended transport of coarse sands, which may be neglected in the near-surface SSC, is considered here, as it influences the evolution of bottom grain-size distributions and, consequently, the availability of the finest bed sediments. The sediment bed is initialized following Warner’s [18,19] parameterizations with 10 vertical levels where the top 6 layers are 0.01 m thick and the bottom 4 0.10 m thick. All layers have a porosity of 0.36 and, initially, the same grain-size distribution taken to be equal to the distribution in the surface layer. This initial grain-size distribution is determined at the computational grid nodes of the inner domain by applying the interpolation method proposed by Leprêtre et al. [40] to a series of 2318 bottom sediment samples collected in the framework of the RCP (Recherche Coopérative sur Programme) 378 Benthos de la Manche program [41]. According to the AFNOR (Association Française de NORmalisation) sieve analysis performed on bottom samples, the interpolated grain-size distribution is discretized into 10 classes ranging from 50 μm to 2 cm, supplemented by a virtual class between 5.5 cm and 50 cm to account for boulders and rock outcrops. The computed map of median sieve diameter [image: ] (Figure 3) reproduces sediment patterns established by sedimentologists fairly well [42,43], with very fine sands, silts and muddy sediments in bays and estuaries (e.g., Lyme Bay, Bay of Seine) and pebbles in the Dover Strait, off the “Pays de Caux” and over an extensive zone in the Central Channel between the Isle of Wight and the Cotentin Peninsula. Whereas the bottom roughness parameter is initialized with the interpolated grain-size distributions in the inner domain ([image: ]), it is set to a constant value of [image: ]m in the outer domain [44].



The model is run during the two years 2007 and 2008 characterized by the highest disponibility of cloud-free satellite data. The year 2007 is considered as an initialization period. The sensitivity of model predictions to SSC OBC sources is investigated with four numerical experiments titled A to D in which inputs at the western and northern boundaries are successively modified (Table 1, Figure 4). Simulations integrate input concentrations of fine sediments whose diameter is taken to be equal to the finest grain-size class considered, [image: ]μm. Concentrations in the water column are derived from near-surface data assuming uniform vertical profiles. A fifth experiment, titled E, is conducted, integrating modified versions of the settling velocity and the critical shear stress. Numerical experiments are compared with the following parameter:


[image: ]



(6)




where [image: ] ([image: ]) is the average of the absolute differences between observed ([image: ]) and predicted from case k ([image: ]) near-surface concentrations:


[image: ]



(7)




[image: ] and [image: ] refer to the two configurations compared ([image: ]). N is alternately the number of available remote sensing data in the inner computational domain or in the time series considered, whether the analysis focuses on the spatial or temporal variabilities of numerical predictions. Positive values of [image: ] denote, on average, a better estimation of the observed concentrations with the numerical experiment [image: ] than [image: ]. Additional statistical parameters are considered, like the scatter index:


[image: ]



(8)




with rmse the root mean square error:


[image: ]



(9)




and the index agreement:


[image: ]



(10)




where [image: ] and [image: ] represent the two sets of observed and simulated data, respectively, and [image: ] and [image: ] are the average of observations [image: ] and predictions [image: ] in the series considered. The index of agreement varies between 0 and 1. It equals unity for perfect agreement.


Figure 4. Time series of imposed near-surface SSC in Configurations (black line) B, (blue line) C and (red line) D averaged along the (a) western and (b) northern boundaries of the outer computational domain.



[image: Jmse 03 00193 g004]






Table 1. List of numerical experiments.







	
Numerical Experiments

	
SSC OBCs Sources

	
Parameterizations of [image: ] and [image: ]






	
A

	
No inputs

	
Not modulated [32,33]




	
B

	
MODIS monthly climatology [1]

	
Not modulated [32,33]




	
C

	
Daily SSC from statistical model [12]

	
Not modulated [32,33]




	
D

	
Monthly averaged SSC from statistical model [12]

	
Not modulated [32,33]




	
E

	
Daily SSC from statistical model [12]

	
Modulated [37]
















3. Results and Discussion


3.1. Comparison with Observations


Predictions of tidal free-surface elevation have been assessed against in situ observations in a series of harbors of the English BODC (British Oceanographic Data Centre) and French SONEL (Système d’Observation du Niveau des Eaux Littorales) networks. Differences are globally restricted to less than five percent of spring-neap tidal elevations [45]. An overall good agreement is also obtained between numerical results and cartography of spring tidal ranges and currents established by the SHOM (Service Hydrographique et Océanographique de la Marine) [46] in the English Channel. These results confirm the model’s capability to reproduce large-scale tidal patterns.



3.1.1. Local Evaluation


The performances of the sediment transport module are evaluated for the reference Configuration A. Comparisons between predictions and remote sensing data are conducted locally at four points, titled M1–M4 (Figure 1 and Figure 5). According to Rivier et al. [12], these locations are characterized by contrasting spring-neap tidal modulations of observed near-surface SSC. The strongest hydrodynamic conditions are obtained at Points M1 and M2 with spring tidal currents exceeding 2.5 m s[image: ] and moderate to strong expositions to North Atlantic incoming waves. The resulting near-surface SSC is characterized by sharp spring-neap tidal modulations, particularly noticeable at Point M2 with values evolving from 6 mg l[image: ] in spring tide to 2 mg l[image: ] in neap tide. Point M3, located in the turbid area surrounding the Isle of Wight, exhibits the strongest near-surface SSC with yearly-averaged values around 10/15 mg l[image: ]. The last position, M4, in the eastern English Channel is finally characterized by the weakest hydrodynamic conditions with spring tidal currents below 1.5 m s[image: ]. The temporal evolution of observed near-surface SSC shows a moderate influence of spring-neap tidal cycles.


Figure 5. Time series of near-surface concentrations (red line) observed and predicted in Configurations (light blue line) A and (blue line) E at Points M1–M4 in 2008.



[image: Jmse 03 00193 g005]






The predictions reproduce globally the observed spring-neap tidal modulations of near-surface SSC at the four locations considered (Figure 5). The agreement is particularly noticeable at Point M2, characterized by strong tidal currents. The effects of winter storms appear also in predictions, increasing near-surface SSC up to 20 mg l[image: ] at Point M3. Nevertheless, the model in the reference Configuration A has a global tendency to underestimate satellite observations in winter while overestimating in summer. At Point M1, the observed near-surface SSC exceeds, in March, 2008, 8 mg l[image: ], while the numerical result remains below 4 mg l[image: ]. At this location, the scatter index between predictions and observations reaches 2.4, contrasting with the estimations at Points M2–M4 (Figure 6). Satellite data at Point M4 appear finally to include unrealistic values in March, 2008, likely attributed to the tendency of the remote sensing algorithm to overestimate the highest near-surface concentrations [1].


Figure 6. (a) Scatter index and (b) index of agreement in predictions of near-surface SSC at Points M1, M2, M3 and M4 in Configurations A–E.



[image: Jmse 03 00193 g006]







3.1.2. Synoptic Evaluation


Synoptic comparisons between predictions and satellite images are conducted to give further insights into the ROMS performances at the scale of the inner computational domain (Figure 7 and Figure 8). Six rough satellite images are selected considering different tidal and waves hydrodynamic regimes. The comparison is first established in moderate wave conditions (average significant wave height below 1.5 m) for spring (6 May 2008), mean (23 July 2008) and neap (11 October 2008) tides (Figure 7). It is then set up in strong hydrodynamic regimes characterized by stormy waves with averaged significant wave height over 3 m in spring (21 March 2008) and mean (11 November 2008) tides (Figure 8). The last situation considers the conjunction of a state of rest after a stormy wave and spring tide (11 February 2008).


Figure 7. Near-surface SSC observed and computed in Configurations A, B and C for moderate waves conditions and spring (6 May 2008, MODIS), mean (23 July 2008, MODIS) and neap (11 October 2008, MODIS) tides.



[image: Jmse 03 00193 g007]





Figure 8. Near-surface SSC observed and computed in Configurations A, B and C for stormy wave conditions and spring (11 February and 21 March 2008, MERIS and MODIS) and mean (11 November 2008, MERIS) tides.
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An overall agreement is obtained between remote-sensing data and predictions of major near-surface SSC features in the English Channel. The model reproduces the horizontal near-surface SSC gradient of the Wight-Cotentin section characterized by: (1) an English coastal zone with the highest concentrations; (2) a French coastal zone with intermediate values; and (3) the offshore (central) waters of the Channel with the lowest SSC [5]. This spatial distribution is partly associated with the formation of a highly turbid area surrounding the Isle of Wight. Predictions reproduce this prominent feature fairly well, in particular: (1) the asymmetry of this turbid area characterized by larger eastern stretching; and (2) the variation of near-surface SSC in relation to tidal hydrodynamic regimes. In this area, the averaged concentrations are thus increasing from 5 mg l[image: ] in neap tide to more than 15 mg l[image: ] in spring following satellite observations. The model approaches also secondary features identified locally in the vicinity of protruding headlands and isles along English and French coastlines (e.g., off Portland and Eastbourne or around the Cotentin Peninsula, the Channel Islands Gulf and the Pays-de-Caux). Observed SSC are however strongly underestimated in offshore central waters during spring tides (11 February, 21 March and 6 May 2008).







3.2. Sensitivity to SSC OBCs


Differences exhibited in offshore central waters suggest remote advective and diffusive transport of fine suspended sediments from the outer open boundaries. A sensitivity study is conducted to investigate differences in the predictions of near-surface SSC for a series of inputs of concentrations at the sea boundaries.



The integration of SSC inputs improves the predictions at the four locations M1 to M4 (Figure 6). The scatter index at Point M1 decreases thus from 2.45 (Configuration A) to 0.95 by introducing OBCs’ climatologies (Configuration B). Refined daily SSC inputs issued from the statistical model (Configuration C) improve also numerical results. At Point M1, the index of agreement between predictions and satellite observations is thus increasing from 0.58 (Configuration B) to 0.68 (Configuration C). Slight differences are furthermore obtained by decreasing the temporal resolution of imposed concentrations (Configuration D). Point M3, located in the high turbid area surrounding the Isle of Wight, appears finally barely sensitive to SSC inputs. This low sensitivity may be explained by dominant local resuspensions together with complex recirculations, likely responsible for trapping of suspended particles. In the English Channel, tidal residual suspended load transports are thus characterized by a central divergence zone in the form of a “Y” shape ending with two branches on both sides of the Isle of Wight [8]. The intermediate region between the two northern branches is characterized by complex sediment transport pathways with two prominent gyres. As exhibited by Menesguen and Gohin [47], these features are likely responsible for trapping suspended particles coming from two major sources of silts: (1) Lyme Bay; and (2) the western approach of the Solent (Figure 3).



At the scale of the computational domain, SSC inputs are leading to a prominent increase of near-surface concentrations in the central waters for the highest hydrodynamic conditions (6 May, 11 February and 21 March 2008) (Figure 7 and Figure 8). This effect is particularly noticeable during spring tides of 6 May 2008. The predictions in Configuration C are thus increasing up to 4 mg l[image: ] over the gravel areas of the Wight-Cotentin section approaching the observed near-surface concentrations of 5 mg l[image: ]. Whereas a non-negligible contribution originates from local resuspensions of silts in bays, estuaries and isolated coastal deposits on both sides of the headlands [8], concentrations in offshore waters appear mainly influenced by SSC inputs at the sea boundaries. This result confirms the importance of the advection of fine-grained suspended sediments in the central waters of the English Channel as exhibited by Jones et al. [49] or Velegrakis et al. [5]. The general circulation of suspended particles in offshore waters has thus been identified by Salomon and Breton [48] as a central “river” flowing from the North Atlantic Ocean to the North Sea. This central “river” is however characterized by coastal re-circulations, induced by headlands or islands, liable to release or trap suspended particles as exhibited for the turbidity area surrounding the Isle of Wight [47]. SSC inputs are thus influencing the predictions of nearshore features, improving the spatial extension of these turbid coastal areas.



Modeling performances are evaluated, further displaying the evolutions of spatially-averaged differences [image: ] and [image: ] for days with an index coverage of satellite data over 50% in the computational domain. The highest value between raw MODIS and MERIS images is retained (Figure 9). Positive values exhibit improved estimations of concentrations with Configurations B and C, respectively. SSC inputs appear significant from January to May and from September to December. During these periods, the major improvements of numerical predictions are obtained in areas of the highest tidal currents amplitude of the Channel Islands Gulf and the Cotentin Peninsula in relation to significant transport of suspended sediments (Figure 10). Whereas the influence of prevailing waves on the seabed is restricted to water depths below 30 m in the English Channel [50], waves may have an indirect effect on suspended transport in offshore waters, increasing SSC inputs at the sea boundaries during storm events. During the intermediate period, between May and September, SSC boundary inflows however increase the spatial-averaged differences, leading to an excess of suspended particles, particularly noticeable in the eastern English Channel (Figure 9 and Figure 10). Nevertheless, refined SSC inputs, integrating the daily variability of hydrodynamic conditions [12] (Configuration C), improve the numerical estimations in the western English Channel in winter and autumn with a maximum value of [image: ] at 2.5 mg l[image: ] (Figure 9 and Figure 10). The temporal resolution of these realistic SSC inputs finally appears to have a lower impact on near-surface predictions with values of [image: ] below 0.1 mg l[image: ]. This result confirms the conclusions established at the four locations, M1–M4.


Figure 9. Temporal evolutions of spatially-averaged differences (a) [image: ], (b) [image: ] and (c) [image: ]. Positive values indicate improved estimations of near-surface SSC with configurations (a) B, (b) C and (c) E, respectively.



[image: Jmse 03 00193 g009]





Figure 10. Differences in the estimation of observed near-surface SSC between Configurations (left) A and B ([image: ]) and (right) A and C ([image: ]) in winter, spring, summer and autumn 2008. Positive values show improved estimations with Configurations B and C, respectively.
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3.3. Seasonal Effects


These differences may reveal possible seasonal processes neglected in the present modeling, like the effects of biological activity (e.g., flocculation break-up, biostabilization) [5] or thermal stratification and its likely consequence on the transport of turbulence from the bottom to the surface layer [13]. Simple parameterizations of the settling velocity and the critical shear stress adopted here enable a preliminary estimation of these effects on suspended sediment transport in the English Channel.





Seasonal modulations (Configuration E) substantially improve numerical results at Points M1–M4 decreasing near-surface concentrations in spring and summer 2008, while increasing predicted levels in winter and autumn (Figure 5). The index of agreement is thus increasing to values over 0.65 at the four points considered (Figure 6).



The comparisons between predictions of (1) raw satellite data (Figure 11) and (2) observed MODIS monthly climatologies (Figure 12) confirm the model’s improvements obtained by introducing seasonal modulations of the settling velocity and the critical shear stress. The simple modulations tested here are thus found to have a major effect around the Isle of Wight and in offshore central waters, avoiding unrealistic predicted levels in summer and spring. Improvements are exhibited by comparing the total histogram area in Figure 9. The total area of [image: ] reaches thus 46.6 mg l[image: ], while it is restricted to 27.2 mg l[image: ] for [image: ].


Figure 11. Near-surface SSC computed in Configuration E on 6 May, 23 July, 11 October, 11 February, 21 March and 11 November 2008.



[image: Jmse 03 00193 g011]





Figure 12. Monthly averaged near-surface SSC (left) issued from MODIS climatology and predicted in Configurations (center) C and (right) E in January and July, 2008.



[image: Jmse 03 00193 g012]






The formulations adopted here consider a spatially-uniform modulation of the settling velocity and the critical shear stress, disregarding the likely heterogeneity and variability of the processes involved. Nevertheless, the results obtained here suggest seasonal modulations of these two key parameters. We have also to notice that, in return, the satellite SSC should be seasonally modified to take into account the varying inherent optical properties of the particles along the year. Further investigations are naturally required to clearly establish these modulations on the basis of more sophisticated models [38,51], explicitly integrating the influences of water temperature and salinity, organic matter concentrations or turbulent variables.









4. Conclusions


A fully-3D multicomponent hydro-sedimentary modeling system based on ROMS has been implemented in the English Channel integrating major hydrodynamic forcings of tide and waves and realistic bottom sediment granulometric distributions. Numerical predictions have been compared with satellite images of near-surface SSC in order to analyze the performances of the modeling system obtained with a new set of daily OBCs and simple parameterizations of the suspended sediment transport module. The main outcomes of the present study are the following.

	
Predictions successfully approach the distribution of near-surface suspended concentrations captured by the satellite. The present simulation reproduces especially the highly turbid area surrounding the Isle of Wight and its variability in different tidal and wave regimes. These results confirm the importance of encompassing the large panel of hydrodynamic conditions and bottom sedimentary areas for near-surface SSC modeling in the English Channel.



	
Sensitivity studies confirm the importance of the advection of fine-grained suspended sediments in the central waters of the English Channel. Predictions exhibit furthermore the benefits of integrating refined estimations of concentration inputs along the sea boundaries in a region characterized by a west-eastern circulation of suspended particles. The slight differences between daily and monthly OBCs issued from the statistical model advocate furthermore for the implementation of monthly SSC forcings integrating the inter-annual variability of resuspensions events.



	
The modified formulations of the settling velocity and the critical shear stress finally appear to improve the numerical predictions of near-surface concentrations in the English Channel. Whereas further investigations are required to clearly establish the importance of the associated processes (aggregation, biostabilization, thermal stratification, etc.), these results suggest possible seasonal modulations of two keys parameters influencing suspended sediment transport in the area considered.








The present study thus provides interesting insights into improvements of near-surface SSC modeling in the English Channel that are widely adaptable to other hydro-sedimentary modeling systems. This research will naturally benefit from extended comparison of numerical predictions with in situ observations in the most turbid areas during storm events. Another prospect of this research will consist of incorporating fluxes of fresh waters and sediment through rivers’ boundaries, particularly those from the Seine and the Thames, thus extending the computational area for suspended sediment transport.
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