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Abstract

:

Muddy coastlines cover much of the world’s shores, yet studies on the interaction between mud-affected coasts and estuaries are limited. This study focuses on the Mahury River estuary and its interaction with the muddy coast of the Guianas, primarily fed by the Amazon. A coupled wave–current–sediment transport model is developed to analyze the sediment exchange in an environment with strong interactions between the waves and the fluid mud. Simulations explore how seasonal changes in waves, mud availability, and tides affect sediment fluxes. The main processes influencing suspended particulate matter (SPM) and sediment transport are well emulated, notwithstanding the complexity of the ambient muddy environment. The results show that during the rainy season, strong wave damping and wave refraction zones cause high SPM resuspension in shallow waters (<5 m). In contrast, during the dry season, wave influence shifts to the estuary mouth. Erosion and sedimentation patterns indicate that ebb currents associated with neap tides during the rainy season represent the most favourable conditions for the alongshore migration of mud banks. Neaptide ebb currents also contribute to sedimentation during the dry season but only in the estuary mouth and the nearby coastal area. The abundance of mud leads to an extension of the estuary’s intertidal area during the dry season.
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1. Introduction


Muddy coastal environments are mainly located between 30° N and 30° S of latitude [1,2,3,4]. Although estuaries are an important component of the dynamics in these muddy coastal areas, the general research effort has been concentrated on the transit of fluvial mud through estuaries and the interaction with the ambient environment (e.g., [5,6,7]). Many muddy coastal environments are, however, characterized by mud streaming alongshore, which tends to introduce complexity into the exchanges of suspended sediment with estuaries lying in the pathway of these mud streams [8,9,10]. This is notably the case of coasts affected by mud banks or high muddy suspensions streaming alongshore. The finest example is, without adoubt, the Amazon-influenced Guianas coast of South America. Located between Amapá (Brazil) and the Paria Peninsula (Venezuela), the Guianas exhibit the longest muddy shoreline (1500 km) in the world, characterized by the presence of mud banks migrating alongshore from the mouths of the Amazon to those of the Orinoco. The large supply of mud from the Amazon has dominated the geological development of this coast. The mud exiting from the Amazon streams alongshore to the northwest as highly turbid suspensions (>1 g/L) before forming mud banks near the mouth of the Oyapock River at the border between Brazil and French Guiana, which migrate along the Guianas coast [11,12,13,14,15,16]. In any year, there are generally about 15 mud banks between the Amazon and the Orinoco, spaced 15–25 km apart. Their migration speed oscillates between 1 and 5 km/yr [17,18]. The banks are up to 5 m thick, 10 to 60 km long, and 20 to 30 km wide [12,19]. Waves are important in controlling mud bank dynamics and overall migration due to the strong interaction between the near-bed sediment transport and the wave propagation characteristics in the presence of mud [20,21].



Wave damping due to muddy coastal bedshas also been observed in other locations, such as central Jiangsu coast in China [22,23] or on the Atchafalaya Shelf, USA [24]. The particularity of the Guiana shoreline lies in the huge dimension of the coastal bank.



Incoming waves are damped by the presence of a thick layer of fluid mud in the leading edge of mud banks, whereas waves can propagate up to the shoreline on the consolidated seabed that characterizes the back of mud banks [20,25]. However, wind forcing, tidal currents, the North Brazil Current (NBC), and freshwater discharge also influence the migration process [16,26]. Mud banks constitute an important source of the fine sediment that enters the estuaries lying in the pathway of these alongshore-migrating banks [27]. Up to now, research on the interactions between such estuaries and this highly muddy, Amazon-influenced, coastal environment has been limited [25,28,29].



Between 2012 and 2018, a mud bank migrated across the mouth of the Mahury River (river catchment area: 3650 km2), in the estuary of which the commercial port of French Guiana is located. Ref. [28] conducted various field surveys to characterize the hydrology and sediment dynamics of this estuary during the dry and the rainy season. Field surveys were also carried out on the adjacent subtidal parts of the muddy coastal area in order to determine its decadal-scale evolution and inter-annual variations. Further, Ref. [18] developed an algorithm to monitor the migration of the subtidal part of this mud bank along the French Guiana coast using Landsat 8 images. Field data are still, however, limited in space and duration due to the difficult logistic conditions for field work on this coast [25,26,30]. Satellite images provide a map of the turbid plume every few days, but most of the images are not exploitable during the rainy season months due to a high cloud cover. Moreover, the space resolution is not yet sufficient to track plumes inside narrow estuaries. To circumvent these difficulties, numerical models have been used to describe the current and salinity patterns on the Guiana continental shelf [31,32] and those of the turbid plume around a schematic mud bank [33]. These models were based on finite difference techniques and relied on very sparse data for validation. The interaction between fluid mud and waves was approached in these models using the equation of [34], or, alternatively, an additional source term was integrated inside SWAN (Simulating Waves Nearshore) [21,35,36] or Wavewatch III [37] to represent wave damping due to fluid mud using the methodologies of [38,39]. Both of these approaches compute wave propagation on a fixed bottom without considering the tide and the sediment transport. In order to better address the challenges posed by the interaction between estuaries and migrating mud banks, a 2D coupled wave–current transport model is developed here as a complementary tool to in situ and remote sensing data. The main objective is to shed light on sediment transport dynamics, focusing on sediment fluxes and the influence of various hydrodynamic forces in the nearshore area of the Mahury. While a 2D model was chosen to streamline computation and effectively address the well-mixed nearshore zone, it also serves as an initial step in understanding the model’s capabilities in coupling wave processes with morphodynamics in an environment where strong interactions between waves and fluid mud occur. Although this study focuses on the specific case of the Mahury estuary, the proposed methodology can be applied to other estuaries with muddy coastal banks, such as those along the Guiana coast [40], the Patos Lagoon, influenced by the Rio de la Plata [41], and the Bay of Bengal, influenced by the Ganges–Brahmaputra–Meghna Delta [42].



The model employs the formulation developed in [38] in the wave module together with cohesive sediment transport and associated evolving morphodynamics. The model analyses the seasonal variation in and the relative importance of tides and waves involved in sediment exchanges between the aforementioned 2012–2018 coastal mud bank and the mouth of the estuary. First, the main characteristics of the Mahury estuary and its coastal environment are briefly introduced, followed by a presentation of the available dataset used to build and validate the model. The modelling strategy is then presented in detail with the different modules involved and the studied flow configurations. In this highly seasonal environment, particular attention is paid to the seasonal variation in the wave regime and in mud availability and their interaction with the neap–spring tidal cycle.




2. Materials and Methods


2.1. Study Area


The Mahury estuary in eastern French Guiana (Figure 1a) is affected by the north–south movement of the Intertropical Convergence Zone (ITCZ) and is subject to a highly seasonal tropical-equatorial climate. The rainy season starts at the end of December and lasts until July, and the dry season lasts from August to December. Between 2014 and 2019, the Mahury had an average water discharge of 90 m3/s. Discharge ranged considerably from 5 to 437 m3/s, reflecting a marked seasonal imprint (Figure 1e). Like all the estuaries located downdrift of the mouths of the Amazon, the Mahury is strongly influenced by the latter [27,43]. The estuary is located only110 km northwest of the Cassiporé mud cape in Brazil, where mud banks are formed [12] (Figure 1a). The mouth of the Mahury has a funnel-shaped morphology [28]. Ref. [28] pointed out that saline stratification occurs at the mouth during the wet season and that the water column is well mixed during the dry season. Between the shoreline and the islands, the flow is generally well mixed. Some saline stratification induced by the Amazon plume can be observed further offshore [44]. Bed sediments are composed of sand and mud with clay mineral proportions similar to those characterizing the Amazon River [45], but bedrock outcrops are also present on the west side of the channel. Mud banks commonly generate silting of the estuary’s navigation channel and especially impinge on the east bank [28]. The mud bank that migrated across the mouth between 2012 and 2018 had its subtidal portion located between the estuary mouth and Cayenne city in 2015 (Figure 1b). This subtidal part was characterized by shallow depths (Figure 1b) and fluid mud (bulk density ≤ 1250 km/m3) [29].



The seasonal oscillation of the trade winds off the Guianas coast has an influence on the large-scale hydrodynamic context [46]. These winds converge towards the ITCZ and are onshore-directed from the northeast in the rainy season and offshore-directed from the south during the dry season, as the ITCZ moves towards its northernmost position (Figure 1f). Winds are mainly active from December to May during the bulk of the rainy season, with an average annual mean speed of 6.5 m/s (Figure 1f). The Guianas coast is exposed to the waves that are mainly generated by the trade winds from the northeast during the rainy season and that tend towards a more northerly approach, in the lee of the ITCZ, during the dry season (Figure 1c). The annual average significant wave height (Hs) is 1.5 m and the peak period (Tp) is 8.8 s (Figure 1c,d), but the pattern is distinctly seasonal, with an average Hs of 1.7 min in the rainy season and 1.2 m in the dry season (Figure 1c,d). Significant wave heights have tended to exhibit a decreasing trend since 2015, with averaged annual maximum values dropping from 3.4 m to 2.3 m after 2015.



Tidal and oceanic currents are important in driving the suspended sediment dynamics in the coastal waters of French Guiana [33].The tide is semi-diurnal, with average neap and spring ranges of about 1.1 and 2.2 m, respectively [47]. Tidal currents have velocities of up to 0.15 m/s in the coastal area [48] and shore-normal tidal currents can locally attain 0.45 m/s [32]. The latter are dominant in the inner shelf zone compared to longshore currents. On the outer shelf, flows are along-shelf and generated by large-scale geostrophic currents [32].




2.2. In Situ Measurements


Current velocities and turbidity were measured in two different points in the estuary: at stations S2 and Dégrad des Cannes (DDC) (Figure 2d). The survey at station DDC was conducted from 4 May to 19, during the rainy season of 2015. The S2 survey was also conducted during the rainy season, from 22 June to 6 July 2015. A multi-instrument bottom frame comprising a Nortek Aquadopp profiler (Nortek AS, Rud, Norway) (1 MHz) and a YSI EXO 2 multiparameter probe (Xylem Global, Washington, DC, USA) was deployed for both moorings at 0.55 m above the bed to avoid bed-level siltation. The adopted cell size for the Aquadopp profiler was 40 cm, and both instruments were configured with the same burst acquisition times of 10 s every 15 s. Velocity measurements were obtained at the water column, whereas turbidity was collected at the bottom. Turbidity measurements were calibrated using filtered values obtained following the same protocol as in [49], based on GF/F filters (0.7 μm pore size) using a linear relationship for the rainy season to obtain values of suspended particulate matter (SPM).



Tide data were collected at the gauging station DDC-Tide (Figure 2d). Hourly river discharges were measured upstream of the limit of tidal influence. Although thisstudy focuses on the Mahury, other neighbouring estuaries influence the flow structures and there was a need, therefore, to integrate them into the model boundaries. Thus, besides the Mahury, measurements were also carried out in the Approurage and Oyapock rivers (Figure 2a) and estimated for the other smaller rivers using historical datasets. Wave data were collected by Phares et Balises from a buoy at a distance of 12 miles from the coast. However, no wave data are available for the study period because the buoy only began recording measurements in June 2016. Characteristics of waves were also extracted from the operational ocean wave predictions of NOAA/NWS/NCEP website (http://polar.ncep.noaa.gov/waves/ accessed on 29 September 2024) at the station 307.63° E; −5.98° N.



Bathymetric data were provided by the Cayenne Port Authority from measurements conducted at the estuary mouth and nearshore area (box in Figure 1b) using a Knudsen mono-beam and bi-frequency (33 and 210 kHz) echo sounder with 40 cm precision over consolidated bottoms. Where fluid mud was present, a plumb line was used to check the real depth due to the perturbations in the signal, especially for high frequencies. The definition of the bathymetry was based on a frequency of 210 kHz, which considers fluid mud with a density of 1.07. For the rest of the study area (Figure 2a), the data were provided by France’s Service Hydrographique et Océanographique de la Marine (SHOM-MNT Guyane: https://diffusion.shom.fr/donnees/bathymerie/mnt-bathymetriques/mnt-facade-guyane-homonim.html accessed on 29 September 2024).




2.3. Satellite Data


Landsat 8 images were used to build and to validate the model. The Operational Land Imager (OLI) sensor has eight bands at 30 m spatial resolution and a panchromatic one at 15 m spatial resolution. OLI level 1 data (L1T) corresponding to the period between April 2015 and November 2015 were downloaded from the Earth Explorer database (https://earthexplorer.usgs.gov/ accessed on 29 September 2024). A total of 6 Landsat 8-OLI images (Table 1) were used after images highly affected by clouds were discarded.



Because of the characteristics of the OLI sensor, quasi-permanent glint contamination is present in the images selected. Thisresults in contaminated pixels, and to recover them, the images were corrected using the method proposed by [50]. Following the correction, ACOLITE software (acolite_win 20170718.0), developed at RBINS (Bruxelles, Belgium), was used to process L1T. SWIR processing was chosen, and a fixed epsilon computed on the data prior to sun glint correction was used. The methodology used is explained in [50], where a validation of the correction chain was performed for French Guiana.



SPM estimation was conducted using a semi-analytical algorithm developed by [51]. It covers four orders of magnitude, from clear to very turbid waters, and uses two distinct algorithms related to the turbidity of the water masses. The algorithm was developed for several sensors, including Landsat 8, and for several water masses, including those off French Guiana. The interested reader is referred to [51].



2.3.1. Coastline Extraction and Intertidal Areas


Landsat 8 2015 data were used to define the model coastline and intertidal areas for that year. Mudbank migration strongly impacts the French Guiana coastline, and due to the lack of up-to-date data in areas of the Oyapock and Approuage Rivers, Landsat 8 data were used. The physical environment of the intertidal zone of mud banks makes in situ surveying methods difficult to implement [30]. Landsat 8 data were therefore used for the extraction of the mudbank intertidal zone using the Normalized Difference Water Index (NDWI) [52]. The NDWI is based on a band ratio between the near-infrared (NIR) and visible green bands, but because of the high turbidity of the coastal waters of French Guiana, the SWIR2 band was used instead:   N D W I =    G r e e n − S W I R 2   G r e e n + S W I R 2     .



The depths corresponding to these zones were estimated using the tide height value and were referenced using the level “NGG77” for integration into the bathymetry.




2.3.2. Amazon Influence


SPM concentration values were used to characterize the Amazon influence in the coastal waters. SPM values were extracted from Landsat 8 2015 images and were linearly interpolated over time to the east boundary of the model.





2.4. Numerical Model Setup


The numerical model is built with the code Open TELEMAC based on finite element techniques and an unstructured mesh. Different modules are internally coupled in this setup: TELEMAC2D (T2D) for water circulation, SISYPHE for sediment transport, and TOMAWAC (TWAC) for wave propagation. The different modules and datasets are described in the following sections. A 2D depth-averaged model has been selected as a preliminary approach to test the triple coupling with reasonable computational time. The code has been modified to include interactions between sediment transport and hydrodynamics. The proposed methodology focuses primarily on the interaction between mud deposits and wave propagation. The influence of fluid mud is accounted for by introducing an additional source term into the wave module, while the effect of mud concentration on the flow is considered through the bed friction coefficient. A 3D model should be used to further analyze sediment dynamics in the estuarine area, where saline stratification and sediment-density-induced effects [53] are stronger, particularly in the turbidity maximum zone, where high SPM concentrations are observed near the bottom.



2.4.1. Model Forcing Settings


In the coastal fringe, the tidal elevation and tidal currents were imposed via the recomposition of harmonics from TPXO Amazonian [54]. In the case of the upstream fluvial boundaries, eight rivers were considered. The discharge was measured upstream of the limit of tidal influence (about 100 km, [55]). However, especially during the rainy season, discharge at the mouth can be quite different due to water contributions from lateral streams near the coast and rain influence. The value for the Mahury estuary was corrected using the in situ data obtained at station DDC (Figure 2d) and considering the watershed area of 3650 km2 [56].



Wind data were downloaded from the European Centre for Medium-Range Weather Forecast (ECMWF) ERA-Interim global atmospheric reanalysis (10 m windgrid resolution 0.125 × 0.125 and data every 6 h). Time series of waves from the numerical model Wave Watch III were imposed on the offshore boundary. Three-hourly time parameters of wave characteristics (significant height of combined wind waves and swell (m); primary wave mean period (in s); and primary wave direction (in 0 deg from north and 90 deg from east)) were linearly interpolated at intervals of the model boundaries.




2.4.2. Model Domain


The selected simulation domain extends from the National Park of Cape Orange (North Brazil) to the Kourou River estuary area (French Guiana), over a total length of 258.6 km and a cross-shoredistance of 74.8 km (Figure 2). All eight rivers were considered for the modelling purpose, in addition to the Mahury, Approuague and Oyapock that directly affect the study area (Figure 2). The unstructured mesh is composed of 28,430 nodes, with a progressive refinement from the maritime area to the estuary. The density of the mesh is higher around the islands in front of the Mahury estuary (between 50 and 100 m) and in the area closest to the estuary (between 150 and 650 m) (Figure 2b,d) than in the rest of the coastal domain (2.5 km), to better represent the hydrodynamic forcing in the former area. The distance between the nodes inside the rivers varies from 25 m (lowest value) for the Mahury River to 2.5 km (highest value) offshore.




2.4.3. Hydrodynamic Model—TELEMAC2D


Shallow water equations were solved with T2D. The friction equation of [57] was integrated in order to take into account the drying and wetting of intertidal flats. The bed shear stress was then computed as follows:


       τ   b     ρ    =   u   ∗   2   =   f   A     u   ∗ t u r b   2   +   u   ∗ l a m   2   =   f   A     [    κ U     ln  ⁡      h     z   0         − 1 +     z   0     h      ]   2   +             3   2        z   0   + β φ h      U   h        2   + 3    U   h    ν   φ    +    3   2    (   z   0   + β φ h )    U   h        2    








where τb isbed shear stress (kg m−1 s−2);   ρ   is thethe density of water (kg/m3); u* is theshear velocity (m/s); u*turb is theshear velocity for fully developed turbulent open-channel flow (m/s); u*lam is theshear velocity for laminar open-channel flow (m/s); κ is von Karman coefficient (which decreases from the clear water value 0.41 to lower values depending on the sediment load); U is the local depth-averaged flow velocity (m/s); h is the local water depth (m); β is the suspension friction (or apparent roughness) coefficient, which is 0.045; νw is water viscosity (m2/s); φ is the volumetric suspended particle concentration; and z0 is the effective roughness length scale (m). For further details on how bed roughness was integrated into the model, the reader is referred to [57].



As model initialization, a spin-up simulation was performed (from 1 January to 30 April) with constant flow rate values. The initialization run serves to start the sediment transport with an initialized hydrodynamic field.




2.4.4. Sediment Model—SISHYPE


Suspended sediment transport and bed changes were computed using SISYPHE [58]. Erosion and deposition were computed by applying the classical Krone–Partheniades laws [59]. The relationship between critical shear stress τce and the mud concentration C layer was calculated according to [60]:


    τ   c e , l a y e r   = 0.024 ×   e   0.0103 ∗   C   l a y e r      











The influences of both waves and currents on the bed shear stress are included. Settling velocity is based on Figure 7 of [61]. As pointed out by [62], consolidation processes in the Mahury are slower than in other estuarine configurations. As, in the present study, the time period considered is short (1 to 6 months), consolidation processes are not explicitly considered here to also reduce the number of calibration parameters. They are, however, implicitly included by imposing different bed structures for both seasons. The two initial bed structures are defined using in situ data from [29] (see Figures 7–9 in [29]) and integrated into the model for the rainy and dry seasons according to the observations. These data were collected close to the mouth of the Mahury (up to 10 km offshore and 20 km alongshore) and do not cover the whole numerical domain. During the dry season, only the navigation channel exhibited significant fluid–mud layers, with a more heterogeneous surface density spatial distribution. However, the leading and trailing edges of the mud bank were still characterized by fluid and consolidated mud (>1400 kg/m3, depth between 4 and 5 m).The inner part of the mud bank displayed higher densities (1250–1400 kg/m3) than during the rainy season due to self-weight consolidation processes. For the rainy season, a thick (>1.5 m) fluid mud layer (1100 and 1250 kg/m3) was present at the entrance of the estuary in the navigation channel (Figure 1b). The trailing edge, near the shoreline, was also characterized by another important fluid mud layer. Therefore, when evaluating the influence of the various dynamic situations for the rainy season, the bed layers and mud location were based on a consideration of the rainy season measurements, whereas for the dry season, the bed layers and mud location were modified in the model to consider the effects of consolidation observed in the measurements.



As explained above, even though consolidation is not considered in the model, the difference identified between the rainy and the dry season due to this process [29] is integrated into the model by modifying the mud density location and the mud layers (as on Figures 7–9 in [29]). Nine bed layers were considered in the model using the measurements from [29], and the first four had a density of less than 150 kg/m3.



The configuration under study corresponds to a period when a mud bank is present near the mouth, with mud dominating the bed composition. However, during the inter-bank period, which is not analyzed here, sand banks can be observed near the mouth. A combined sand–mud approach should be used to analyze sand bank migration, particularly during storms [63].




2.4.5. Wave Model—TOMAWAC


The third-generation wave model TOMAWAC (TWAC) was used to transform wave conditions from offshore to inshore and to integrate the effect of wave–mud interaction. The internal coupling between T2D and TWAC allows us to account for the effect of the waves on the mean circulation (e.g., wave-induced currents that lead to longshore transport), as well as on the modulation of waves by tides. The dissipation mechanisms considered were white-capping dissipation, based on the formula of [64], bottom friction dissipation, with a bottom friction coefficient of 0.038 m2/s2, depth-induced breaking dissipation following the formulation of [65], and non-linear transfers between frequencies in accordance with the formula of WAM cycle 4 (DIA method). The effect of wave–mud interaction is also considered. In the case of muddy bottoms, the pressure variations caused by wind-generated surface waves can result in motion of the water/seabed interface. This motion, and particularly in the case of muddy bottoms, is damped by viscosity. There are different methods for estimating the damping of water waves by viscous mud. In this study, the following formulation developed in [38] was integrated into the model as an addition to the action balance equation through the total of source/sink terms expressed as wave energy density:


    S   m u d   = − 2   C   g , m u d     k   i    








where     k   i     is the imagery part of     k   m u d     and     C   g , m u d     is the mud modified wave group velocity; it operates by solving a modified dispersion relation, where the wave number being solved for kmud is a complex number computed as follows:


    k   i   ≈   D   m u d   ≡      δ   m   (   B   r   ′   +   B   1   ′   )   k   1   2         sinh  ⁡    2 k   1   h    ⁡  +   2 k   1   h       








where     δ   m     is the Stokes boundary layer thickness for mud, h is water depth,     k   1     is the leading order of the real part of the mud-modified wave number kmud, respectively, in a Taylor expansion about the mud–water interface, and Dmud is the leading order term in the full expansion of ki.     B   r   ′     and     B   1   ′     are, respectively, the real and imaginary parts of   B   and their expressions are given in Appendix A of [38].



The formulation of [38] is a simplification of the [39] formula, but it produces very similar results for the range of mud characteristics used by [36]. As indicated by [36], very rapid wave attenuation depends on mud characteristics and water depth. Viscosity was considered 10−3 m2/s for mud presenting a concentration lower than the 150 kg/m3 following the results obtained by [21] on the Guyana coast. The effect of mud on the waves was taken into consideration for those areas with a mud depth exceeding 0.2 m.




2.4.6. Model Run


Numerical model calibration and validation were performed by comparing in situ measurements on water level, flow velocity, and SPM, with satellite-derived measurements for SPM values and spatial patterns. A six-month simulation (starting May 2015) was used to validate the model and the sediment input parameters. These were kept for the running of the model, adjusting only the fluid mud location and thickness according to the measurements by [29] (see Section 4.4). Afterwards, one-month simulations were carried out for the rainy (June) and the dry season (19 September–20 October) of 2015 to assess the impact of waves and tides over sediment fluxes, considering (a) no waves, (b) waves without wave–mud interaction, and (c) wave–mud interaction using the [38] model. All the simulations covered different tidal ranges, neap to spring, and wind and wave conditions.



The sediment rate transport was computed to assess the impact of the different forcing dynamics over the mud bank, as follows:


  Q ( k g ·    s   m    ) = U      m   s      · h ( m ) · C (    k g     m   3      )  



(1)




where U is the velocity, h is the water depth, and C is the suspended load concentration.






3. Results


3.1. SPM Patterns


As a preamble, before presenting the SPM patterns, it is important to note that the model satisfactorily replicated the water level for the DDC-Tide station (RMSE = 0.15) (Figure 3a). The flow velocity prediction was good for the DDC station (RMSE = 0.16) and for S2 (RMSE = 0.15) (Figure 3b).



Regarding the modelled SPM spatial patterns, these were compared to those obtained using remote sensing and in situ data (Figure 4). The model correctly reproduced the observed SPM peaks for station S2 (RMSE = 0.26) (Figure 4a), even though concentration values differed from those observed. Due to biofouling, in situ SPM results after 29 June 2015, were discarded. The comparison was carried out after normalization of the modelled SPM outputs and satellite SPM data based on the concentration value of the 95thpercentile. This normalization is a prerequisite for comparison, as satellite data are obtained at the water surface, whereas the model provides averaged SPM values in the water column. The intertidal part presents normalized SPM concentrations of ~0.91 and ~0.93 for the model- and satellite-derived SPM, respectively (Figure 4c,d). The model also correctly reproduced the concentration at the back of the bank (Figure 4c), with an RMSE value of 0.06 (Figure 4e). Over the subtidal part, the observed normalized SPM values were between 0.49 and 0.9 for the satellite-derived data (Figure 4c) and between 0.52 and 0.91 (Figure 4d) for the modelled SPM. However, high RMSE values are observed at the leading edge of the mud bank and in the offshore area at the back of the bank (Figure 4e). The plume from the satellite image seems less diffuse than the modelled one. Even though the plume extension is more diffuse in the model, the highest normalized SPM values (~0.91) have an alongshore extension similar to that of satellite-derived data (Figure 4c,d).




3.2. Hydrodynamic Forcing


This section analyses the influence of forcing on SPM and sediment transport patterns, as SPM can be considered a proxy for the location of mud banks [18,66]. Wind waves and tidal currents have been considered fundamental in the erosion and deposition processes affecting mud banks [33]. Therefore, the analysis focuses on SPM and sediment transport variations due to (1) waves during a neap cycle and (2) tidal variations (neap–spring).



3.2.1. Wave Influence


The averaged wave height outputs were estimated for the rainy and dry season simulations based on the Ng model (Figure 5). The influence of fluid mud thickness on wave heights can be noticed in the nearshore area. During the rainy season, the intertidal area shows average wave heights between 0 and 0.31 m (Figure 5a). Wave heights are slightly higher in the leading edge of the mud bank where they attain up to 0.34 m. During the dry season, fluid mud is mainly located in the navigation channel, and waves in this area reach minimum heights of 0.28 m (Figure 5b).



In 2015, due to technical issues with the buoy, no wave measurements were available. TWAC outputs were validated against in situ measurements from 2016 made outside the mud bank extension area. The model effectively captures the peak period. For Hm0, although peak heights are underestimated, the overall trend is well represented (RMSE 0.26. To date, no measurements are available near the shore. Additional surveys are needed to further validate wave propagation.



Rainy Season


The SPM patterns and associated sediment fluxes (Equation(1)) estimated for different wave conditions during one neaptide cycle are shown in Figure 6. Three scenarios were considered: (1) only circulation generated by tidal and wind-generated currents (Figure 6a,b), (2) waves and circulation (Figure 6c,d), and (3) waves and circulation including wave damping via the Ng approach (Figure 6e,f). The selected neaptide cycle was characterized by a mean wave height of ~1 m and a peak period of ~7.6 s (see Figure 1d) offshore of the mud bank (ca. 20 km from the shore). A neap cycle was selected because mud mobilization mainly occurs after periods of low wave forcing at the end of the dry season and during neap tides [16,20].



In the first scenario, the influence of the rivers on SPM is clearly visible for the area close to the mouth of the estuary (Figure 6a). Moreover, sediment transport is considered insignificant (<5 kg/m/s) in this area. However, the rates in the near-offshore coastal area oscillate between 9.8 and 17.6 kg/m/s due to the influence of tides and currents (Figure 6b).



For the second scenario, SPM concentrations over the intertidal part of the mud bank reach a maximum of 1.23 g/L (Figure 6c). An SPM plume is observed parallel to the coastline with lower SPM values than the wave–mud interaction simulation (Figure 6c,e). As observed by previous studies [33,66], when wave–fluid mud interactions are lacking, resuspension tends to reduce SPM concentration. The influence of the Mahury estuary creates a low SPM-concentration ‘belt’ in the nearshore area of Cayenne (Figure 6c). However, sediment transport displays maximum rates at the navigation channel (19.1 kg/m/s) and in the area northwestward of Cayenne (Figure 6d). The intertidal part shows transport rates that are considered insignificant (<4.5 kg/m/s) (Figure 6f).



With wave–mud interaction, a more developed SPM plume is observed over the subtidal area (Figure 6e) and is delimited by the −5 m contour (Figure 1b). This depth has been considered a limit for wave action and remobilization in previous studies [18,21,29]. The outer mud bank at the trailing edge is characterized by SPM values close to 1 g/L due to wave resuspension. However, the intertidal part shows concentrations that are lower than in the second scenario. In the subtidal part, and between the coastline and the −5 m contour, sediment transport rates are much lower (9.6 kg/m/s). The navigation channel shows high rates of sediment transport (up to 18.5 kg/m/s).




Dry Season


The same scenarios wereconsidered for the neaptide cycle in the dry season: tidal and wind-generated currents (Figure 7a,b), but also wave-generated currents (Figure 7c,d) and the addition of wave–mud interaction (Figure 7e,f). During the dry season, fluid mud is mainly located inside the navigation channel and the inner mud bank is characterized by an increase in mud density compared to the rainy season ([29]; Figures 8 and 9 on the paper). These patterns were integrated into the model as explained in Section 2.4.4.



As no important differences are observed among the three simulations in the coastal area, the sediment flux is mainly controlled by circulation (Figure 7). However, compared to the rainy season, changing spatial patterns for SPM and sediment transport are now located inside the mouth of the Mahury estuary (Figure 7).



The highest SPM concentrations occur in the first 4 km of the nearshore area (Figure 7a,c,e). Concentrations are four times lower than during the rainy season, which is in agreement with a previous study [66], and SPM is constrained between the coastline and the 2 m depth contour. For the first scenario simulation (Figure 7a), SPM concentration shows maximum values at the outer part of the back of the bank and the leading edge of the intertidal part (>0.24 mg/L).



In contrast, the estuary mouth and the intertidal area exhibit stronger SPM values when wave-generated currents are added (Figure 7c,e). The influence of wave–mud interaction is clear in the third simulation scenario (Figure 7e), as SPM concentrations increase in the very nearshore area and the estuary mouth, proving the influence of wave–mud interaction in SPM resuspension and, thus, erosion.



The dry season is characterized by low sediment transport in the subtidal (~3.87 kg/m/s) and intertidal (<0.7 kg/m/s) parts of the mud bank when compared to the offshore area (Figure 7b,d,f). The density of the mud increases in the inner sector of the subtidal part of the bank during periods of low wave energy [29]. The main difference between the three simulations occurs in the mouth of the estuary (Figure 7b,d,f), where sediment transport rates are affected by waves, leading to increased values on both estuary flanks and up to 9.4 km upstream from the mouth (Figure 7d,f).



The model setup, including the wave–mud interaction, is kept for the analysis of the tidal influence.





3.2.2. Tidal Influence


Neap–spring cycles under similar climatic conditions were analyzed for the rainy and the dry season (Figure 8). Wave height values oscillate between 0.95 and 1.08 m (at a depth of 20 m) in both seasons, whereas wind speed shows values between 5 and 6 m/s for the dry season and 3.4 and 5.1 m/s for the rainy season. Therefore, the neap and spring cycles in each season could be compared, with differences in between seasons being related to wind, fluid mud location, and flow rate.



The mean flow velocity is parallel to the coastline; thus, it is alongshore and generally follows the isobaths (Figure 8b,e). Nevertheless, during the rainy season and especially during the neap tide, a narrow and strong north-northwestward current appears at the east side of the islands, probably generated by the presence of fluid mud east of La Mère islet (Figure 8h,k). Cross-shore velocities vary from a minimum of 0.05 m/s in the intertidal area for the neap cycle of the rainy season to a maximum of 0.65 m/s offshore for the spring cycle of the dry season (Figure 8), values in agreement with those of the previous numerical study of [33].



Flow velocities along the coast vary between both seasons and tidal cycles. In the coastal area, spring tide velocities are stronger for both seasons and the dry season is characterized by the strongest values (Figure 8b,h,e,k). However, the mouth of the estuary shows the opposite tendency. Here, because of river discharge, the strongest values occur during the rainy season (Figure 8c,f,i,l). The high river discharge leads to stronger seaward-oriented currents during the spring tidal cycle. However, the dry season is characterized by landward-oriented currents along both flanks of the estuary mouth but by seaward-oriented currents in the channel. It is noteworthy that velocities decrease in the coastal part of the navigation channel during both seasons (Figure 8b,e,h,k).



To evaluate the influence of tidal currents on sediment transport, four different transects were set up. Three of them are perpendicular to the coast and located in the back of the bank (T1), in the channel of the estuary (T2), and in the leading edge of the mud bank (T3). The fourth transect runs across the mouth of the estuary, from west to east (TM) (Figure 8a,d,g,j). Mud remobilization is noticeable during spring tides for both seasons, especially in the mouth of the estuary. Nevertheless, during the neap cycle of the rainy season, a peak of sediment transport is observed around the −6 m isobath at the back of the bank due to the narrow flow path of the strong north-northwestward current. The ~−6 m isobath marks the appearance of maximum transport peaks for all tidal conditions during both seasons (Figure 8a,d,g), with a maximum of 36.5 kg/m during the rainy season. As highlighted earlier, the −5 m isobath was considered the limit of wave action and SPM remobilization; thus, high sediment transport rates are expected around this depth. The outer part of the back of the mud bank is the most active part of these banks [29,67], as the highest transport rates occurred between the −2.5 m and −7 m isobaths (Figure 8a; T1). In the front of the bank (Figure 8g; T3), sediment transport is quite constant up to a depth of 3.8 m, showing the impact of fluid mud, as during this season, the latter is mainly located around the −6 m isobath. The fluid mud layer over the subtidal part of the mud bank is thicker during the rainy season [29].



Inside the estuary, transport rates are 3.9 times lower than those in the coastal area, with the exception of spring tides during the dry season, which show values comparable to those of the rainy season in the coastal area (Figure 8j). Moreover, the observed patterns differ from those in the coastal zone (Figure 8d,j). The highest transport rates are obtained during the dry season between the west flank and the channel. In addition, spring tides, compared to neap tides, exhibit the strongest transport rates (Figure 8d,j), as observed in [28].




3.2.3. Preliminary Insights into Daily (Ebb–Flood) Circulation and Sediment Transport Patterns


To explore the potential accumulation areas, erosion–sedimentation patterns during an ebb–flood cycle wereanalyzed according to the evolution of the first two fluid bed layers (see Section 2.4.4) (Figure 9). During neap tides for the rainy season, net sediment transport follows the −5 m isobath and is mainly driven by ebb tides at the back of the bank (Figure 9a). However, in the inner part of the mud bank and in the intertidal area, net transport is mainly driven by flood tides, with a net west-southwest direction towards the coast (Figure 9a). This would contribute to the appearance of a potential accumulation zone at the leading edge of the intertidal area. This part is composed of fluid to soft mud (<650 g/L; [68]) and is formed by the accumulation of mud due to wave damping [69], observed at the back of the bank along the −2 m isobath. The leading edge of the subtidal zone also presents a potential accumulation area, in agreement with previous observations of mud accumulation in this zone coming from the back of the bank [29,67]. Also, given the net transport patterns observed, mudbank migration could be enhanced by ebb currents, which tend to be stronger in the area [28]. Nevertheless, flood currents could enhance net sediment transport in the inner part of the mud banks.



During spring tides in the rainy season, net sediment transport is mainly driven by ebb tides (Figure 9b). In contrast, the mouth of the estuary and the western side of the subtidal part close to the estuary, including the navigation channel, show a flood-driven net transport. Three potential accumulation areas have been found under these conditions (Figure 9b), one of them being the trailing edge of the intertidal area in agreement with a previous study [69], since sedimentation occurson the consolidated mudflat at high tide during spring tides. The east flank of the estuary mouth also presents a potential accumulation area due to the influence of landward-directed flood transport (Figure 9b).



Net sediment transport is mainly influenced by ebb tides in the coastal area during the dry season. Nevertheless, the estuarine part of the navigation channel is mostly affected by flood tides (Figure 9c,d). During neap tides, sedimentation in the coastal area of the navigation channel and the estuary mouth is considerable, as three potential accumulation areas occur (Figure 9c). During periods of low wave energy, as during the dry season, rapid shoreline advance is favoured by self-weight consolidation [29], which could explain the accumulation of sediment inside the estuary (Figure 9c). During these wave conditions, the thickness of the fluidmud layers in the navigation channel is maintained [29], as confirmed by the presence of a potential accumulation area (Figure 9c). Moreover, two accumulation areas appear in the very nearshore area in front of Cayenne, again under neap tide conditions during the dry season (Figure 9c). These accumulation areas are regularly visible at low tide since they often take the form of bar-like features [70].



During spring tides, net sediment transport rates are almost constant over the entire study area, contrary to the patterns observed during neap tides, where stronger values are observed in the nearshore sector of the leading edge of the intertidal part. The navigation channel presents a landward flood-driven net transport and is potentially an important accumulation area, coincident with the location of fluid mud (Figure 9d). However, at both flanks of the estuary, the net transport is seaward and ebb-driven (Figure 9d).



For both seasons, the river discharge is mainly concentrated in a narrow jet in the deep channel. The ensuing velocity gradients could enhance the appearance of potential accumulation areas, as observed in Figure 9. Net sediment transport is lower during the dry than the rainy season (Figure 9).






4. Discussion


Numerical studies focussing on the nearshore dynamics along the muddy coastline of the Guianas have generally either considered the coastline without taking into account the estuarine influence or wave propagation without mud dynamics. To investigate the main forcings involved in sediment exchanges between the Mahury estuary and an Amazon-derived coastal mud bank in French Guiana, a 2D numerical model was built with dynamically coupled modules of the circulation, waves, and sediment transport to integrate mud effect on wave damping. Given the complexity of the area and the myriad processes involved, this approach provides a foundational basis for further development and refinement of more comprehensive models that could more accurately represent the full range of dynamics.



The accuracy of the model has been assessed with different available datasets. Several numerical simulations were conducted to examine the seasonal variation in SPM according to different forcing dynamics. These simulations offer preliminary insights into the dynamic interactions and sediment balance of the coast and an estuarine system. Estuaries are generally considered as net sediment sinks sourced commonly by riverine sediment flux but also in many cases by alongshore-derived sediment. The overwhelming influence of mud banks migrating along the Guianas coast from the mouths of the Amazon has implied that this alongshore source dominates in the Mahury, and various other estuaries, lying on this coast. However, the sediment transport and mud accumulation processes in this seasonal, equatorial tropical setting are complex and strongly spatially modulated (cross-shore and alongshore) by seasonal variations in wave energy and river discharge that are further expressed in the course of the neap–spring tidal cycle.



Our preliminary results show, first and foremost, high SPM concentrations in the nearshore area compared to those 20 km offshore [71], thus highlighting the importance of mud dynamics in the sometimes rapid shoreline changes that have been consistently identified on this coast (see, e.g., [16,20]). This leads, in turn, to wave height attenuation as a result of an increase in fluidmud thickness as observed by [29]. The influence of wave–mud interaction becomes evident in the third simulation scenario, as SPM concentrations increase in the very nearshore coastal area and the estuary mouth. This highlights the role of these interactions in SPM resuspension and associated erosion processes. As observed by previous studies [33,66], however, when wave–fluid mud interactions are lacking, resuspension tends to reduce SPM concentration.



The subtidal plume associated with the mud bank fluctuates with the tide and with the wind-generated longshore current. The fact that the plume from the satellite image seems less diffuse than the modelled one may be attributed to limitations in the model’s representation of the mud bed beyond the in situ data coverage or the influence of unaccounted sandy sediments. The density of the mud increases in the inner part of the subtidal part of the mud bank during periods of weak wave energy [29], and observations suggest that this could be potentially related to the low sediment transport in this area. The fluid mud layer over this subtidal part of the mud bank is thicker during the rainy season [29] due to wave remobilization [20]. In the dry season, as wind and waves are less strong and fluid mud thickness diminishes due to consolidation processes, a lower sediment transport ensues. The leading edge of the subtidal zone appears to function as a potential accumulation area, in agreement with previous observations of mud accumulation in this zone following remobilization from the back of the bank [29,67], as further discussed below. Further inshore, wave–mud interaction generates wave refraction zones that lead to an increase in SPM, especially at the back of the mud bank. The outer part of the mud bank in this trailing edge is characterized by SPM values close to 1 g/L due to wave resuspension.



The preliminary results of the 2D model highlight that wave damping is very important in the rainy season. Sediment transport during this season occurs along the −5 m isobath and from the trailing to the leading edge of the bank. The back of the mud bank is not protected by soft mud and is thus is eroded by wave action combined with a minor influence of tidal and wind-induced geostrophic currents [72]. This pattern thus corresponds to preferential mud transport by the constant action of waves during the rainy season, especially during neap tides, from the trailing to the leading edge, which results in the migration of the mud bank [26,67]. The model captures these migration patterns effectively, from the trailing to the leading edge. This migration process leads to mud accumulation at the leading edge of the mud bank, enhanced by ebb currents, which tend to be stronger in this area [28]. The intertidal part exhibits transport rates that are insignificant and tends to be characterized by sedimentation during this season and during high tide at spring tide, a process favoured by this mud mobilization and migration process. As no important differences are observed between the three simulations in the coastal area, the sediment flux seems to be mainly controlled by this circulation. The normalized SPM concentrations of ~0.91 (model) and ~0.93 (satellite-derived) for the intertidal part show the pertinence of the model results. The observed spatially patchy SPM distribution pattern is identical to that classically identified over mud bank areas [18,66,71,73].



Within this general spatial–temporal frame, the presence of the Mahury estuary plays an important role in the sediment dynamics. During the rainy season, the strength of the river flow limits mud deposition in the navigation channel and at the mouth. This mud deposition occurs on the neighbouring sandy beaches flanking parts of the estuary and at the front edge of the bank. During the dry season, fluid mud is mainly located in the navigation channel of the estuary and the mouth, under conditions of low river discharge, and the circulation is highly impacted by waves during this season, leading to the modification of sediment transport patterns inside the estuary, a general increase in SPM values, and detected accumulation patterns. The navigation channel during this season thus displays maximum transport (mud mobilization) rates. Sedimentation mainly occurs within the estuary and the nearshore area and appears to be mainly ebb-driven (more wave dissipation), leading to rapid shoreline accretion on both estuary flanks, but especially on the leeward-located (relative to wave incidence) east bank of the estuary during neap tides. The potential accumulation east of the navigation channel could result from the impact of high river flow on the current and wave field. River discharge probably hampers the coastal current, in a way similar to a hydraulic groyne effect [26,29], thus favouring sedimentation. This sedimentation seems to lead to an increase in the intertidal areas inside the estuary. The turbid pattern not detected by the 2D model that is observed at the estuary mouth may be due either to the fact that stratification is not considered here or to the description of the bed structure. It must be noted that mud thickness and density measurements [29] were carried out only at the outer part of the mouth of the estuary; thus, resuspension in this area could be impacted as mud thickness values were interpolated for the rest of the mouth.



The high mud concentrations within the navigation channel of the Mahury estuary [29] also have serious implications for both the management of the commercial port of Degrad des Cannes and for beach dynamics downdrift in the Cayenne area [74,75]. This high mud concentration in the channel necessitates constant dredging during this season, but it also creates a low SPM concentration ‘belt’ in the nearshore area east of Cayenne, westward of which the mud transport rate increases once again. However, flood currents can enhance net sediment transport in the inner part of mud banks, and this could be the main factor responsible for the presence of two potential accumulation areas in the very nearshore area in front of Cayenne (Figure 9a). Ref. [29] suggested ‘en masse’ fluid mud transport nearshore and in the leading edge during periods of frequent high waves, which, as observed in Figure 9a, could be intensified by flood currents during neap tides. The high mud concentrations in the Cayenne area can lead to the embayed sandy beaches on the Cayenne promontory becoming entirely mud-bound during bank phases [74,76], as in 2015. In extreme cases, mudflat accretion, and even mangrove colonization, can occur in front of these beaches, favoured, especially during near tides, by enhanced wave dissipation [76]. These beaches not only provide a recreation outlet for the city of Cayenne but are also important marine turtle-nesting sites.



While the foregoing discussion has explored the various influences of the tide, especially in terms of the neap–spring and ebb–high tide variations, these variations are instrumental in the appearance of two zones in the study area that exhibit reverse patterns. The coastal zone is characterized by important mud transport rates during the rainy season and a north-northwestward current is observed at the back of the outer part of the bank, especially during neap tides. The estuary, in contrast, exhibits low velocity values for neap conditions that contrast with the maximum values observed in the coastal area. These observed differences underscore the complex interplay of tidal influences on sediment transport and dynamics within the study area, highlighting the need for further exploration to refine the understanding of these patterns.




5. Conclusions


Knowledge of the processes at play in the complex sedimentary dynamics that characterize the interactions between Amazon-derived mud banks and estuaries along the Guianas coast is still very incomplete because in situ studies are difficult to carry out in such an environment. Modelling, therefore, offers a crucial avenue for advancing our understanding of these processes and their potential impact on coastal management. Our study has highlighted the importance of different forcing dynamics in the sediment transport patterns in the study area, and the predicted patterns provide new insights on the sediment dynamics in this complex coastal zone, influenced by Amazon mud. Mudbank migration has been identified as occurring primarily during the rainy season due to sediment transport flux between the back of the bank and the leading edge and as predominantly ebb-driven. This constitutes the fundamental mechanism of mudbank migration on this coast. The spatial and temporal (seasonal) patterns associated with the processes driving its mechanism are, in turn, important in gauging the impacts of mud transport, sedimentation, and erosion on coastal activities. Understanding sedimentation zones is crucial for maintaining navigation channels and managing shorelines. Beaches with mud deposits are protected from wave-induced erosion and provide potential habitats for mangrove development [25]. Our results reflect a coastal configuration with a mud bank located near the mouth. However, how sediment dynamics evolve after the mud bank has passed or during the interbank period still needs further investigation.



To further investigate the interactions between a mud bank and the estuary it migrates across, other important processes, such as stratification [28], river discharge fluctuations, mud consolidation, fluidization, integration of sandy material, or solitary waves [31], need to be considered in future 3D simulations on longer timescales (annual and above). More efforts are also needed to better describe the wave propagation near the shore and inside the estuary [77].This should improve the results and provide deeper insights into the processes involved in estuarine dynamics and mudbank migration in this particular setting. The current study has focused on one estuary with a quasi-steady mud bank location (year 2015) and mainly in the nearshore area. Although the focus has been on the Mahury andconcernsa quasi-steady mud bank (given the low migration accomplished in a year), the results shed light on the dynamics of Guiana estuaries, a class representative of estuaries significantly influenced by a distant alongshore sediment source. It would be interesting to apply the proposed methodology to other types of Guiana estuaries with deltaic mouths or mouths diverted westward (e.g., [27]) in order to further analyze how the influence of the alongshore migration of the mud bank may vary.
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Figure 1. Setting and context of the Mahury River estuary: (a) location, (b) bathymetry of the coastal area and the mouth of the estuary in 2015 in the wake of migration of the mud bank across the latter, (c) wind rose, (d) significant wave height and period composition probability, (e) wave rose based on 7 years of wave data (buoy located at 20 m depth), and (f) mean(red cross), median (red line), 25th and 75th percentiles (blue box), extreme data points (whiskers extension), and outliers (black dots) of the annual cycle of monthly river discharge. 
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Figure 2. Mesh used for the hydro-sedimentary model. (a) Selected domain, (b) zoom on the Mahury estuary and the intertidal areas in 2015, where the navigation channel is clearly observed (values up to −8.5 m), (c) the Mahury River and its tributaries, (d) details of the mesh at the mouth of the estuary with the stations used to calibrate and validate the model (S2, DDC, and DDC-Tide). 
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Figure 3. Model output (red) and water levels and flows (grey) at DDC-tide, DDC, and S2. (a) Water level observations at DDC-tide; (b) velocity model output compared to S2 observationsand (c) to DDC observations. Locations of stations are shown in the top-right panel. 
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Figure 4. Validation of SPM values. (a) Modelled SPM compared to S2 in situ measurements, (b) location of station S2, (c) averaged and normalized satellite SPM data for the six-month validation period, (d) averaged and normalized SPM concentration values for the six-month validation simulation, (e) RMSE values estimated comparing modelled SPM outputs with satellite-derived SPM. 
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Figure 5. Averaged model wave height outputs for the (a) rainy and the (b) dry season. 
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Figure 6. SPM and sediment transport outputs for different conditions during the rainy season. (a) SPM and (b) transport with tides and wind-generated currents, (c) SPM and (d) transport, also including waves, (e) SPM and (f) transport using the Ng formulation for the wave–mud interaction. 
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Figure 7. SPM and sediment transport outputs for different conditions during the dry season. (a) SPM and (b) transport with tides and wind-generated currents, (c) SPM and (d) transport, including wave currents, (e) SPM and (f) transport using the Ng formulation for the wave–mud interaction. 
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Figure 8. Tidal influence on flow velocity and sediment transport over four different transects (a,b). (a) Average flow velocity for a neaptide cycle during the dry season and (b) zoom in on the Mahury estuary mouth. (d) Average flow velocity for a springtide cycle during the dry season and (e) zoom in on the estuary mouth. (g) Mean flow velocity for a neaptide cycle during the rainy season and (h) zoom in on the estuary mouth. (j) Mean flow velocity for a springtide cycle during the rainy season and (k) zoom in on the Mahury estuary mouth. (c) Transport values ofprofile T1 for the dry (red lines) and the rainy season (blue lines) and for the neap (dashed lines) and spring tides (continuous lines). Transport values for (f) profile T2, (i) profile T3, and (l) profile TM for the dry and the rainy season and for the neap and spring tides. 
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Figure 9. Sediment transport at daily cycles as a difference between the ebb and the flood tide. (a) Sediment transport for a neap and (b) a spring cycle during the rainy seasonand (c) for a neap and (d) a spring cycle during the dry season. Reddish colours correspond to areas where ebb sediment transport presented higher values than flood sediment transport. On the contrary, areas with higher flood sediment transport are characterized by bluish colours. Red arrows represent the direction of sediment transport in those areas dominated by ebb tides and blue arrows correspond to those dominated by flood transport. Black hatched ovals represent accumulation areas between ebb and flood. 
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Table 1. Dates of satellite images available during the six months of the model simulation and the corresponding forcing conditions.
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	Date
	Tide (m)
	Hs (m)
	Flow Rate (m3/s)
	Wind Velocity (m/s)





	29 July 2015
	−1.08
	1.23
	91.36
	6.41



	30 August 2015
	−1.61
	1.25
	47.08
	7.60



	15 September 2015
	−2.01
	0.73
	33.38
	4.99



	1 October 2015
	−2.41
	0.95
	23.20
	6.30



	2 November 2015
	+2.87
	1.15
	12.74
	5.46



	18 November 2015
	+2.79
	1.31
	22.53
	3.85
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