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Abstract

:

The Mekong River is ranked as the 8th in terms of water discharge and as the 10th in terms of sediment load in the world. During the last 4500 years, its delta prograded more than 250 km to the south due to a tremendous amount of sediments deposited, and turned from a “tide-dominated” delta into a “wave-and-tide dominated” delta. This study aims at completing our knowledge on the fate of sediments that may be stored in estuarine or coastal systems, or dispersed over the continental shelf and slope. Sediment transport in the Mekong River Delta (MRD) coastal area was studied by numerical simulations using the Delft3D model. The model configuration was calibrated and validated from data collected in situ during 4 periods from 2012 to 2014. Then, 50 scenarios corresponding to different wave conditions (derived from the wave climate) and river discharge values typical of low flow and flood seasons enabled us to quantify the dispersal patterns of fluvial sediments close to the mouths and along the coast. Sediments mostly settled in the estuary and close to the mouths under calm conditions, and suspended sediment with higher concentrations extend further offshore with higher waves. Waves from the Southeast enhanced the concentration all along the MRD coastal zone. Waves from the South and Southwest induced coastal erosion, higher suspended sediment concentrations in front of the southern delta, and a net transport towards the Northeast of the delta. Because of episodes of Southern and Southwestern waves during the low flow season, the net alongshore suspended sediment transport is oriented Northeastward and decreases from the Southwestern part of the coastal zone (~960 × 103 t yr−1) to the Northeastern part (~650 × 103 t yr−1).
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1. Introduction


Rivers originating from the Tibetan plateau and the Himalayas (Ganges, Brahmaputra, Yellow River, Yangtze, Mekong, Irrawady, Red River, Pearl River) are huge providers of sediments to the ocean at global scale [1]. However, recent human activities have severely altered their sediment discharge, mainly as a consequence of artificial impoundments, and also by activities such as groundwater pumping, irrigation, dredging, and deforestation [2]. At a global scale, around 53% of river sediment flux is now potentially trapped in reservoirs [3], and this reduction dramatically affects deltas [4]. For example, in Asia, sediment discharge decreased by 87% (from 1200 to 150 × 106 t yr−1) over a 40 year period in the Yellow River (Huanghe) [5,6] and by 61% (from 119 to 46 × 106 t yr−1) in the Red River after the Hoa Binh dam settlement [7].



Sediment dynamics have considerable impacts, not only in terms of geomorphology but also in terms of geochemical cycles [8,9], biogeochemistry [10], microbiology [11], fate of metal contamination [12], benthic environment, coral reefs and seagrass communities ([13] and references therein). Sediment budgets are thus of interest for many interdisciplinary studies [14].



Seasonally, the sediment discharge, transport and deposition in the Asian deltas are strongly affected by the variations in precipitation, wind and waves induced by the monsoons [15,16]. The monsoons highly influence coastal geomorphology of these deltas, which experience rapid changing shorelines. Understanding the influences of monsoons is essential for predicting changes in sedimentary environment and coastal geomorphology [16].



The Mekong River delta (MRD) is amongst the third largest delta plain in the world, with 16–20 million inhabitants in its Vietnamese part (density of ~460 people km−2, [17]). It covers an area of 62,500 km2 between Phnom Penh in the Cambodian lowlands and the southern Vietnamese coast [18]. The MRD lies entirely within three meters above sea level.



Recent studies focused on sediment variability in the Mekong River [19,20], on sedimentation in the Lower Mekong River [21,22], within the distributaries [23], and along the MRD coast at depths > 5 m [24]. The concentration of surface suspended matter in the Mekong River plume was shown to decrease by ~5% per year during the period 2002–2012 from the analysis of MERIS satellite data [25]. However, little is known on the fate of sediments reaching the sea that may be stored in estuarine or coastal systems, or dispersed over the continental shelf and slope ([26] and references therein).



With a tidal range up to 3 m in spring tide, sediment dynamics within the Mekong distributaries is strongly affected by tidal oscillations. From in situ measurements, Wolanski et al. [27,28] sketched a conceptual model of the present-day sediment dynamics in the Bassac estuary (the southern main distributary of the Mekong River), completed by Hein et al. [29]: most of the sediment brought by the River is deposited in the shallow coastal waters of depth <20 m (corresponding to the subaqueous delta) in the flood season, while a net flux of particles occurs upstream in the estuary during the low flow season. Alongshore, numerical simulations by Hein et al. [29] have shown that deposition dominates over the annual cycle directly off the mouths of the Mekong branches, where erosion prevails throughout the year in shallow waters to the North and to the South (along the Cape), while erosion and deposition alternate further offshore with the seasonal cycle. Therefore, there are specific needs to quantitatively assess the dispersal patterns of fluvial sediments close to the mouths and along the coasts for management purposes.



This paper aims at complementing the previous studies in the coastal area along the Mekong River delta. The variability of sediment transport along the delta is examined during the low flow and flood seasons from numerical modeling, under 50 scenarios based on the wave climate (25 scenarios per season). The resulting numerical simulations are discussed in view of recent changes in sediment deposition and erosion along the delta coastline.




2. Materials and Methods


2.1. The Mekong River Delta (MRD)


2.1.1. The Mekong River


The Mekong River originates from the Tibetan plateau at elevations mostly >5000 m, then flows through six countries along a 4880-km course down to the South China Sea (East Sea of Vietnam), making it the 12th longest river in the world [22]. The Mekong River, which drains a basin area of ~795 × 103 km2 [19], was ranked as the 8th in terms of water discharge with an average flow of 15,000 m3·s−1 [30] and as the 10th in terms of sediment load with an average value estimated to be 160 × 106 t yr−1 [31], corrected to 144 ± 36 × 106 t yr−1 over the last 3 k yr by Ta et al. [32].



The Mekong River water and sediment discharges are distributed amongst a network of two main distributaries which divide near Phnom Penh: the Mekong—called the Tiền River after entering Vietnam—to the North, and the Bassac—called the Hậu River in Vietnam—to the South. The Mekong (Tien) distributary divides itself into three main estuaries with Tieu and Dai mouths for the further North, Ham Luong for the central branch, and Co Chien and Cung Hau mouths for the further South. The Bassac (Hau) River divides mainly into the Tran De mouth and the Dinh An mouth (see Figure 1).



The Dong Nai–Saigon River system flows to the South China Sea just to the North of the MRD. The Saigon River is called Soai Rap River in its lower basin. The Vamco River is a tributary that joins the Soai Rap River just upstream of its mouth (Figure 1a).



During the last 4500 years, the MRD prograded more than 250 km to the southeast [18]. Approximately 3000 years ago, the prodelta was located near Ben Tre and Tra Vinh cities (see [32], their Figure 4). During this recent progradation (~3 k yr BP), the southern coast of the MRD became more sensitive to waves from the East and North-East during the dry season, and the MRD turned from a “tide-dominated delta” into a “tide-and-wave dominated” delta [32]. The continental shelf is very shallow (most of the plume flows over depths <10–15 m), the river mouths being located in a sedimental plain. Despite the low Coriolis number, the large freshwater discharge still creates a baroclinic coastal current flowing in the direction of the Kelvin wave [33].




2.1.2. Climate and Rainfall


The Mekong basin ranges from cool temperate to tropical climates. The Lower Mekong River basin is subject to a tropical climate that is characterized by a summer monsoon from the Southwest (from May to October) and a winter monsoon from the Northeast (from November to April). The wet season (from June to October) alternates with a dry season (November–May) and accounts for 85%–90% of the total yearly rainfall. In South Vietnam, the annual rainfall ranges between 1600 and 2000 mm [34,35]. Rainfall is higher (2000–2400 mm per year) in the Western region than in the Eastern (1600–1800 mm) and in the central delta (1200–1600 mm) [36]. According to the Vietnamese National Centre for Hydro-Meteorological Forecasts [37], 18 typhoons impacted on the MRD during the 52-year period of 1961–2012. Amongst them, 13 typhoons occurred recently, during the last 20 years (1992–2012).




2.1.3. Hydrological Regimes and Sediment Transport


The total water discharge of the Mekong is ~500 km3 yr−1, of which 85% flows in flood season (from September to November) and 15% in low flow season (from December to August) [21,35]. In the delta, the flood season occurs later than the local rainy season, since the water flux mainly comes from the upper and central Mekong basin and is partially regulated by the dynamics of the Tonle Sap in Cambodia. Discharges at the Can Tho and My Thuan stations are almost the same, and vary between 25,000 m3·s−1 in September-October and a minimum in April (typically 2000 m3·s−1) [38]. The total suspended sediment discharge entering the delta is about 145 × 106 t yr−1, and the average sediment concentration in the river is about 60 mg·L−1; maximum values can reach 500 mg·L−1 in the wet season [39].



The suspended sediments in the distributaries of the Mekong are mostly composed of fine silt with about 15% clay [27].



The coastal current along the MRD shifts with the monsoon forcing; it is oriented Southwestward during the Northeast (or winter) monsoon and Northeastward during the Southwest (or summer) monsoon [40].




2.1.4. Tides


The MRD is affected by tides of a mixed diurnal and semi-diurnal character. Semi-diurnal lunar tide M2 and solar tide S2 amplitudes are up to 0.9 m and 0.5, respectively, while diurnal solar tide K1 and lunar tide O1 amplitudes are up to 0.7 m and 0.5 m, respectively, along the MRD [41]. The resulting amplitude is gradually decreasing from 3.8 m in the Northeast (NE) area to approximately 2 m in the Southwest (SW) along the Ca Mau peninsula [26].



Tidal mechanisms are key processes acting on water distribution in deltas and on sediment transport in estuaries (e.g., [42,43,44]). In the middle and lower estuaries, deposition is mainly driven by the dynamics of the turbidity maximum zone, whose presence and dynamics are governed by the coupling between river discharge and tidal propagation (e.g., tidal pumping and/or density gradients; [27,28,45,46]). In this study, tidal propagation within the estuaries is included in the numerical model and the tide is taken into account through its boundary conditions in the river mouths.





2.2. Data


Data used to set up, calibrate and validate the model are the following.



Bathymetry and coastline in the MRD coastal area were digitized from topography maps in VN2000 coordinates (national coordinate system of Vietnam corresponding to UTM projection with a WGS84 reference ellipsoid and specified local parameters) with scale 1:50,000 in the coastal zone and 1:25,000 in the estuary. These maps were published by the Department of Survey and Mapping in 2004, now belonging to the Ministry of Natural Resources and Environment of Vietnam. Bathymetry offshore was extracted from GEBCO-1/8 with 30 arc-second interval grid [47].



River water discharge and suspended sediment concentration (SSC) measured in the period 2007–2014 at My Thuan (Tien River) and Can Tho (Hau River) were used to set-up river boundary condition in these rivers. In the absence of gauging station in the Vamco River and Soai Rap River (to the North of the MRD), the averaged river discharges and SSCs in low flow and flood seasons provided by a previous project [48] were used to set up the river boundary conditions in these rivers.



Wind and wave data measured at Con Dao Island and Vung Tau were analyzed and used in the simulations. Data measured with interval of 6 hours in 2012, 2013 and 2014 were considered in this study for calibration/validation. Wave and wind average values over 20 years (1992–2013) from the wave climate [49] were considered along the MRD coastal zone to setup different scenarios of simulations.



Sea level elevations measured at Vung Tau, Hoa Binh, Binh Dai, An Thuan and Ben Trai stations (Figure 1a) were used for model calibration and validation. Moreover, measured sea level near the coast was analyzed to determine the harmonic constants of 8 tidal constituents (M2, S2, K2, N2, O1, K1, P1, Q1) to be imposed at sea boundaries in the refined grid. The tidal harmonics constants imposed offshore were extracted from FES2014 [50,51]. The World Ocean Atlas [52] with 0.25 degree-grid resolution was used for open sea boundary transport condition of the parent model.



Current velocity, grain size of bottom sediment and SSC were measured in the framework of the project “Interaction between hydrodynamics of the Bien Dong (East Sea of Vietnam) and Mekong River water” at 4 in situ stations (LT1, LT2, LT3 and LT4, see Figure 1a) in September 2013 (flood season) and April 2014 (low flow season). These data were used for model calibration and validation.




2.3. Modelling Strategy


2.3.1. The Delft3D Model


In this study, hydrodynamics (resulting from tides, currents and waves) and suspended sediment transport were simulated using the Delft3D-Flow module and the Delft3D-Wave module (based on the SWAN model). The Delft3D-Flow model developed by Deltares (Delft, The Netherlands) is a 3D modeling suite to investigate hydrodynamics, sediment transport and morphology, and water quality for fluvial, estuarine and coastal environment [53]. Delft3D solves the Reynolds-averaged Navier-Stokes equations, including the k-ε turbulence closure model, and applies a horizontal curvilinear grid with σ-layers for vertical grid resolution.



SWAN is used as wave model [54,55,56]. In the action balance equation (see e.g., [57]), the JONSWAP expression [58] is chosen to express the bottom friction dissipation, with the parameter Cjon = 0.067 m2·s−3 proposed by Bouws and Komen [59] for fully developed wave conditions in shallow water. The model from Battjes and Janssen [60] is used to model the energy dissipation in random waves due to depth-induced breaking waves.




2.3.2. Model Setup


The NESTING method (Delft3D-NESTHD) was used to create sea boundaries condition for a refined (child) grid within a coarse (parent or overall) model. The parent model grid is orthogonal, curvilinear with 210 × 156 grid cells. Horizontal grid size changes from 166 to 22,666 m (Figure 1b). Along the vertical, 4 layers in σ-coordinate are considered, each of them accounting for 25% of the water depth. Open sea boundary conditions of the overall model are provided by FES2004 and the World Ocean Atlas 2013.



The grid of the detailed model is also orthogonal curvilinear. Curvilinear grids are applied in the models to provide a high grid resolution in the area of interest and a low resolution elsewhere, thus saving computational effort. The model frame includes all the coastal zone of Ba Ria-Vung Tau to Ca Mau cape (Figure 1a) along circa 485 km in the long-shore direction and 100 km in the cross-shore direction. The horizontal grid encompasses 424 × 296 points with grid size between 44 m and 11,490 m. Along the vertical, 4 layers in σ-coordinate are considered, similar to the parent model. The hydrodynamics model takes into account the influences by water temperature, salinity, sediment transport and wave actions.



The model was setup and run for different periods of time, with time steps of 0.2 min (12 s). Its calibration and validation were performed during 4 periods: March–May 2012 (low flow season), August–October 2012 (flood season), September 2013 (flood season) and April 2014 (low flow season).



There are four open river boundaries: Soai Rap, Vamco, My Thuan and Can Tho (Figure 1b). The Soai Rap and Vamco boundaries belong to the Dong Nai–Saigon River catchment. River water discharge measured every hour in Can Tho and My Thuan stations were imposed as river boundary conditions. Others river boundaries were set to 546.9 m3·s−1 (Soai Rap R.) and 52.5 m3·s−1 (Vamco R.) in low flow season; 1310 m3·s−1 in the Soai Rap River and 177.8 m3·s−1 in the Vamco River in flood season. The averaged SSC values during flood tide and ebb tide at Can Tho and My Thuan stations were imposed as boundary condition for these two distributaries. SSC in Vamco and Soai Rap rivers were almost the same and considered in this study to be worth 55 mg·L−1 in low flow season and 70 mg·L−1 in flood season. At each river boundary, the same SSC values were imposed from the surface to the bottom.



The averaged water temperature and salinity values in the low flow and flood seasons were imposed at the river boundaries (T = 27.5 °C in low flow season and 27.2 °C in flood season; S = 0). Wind velocity and direction, which were measured every 6 h in Con Dao in the period 2012–2014, were imposed on the model. The wave module was setup with online coupling with hydrodynamics and sediment transport. Sea boundary conditions of the wave model were extracted from the wave climate [49].



The bottom roughness was specified by a spatial distribution of Manning (n) coefficients with values in the range 0.018–0.023 m−1/3·s [61,62]. The background horizontal eddy viscosity and horizontal eddy diffusivity were considered to be, after calibration, equal to 8 m·s−2. The Horizontal Large Eddy Simulation (HLES) sub-grid, which is integrated in Delf3D-Flow, is based on theoretical considerations presented by Uittenbogaard [63] and Van Vossen [64]. In this study, the HLES sub-grid was activated to add calculated results to background values. Two sediment fractions were simulated in the model: one non-cohesive and one cohesive.



Measured grain sizes of non-cohesive particles in the MRD coastal area range from 29 to 252 μm (average 113 μm) in flood season (September 2013) and from 15 to 262 μm (averaged 103 μm) in low flow season (April 2014). Therefore, median sand-sized particles of 113 μm and 103 μm were considered in our simulations in flood and low flow season, respectively. A specific density of 2650 kg·m−3 and dry bed density of 1600 kg·m−3 were considered; all other sand transport calibration parameters were kept at the default values proposed by Delft3D. Sand fraction transport was modeled with the van Rijn TR2004 formulation [65], which has been shown to successfully represent the movement of non-cohesive sediment ranging in size from 60 μm to 600 μm.



Previous observational studies in the Mekong estuary indicated that most of Mekong sediments are flocculated fine particles. In low flow season, measured flocsize was 30–40 μm with about 20%–40% of clay content in volume [28]. In the flood season, the flocsize was 50–200 μm with a 20%–30% clay content in volume [27]. For the cohesive sediments, if the bed shear stress is larger than a critical value, erosion is modeled following the Partheniades’ formulation [66], whereas if the bed shear stress is less than a critical value for deposition, Krone’s formula [67] is used to quantify the deposition flux. The parameters required to simulate the cohesive sediment transport include critical bed shear stresses for erosion τcre and deposition τcrd, the erosion parameter M and the particle settling velocity ws [68]. After calibration, τcrd was set to 1000 N·m−2, which effectively implied that deposition was a function of concentration and fall velocity [69]. τcre was set to 0.2 N·m−2, and M was set to 2 × 10−5 kg·m−2·s−1.



In salt water, cohesive sediments flocculate, the degree of flocculation depending on salinity. Flocs are much larger than the individual sediment particles and settle at a faster rate. In order to model this salinity dependency, Delft3D-Flow considers two settling velocities and a maximum salinity. The velocity ws,f is the settling velocity of the sediment fraction in fresh water (salinity S = 0), while the velocity ws,max is the settling velocity of the cohesive fraction in water having a salinity equal to salmax (S = 30 over our area). For the Mekong River plume and based on Stoke’s law, Hung et al. [70] reported that grain size in the range of 29.4–40 μm has settling velocities in the range 0.9–1.7 mm·s−1. Manh et al. [23], considering an extended range of grain sizes from 2.5 to 80 μm, evaluated a calibration range of settling velocities between 0.01 and 7 mm·s−1. Portela et al. [71] reported settling velocities increasing by a factor of 6.5 between freshwater conditions (S = 0) and marine conditions (S = 30). In this study, the settling velocity of the cohesive sediments was set to 0.05 mm·s−1 in fresh water and to 0.325 mm·s−1 at S = 30.



In our simulations, we chose to set the input of sand concentration into suspension to 0 at the river boundaries (inside the delta, where the slope is almost flat) and specified the values of SSC for the cohesive suspended sediments. Simulations in the lower estuary and coastal areas are not sensitive to the sand concentrations at the upper river boundary since sand particles settle very fast; the sand profile is in equilibrium over very short distances, depending on the local capacity of transport and the available particles at the bed [72,73]. Sand particles can be eroded within the model area, in the estuary and along the coast as well, under the combined action of waves and currents.



The bottom-boundary layer calculation accounts for the interaction of wave and current over a moveable bed [65,74,75,76].




2.3.3. Calibration and Validation Process


Model calibration and validation were conducted simulating low flow and flood seasons of 2012, flood of 2013 and low flow season 2014. The discrepancy between results and measurements was quantified, for each simulation, using the Nash-Sutcliffe efficiency number E [77], calculated as follows:


   E = 1 −   ∑    (  o b s − c a l c  )   2    ∑    (  o b s − m e a n  )   2      



(1)




in which the sum of the absolute squared differences between the predicted and observed values is normalized by the variance of the observed values during the period under investigation. E varies from 1.0 (perfect fit) to −∞, a negative value indicating that the mean value of the observed time series would have been a better predictor than the model [78].




2.3.4. Scenario Simulation


In order to describe characteristics of sediment transport in the MRD coastal area, scenarios were set up with different conditions of wave, wind and river discharge. Initial conditions of the scenarios result from a previous simulation (either August for flood season or March for low flow season). At the river boundaries, temperature was fixed at 27.5 °C in the low flow season and at 27.2 °C in the flood season, and salinity was fixed to 0 (there is no income of seawater at the upstream boundaries). The average temperatures do not differ considerably since the low flow season includes both hot months (April to August) and cool months (December, January). The resulting average value is close to the water temperature in the flood season (September, October and November). Temperature and salinity at the open sea boundaries vary from one scenario to another following the climatology.



The average values of river discharge and SSC measured at Can Tho and My Thuan stations during the period 2007–2014 were imposed as boundary conditions. Two groups of scenarios were then considered, referred to as md (low flow season, mostly dry) and mf (flood season):

	
during the low flow season (from December to August), the average water river discharges of 3054 m3·s−1 at My Thuan in the Tien River, 3739 m3·s−1 at Can Tho in the Hau River, 52.5 m3·s−1 in the Vamco River and 546.9 m3·s−1 in the Soai Rap River were imposed, with SSC = 50 mg·L−1 at Can Tho, 53.6 mg·L−1 at My Thuan, 55 mg·L−1 in the Vamco and Soai Rap rivers (Table 1);



	
during the flood season (from September to November), the average water river discharges of 12,530 m3·s−1 at My Thuan, 13,130 m3·s−1 at Can Tho, 177.8 m3·s−1 in the Vamco River and 1310 m3·s−1 in the Soai Rap River were considered, with SSC = 67.8 mg·L−1 at Can Tho, 86.5 mg·L−1 at My Thuan and 70 mg·L−1 at Vamco and Soai Rap (Table 2).








The variation in SSC values at My Thuan and Can Tho between low flow and flood seasons is not large since these values are constrained by erosion, transport, deposition all along the Mekong River, and by storage and release by the Tonle Sap. However, the seasonal variations of suspended sediment discharge are higher than the seasonal variations of the flow.



The wave and wind conditions were derived from the wave climate obtained over the 22-year period of 1992–2013 by the BMT ARGOSS [49]. For each class of wave direction (NE, E, SE, S, SW) and significant wave height (0.5–1 m, 1–3 m, 3–5 m, 5–7 m, above 7 m), the average durations during the 274 days of the low flow season (from December to August) and the 91 days of the flood season (from September to November) were defined. Adding periods of calm weather (i.e., with significant wave height <0.5 m), we obtained 25 typical scenarios for the low flow season (Table 1) and 25 typical scenarios for the flood season (Table 2). For each scenario, significant wave heights Hs representative of the above described classes were defined as: 0.5 m, 2 m, 4 m, 6 m, 8 m, respectively. Wave peak periods Tp were determined from statistics established over 20 years of measurements, available online at the BMT group website. In each scenario, we assumed that wind was coming from the same direction as the waves, which is mostly the case since the gauging station is located offshore.



Each of the above-defined scenarios was run for a 14.75-day period corresponding to one full neap-spring tide cycle [79]. Each simulation considered real tidal boundary conditions from one typical cycle, which was chosen as the period 11–25 September, 2012.






3. Results


3.1. Model Validation from Field Measurements


Water elevation at hydrometeorological stations of Vung Tau, Binh Dai, An Thuan and Ben Trai (e.g., Figure 2a,b) was used to calibrate (e.g., for the choice of the Manning coefficient) and then validate the model. After calibration, comparisons show good agreement between model results and measurements with E coefficients between 0.68 and 0.85. Current velocity measured in LT1 (Figure 2c), LT2 (Figure 2d), LT3 and LT4 in September 2013 and April 2014 were analyzed to provide horizontal velocity components U and V, which were compared with model simulations. The comparison showed an acceptable agreement between model and measurements with E coefficients between 0.65 and 0.89. Comparisons between measured SSC in LT1 (Figure 2e), LT2 (Figure 2f), LT3, LT4 and modeled SSC also resulted in acceptable E coefficients in the range 0.66–0.78.




3.2. Spatial Distribution of SSC with or without Waves


Figure 3 (in low flow season) and Figure 4 (in flood season) show the distribution of SSC below the surface in the absence of wind and waves (Figure 3a and Figure 4a), and with waves of significant height of 2 m, coming from 5 different directions from NE to SW. These distributions are provided in Figure 3 and Figure 4 one hour before low tide, which correspond to the maximum extent of the plume to the ocean.



3.2.1. Without Waves


It appears from the wave climate [49] that calm weather conditions (without wave) in the MRD coastal area occurs about 25.2% of the year (14.3% during the flood season and 10.9% during the low flow season). Therefore, annually, there are about 43 days without waves (13 days in flood season and 30 days in the low flow season; see Table 1 and Table 2).



In this case with no waves, the distribution of suspended sediment concentration derives from the interaction between sediments originating from the river and tidal oscillation. In the low flow season, sediments from the river settle in the estuary or very close to the mouths (not further than 10–15 km seawards from the estuaries) with SSC in the range 40–60 mg·L−1 (Figure 3a). There are relevant differences amongst SSC values along the delta: SSC is higher in Southwestern estuaries (Tran De, Dinh An mouths) than in Northeastern estuaries (Tieu, Dai, Ham Luong mouths). In the flood season, SSC varies between 40 and 80 mg·L−1, with higher values in the Southwestern estuaries and river mouth area as well (Figure 4a).




3.2.2. With Waves


With increasing wave height, the combination of waves and tides strengthens resuspension over increasing depths along the delta. As a result, SSC values increase locally and high SSCs also extend further offshore. However, their distribution strongly depends on wave height and direction.



Low flow season. In the low flow season, NE waves extend the plume up to around 15 km from the coast with SSC values of 30–50 mg·L−1 inside and <10 mg·L−1 further offshore with the md2 scenario (Figure 3b). Higher SSC values due to erosion are observed with higher waves (md3 scenario), but the plume pattern remains the same (and its time evolution during the tidal cycle—not shown in this paper—is very similar as well). In the case of waves coming from the East, the turbid plume is slightly less extended offshore than with NE waves but with sensitively higher SSC values (scenario md5, SSC about 40–60 mg·L−1, Figure 3c). SSC values and the plume extent increase with increasing wave height (scenarios md6-md8). Waves from SE have the highest impact on suspended sediment transport because they travel perpendicularly toward the coast. With wave height in the 1–3 m range (scenario md10, Figure 3d), higher SSC values (40–70 mg·L−1) covered the all coastal zones up to 15–20 km from the coast. Outside of 20 km from the coast, SSC decreases to below 20 mg·L−1. Waves from the South have a higher impact on Southwestern estuaries (Dinh An, Tran De, Cung Hau) which experienced higher SSC values (30–50 mg·L−1) than on the Northeastern estuaries (with SSC values in the range 20–40 mg·L−1) (scenario md15, Figure 3e). This trend remains the same with higher waves. Waves from the SW direction cause strong erosion in the southern part of the delta, near Tran De and Dinh An mouths. As a result, SSC is higher (about 60–120 mg·L−1) in the Southwestern part than in the Northeastern coastal area with values almost below 30 mg·L−1 (scenario md20, Figure 3f).



Flood season. During the flood season, mean water river discharge increased about 4 times compared to the low flow season, and SSC in the river increased by 30%–60%. The general patterns of the turbid plume are similar to the ones observed in the low flow season, with almost the same shape and horizontal extension, but with higher SSC values. With waves from the NE, the highest SSC values reach 70–100 mg·L−1 in the Southwestern estuaries (scenario mf2, Figure 4b). With waves from the East, the sediment distribution is quite similar but exhibits slightly higher SSC values around the Northeastern mouths (scenario mf6, Figure 4c). Waves from SE have the higher impact on resuspension and SSC values range from 80 and 150 mg·L−1 all along the delta (scenario mf11, Figure 4d). Waves from the South and the SW induce higher SSC values in the Southwestern estuaries up to 80–120 mg·L−1 (scenario mf15, Figure 4e). High SSC values (80–100 mg·L−1) are also observed around the Southwestern delta when waves originate from the SW, with lower values in the Northern coastal zone (scenario mf20, Figure 4f). Surprisingly, the impact of waves from the SW seems strongly reduced by fresh water flux in the flood season, through the interaction of waves and fresh water (see Figure 3f and Figure 4f). We observed one noticeable difference between the low flow and flood seasons: except for waves from the SE, the highest values of SSC were observed in the Southern estuaries in the case of SW waves in the low flow season (Figure 3f) and in the case of Southern waves in the flood season (Figure 4e).



Globally, the river plume is very narrow and its extent is reduced throughout the year (as also shown by Loisel et al. [25]) for two reasons: (1) most of the particles carried by the river settle in the lower estuary or around the river mouths; (2) the plume is constrained along a baroclinic coastal current as demonstrated by Hordoir et al. [33]. Differences between low flow and flood seasons are small because the turbidity patterns are driven by wave action, more than by the river flow.





3.3. Temporal Variation of SSC


For a given river discharge, temporal variation of SSC in the MRD coastal area depends on tidal oscillation and wave conditions. Figure 5 shows the water elevation and SSC values at two stations during 11 days over 14.75 of the full spring-neap tide cycle (for readability purpose). The highest SSC values are observed at low tide or at the beginning of the flood. The lowest SSC values are seen 2–3 h after the high tide, during the ebb period (Figure 5). SSC values are also higher during the spring tide (days 18–22) than the neap tide (day 23 and after), but the difference is quite small: less than 10 mg·L−1 at the Northeastern coastal station (Figure 5a), and less than 20 mg·L−1 at the Southwestern coastal station (Figure 5b).



The temporal variation in SSC is similar with or without waves, but SSC values are much higher with waves. In the Northeastern coastal zone, waves from E and SE directions (scenarios mf6 and mf11) induce SSC values 3–4 times higher than under calm conditions, and higher than any other wave direction (Figure 5a). In the Southwestern coastal zone, the highest SSC values occur when waves originate from the S and SW (scenarios mf15 and mf20), 20%–50% higher than when waves come from other directions (Figure 5b).




3.4. Alongshore Sediment Transport


3.4.1. Without Waves


Under calm conditions, a net sediment transport occurs from NE to SW in the low flow season with fluxes across sections m3, m2 and m1 of 0.15, 0.65 and 2.32 × 103 tons, respectively, during a spring-neap tide cycle (Table 3). In the flood season, with a much higher river discharge, the sediment flux to the Southwest across the Southern transect m1 more than doubled (5.04 × 103 tons) as compared to the low flow season, the sediment flux across section m2 decreased by about 40%, and a flux of 0.71 × 103 tons was generated towards the Northeastern direction across section m3 directly North to the Northern mouths (Table 3).




3.4.2. Sensitivity to Wave Height and Direction


Low flow season. Waves from the NE cause a net alongshore sediment transport to the SW (Table 3). This flux increases over each cross section from the Northern estuaries to the Southern ones, with net transports of 2.76 × 103 tons across m3, 8.89 across m2 and 13.45 across m1 (Table 4). They are mainly due to waves higher than 2 m (scenarios md2 and md3, Table 3). Waves from the East globally induce a higher sediment flux Southwestward, which also increases from across section m3 (15.6 × 103 tons), to m2 (112 × 103 tons) and m1 (256 × 103 tons). These fluxes are higher than with NE waves by a factor of 20 in m1, 12 in m2 and 5 in m3 (Table 4). In the low flow season, with waves from the SE (i.e., perpendicular to the coastline), the alongshore sediment transport is globally oriented to the NE direction in the Northern and central area (m3 and m2), and to the SW in the Southern area (1). The global flux to the SW across m1 is much lower than when waves come from the East (120 × 103 tons instead of 256 × 103 tons, see Table 4). Waves coming from the S or SW globally induce alongshore sediment fluxes in a Northwestward direction. When waves come from the South, the flux is higher in the central zone (m2, 182 × 103 tons), while it is higher in the South (m1, 1080 × 103 tons) in the case of SW waves. The highest values of sediment flux occur when waves come from SW, with decreasing fluxes from the Southwest to the Northeastern area (1080 × 103 tons across m1, 583 across m2 and 272 across m3). A total of 89% of the total flux of sediment across m1 section is due to SW waves. This percentage drops to 73% and 55% across sections m2 and m3, respectively.



Flood season. Although the river discharge is much higher than in the low flow season, the alongshore sediment transport qualitatively occurs in the same way in both seasons. In the case of waves from the NE, the net alongshore sediment transport is still oriented to the Southwest, with increasing values from the North to the South: 1.59 × 103 tons across m3, 6.24 × 103 tons across m2, and 12.51 × 103 tons across m1 (Table 4). When waves come from the East, sediment is mainly transported alongshore to the SW, with increasing values from m3 to m1. However, we observe that the net transport is oriented Northeastward at m3 (in the North) in case of wave height less than 2.0 m or higher than 4.0 m (Table 3). Similar to the low flow season, waves from the SE induce alongshore sediment transport Northeastward in the Northern (m3) and central delta (m2), and Southwestward in the South (m1) in the flood season. The highest flux occurs across section m1 from the NE to SW with about 76 × 103 tons (Table 4). With waves from the South, the net alongshore sediment transport is significantly higher in the Northeast (80 × 103 tons across m3, see Table 4) and Southwest (74 × 103 tons across m1) than in the middle delta (42 × 103 tons across m2). Sediment transport is oriented to the NE, except across section m1 with waves less than 0.5 m (Table 3). The same behavior is observed in the case of waves from the SW, with decreasing flux from the South to the North: ~244 × 103 tons (m1), 146 × 103 tons (m2) and 57 × 103 tons (m3). In the Southwestern estuaries of Dinh An-Tran De, the net sediment transport is oriented Southwestward in the case of small waves, and Northeastward with waves higher than 0.5 m (Table 3). In that case, the net alongshore sediment flux is thus a consequence of resuspension of sediment along the Southern delta, along the Ca Mau peninsula.



Globally, the net alongshore sediment transport is oriented to the Northeast of the MRD coastal area in both seasons (Table 4). In the MRD coastal area, the flood season lasts about 3 months. Even if the instantaneous sediment discharge is much higher, the net alongshore sediment transport is much higher in the low flow season than in the flood season: 86% of the net annual alongshore transport across m1 occurs in the low flow season (822 × 103 tons vs. 134, see Table 4), 80% across m2 and 73% across m3. Much of the sediment brought by the river settle and is deposited in the estuaries and close to the river mouths.



In the Southwestern area (across section m1), the annual alongshore sediment transport to the Northeast (1532 × 103 tons, Table 4) is due to the waves coming from the S and SW and thus to resuspension along the Ca Mau peninsula. Waves from the NE, E and SE, as well as calm conditions, induce a sediment transport of about 575 × 103 tons to the Southwest.



In the middle coastal part (across section m2 between the Tien River mouth and Hau River mouth), waves from the SE, S and SW generate an annual sediment transport to the Northeast of 1014 × 103 tons, while calm conditions and waves from the NE and E generate alongshore transport of 165 × 103 tons.



In the Northern coastal part (across section m3), the total flux to the Northeast of 672 × 103 tons is generated in the case of waves from the SE, S and SW, while the sediment transport to the Southwest (in case of waves from NE and E) is restricted to about 23 × 103 tons.



As the net alongshore sediment transport decreases from the Southwest (m1) to the Northeast (m3), it shows that the source of global alongshore sediment transport along the MRD is double, generated both by the sediments settling from the river plume, and by erosion, which seems to occur mainly along the Ca Mau peninsula to the Southwest, while a net deposition occurs to the North of section m1.






4. Discussion and Conclusions


In this study, the cumulative alongshore transport of suspended sediments across three sections was estimated to be less than 1.5 × 106 tons per year in a given direction. A comment is necessary since the average sediment load of the Mekong River was estimated to be around 145 × 106 t yr−1 over the last 3 k yr [32,39]. In fact, using a detailed numerical model of sediment transport, erosion and deposition within the Mekong delta, Manh et al. [23] reported that total sediment load to the coast was about 50%–60% of the sediment flux at the gauging station of Kratie in Cambodia during a year of low flow (like 2010) or normal condition (like 2009), and that this percentage was about 48% during a year with extreme flooding (like in 2011). In a normal flood year, they estimated that the sediment load to the coast was about 42 × 106 tons per year [23]. A complementary study by Xue et al. [24] reported that 86.9% of the sediment coming from the Mekong River system was trapped in the MRD estuaries and nearshore area. As a result, in normal years, around 5.5 × 106 tons of sediments are transported alongshore and seaward. As most of these sediments seem to settle and deposit very near to the mouths, the estimations obtained for the cumulated alongshore transports in this study are thus consistent with previous studies.



The present study underlined the role of waves in the sediment redistribution along the delta. Under the present configuration and shoreline, the main alongshore flux is not due to the fate of the river plume but to the action of waves coming from the SW and S, which induce resuspension along the Southern delta and sediment transport to the Northeast. Under small wave conditions, the highest SSC values are seen in the estuaries or very close to the mouths. With increasing wave height, SSC values increase and zones with high SSC values extend a little bit offshore. However, the plume never extends further than 20 km from the coast, which is the limit of the subaqueous delta. Our results are consistent with those from Hordoir et al. [33], who showed that the plume of the Mekong River is dominated by geostrophy from a dynamical perspective, with freshwater advected by a coastally trapped baroclinic current. This behavior was confirmed by a Rossby number less than 1 throughout the year, due to the large freshwater discharge.



Waves from the SW direction (and to a lesser extent waves from the South) are mainly responsible of the net alongshore transport to the Northeast of the delta. Waves from the SW generate about 86% of the Northeastward flux in the Southern delta (1324 × 103 tons over 1532 across section m1), 72% along the central delta (m2) and 49% in the Northern part (across m3).



A companion paper [80] provided the maps of deposition and erosion (in mm) in the study area, per season, and per year. It showed that: (1) deposition occurs in the lower estuary at a rate reaching 40–50 mm yr−1; (2) deposition is decreasing fast with decreasing water depth in front of the mouths up to 5 m depth; (3) patches of erosion are found along the MRD in water between 5 and 10 m depth; (4) further offshore at 10–15 m depths, deposition occurs at rates <10 mm yr−1. These values are consistent with the accumulation rates determined by Ta et al. [32] in front of the MRD for the most recent period. Erosion zones and rates differ slightly from these given by Xue et al. [25] over water depth between 5 and 10 m since their study did not take into account the action of the highest waves.



The net sediment transport to the Northeast observed in the Southern part of the delta (along Ca Mau cape) is the main original result of our calculations. This trend is consistent with simulations of the Mekong shelf circulation and sediment transport and dispersal performed for 2005 by Xue et al. [22], who reported that the Southwestern part of the MRD (between Tran De mouth and Ca Mau Cape) receives very few sediments from the Mekong River. Deposition in that area should almost result from a slow but persistent deposition process occurring over a much longer (millennial) time scale. Regardless, the sediment deficit along the Southern coastal area of the delta, which results mainly from the action of waves coming from the S and SW in low flow season, is consistent with the geological studies and with the severe erosion along the Ca Mau peninsula, estimated to be an average of 1.1 km2 yr−1 since 1885 [81].



Remote sensing data can be used in complement to numerical simulations to study the river plume dynamics and sediment transport [82,83,84,85,86]. Satellite data are available under clear sky conditions only; such data are numerous during the dry season but less abundant during the wet and mostly cloudy season, which makes it difficult to estimate sediment budgets from remote sensing alone. Continuous and costly measurements or modeling (after validation from in situ data) are the two ways to estimate annual fluxes such as given in this study (Table 4). However, such estimates could greatly benefit from the available remote sensing data (e.g., [25]) to offer a synoptic view to complement local measurements and further constraint the model. Such a coupling between modeling, satellite data analysis and field measurements may be envisaged in a future step over the Mekong coastal zone.
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Figure 1. The Mekong River Delta and its region of freshwater influence. (a) General map with locations of measurements (coastal stations LT1, LT2, LT3 and LT4; marine gauging station of Con Dao; water level gauges); (b) The parent grid outside and the child grid over the study area, with locations of the river boundaries of the model, and cross sections (m1, m2 and m3) used in the calculations. 
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Figure 2. Comparison between simulations and measurements: (a) water elevation at Bến Trại (Cổ Chiên mouth) in April 2012; (b) water elevation at Bến Trại (Cổ Chiên mouth) in September 2012; (c) current components in the surface layer at LT1, flood season (14–19 September 2013); (d) current components in the middle of water column at LT2, low flow season (4–8 April 2014); (e) SSC at LT1, flood season (14–20 September 2013); (f) SSC at LT2, flood season (14–19 September 2013). 
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Figure 3. Distribution of suspended sediment concentration in the surface layer in the low flow season in the MRD coastal area (1 h before low tide), with no wave or wave heights = 2 m from different directions. 
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Figure 4. Distribution of suspended sediment concentration in the surface layer in the flood season in the MRD coastal area (1 h before low tide), with no wave or wave heights = 2 m from different directions. 
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Figure 5. Temporal variation of SSC under some scenario simulations during 11 days of the 14.75 neap-spring cycle, in the flood season: (a) at station LT3 to the NE; (b) at station LT1 to the SW. 
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Table 1. Scenario simulations in the low flow season (December to August).
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Scenario

	
Wave Direction

	
Duration (Days)

	
Wave

	
Wind Velocity (m·s−1)




	
Hs (m)

	
Tp (s)






	
md0

	

	
29.87

	

	

	




	
md1

	
NE

	
0.27

	
0.5

	
6.5

	
4.5




	
md2

	
5.48

	
2

	
8.5

	
7.5




	
md3

	
1.10

	
4

	
10.5

	
10.5




	
md4

	
E

	
1.64

	
0.5

	
6.5

	
4.5




	
md5

	
23.29

	
2

	
8.5

	
8




	
md6

	
11.78

	
4

	
10.5

	
12.5




	
md7

	
4.38

	
6

	
11.5

	
14.5




	
md8

	
0.55

	
8

	
12.5

	
16.5




	
md9

	
SE

	
1.64

	
0.5

	
6.5

	
4.5




	
md10

	
18.36

	
2

	
8.5

	
7.5




	
md11

	
9.59

	
4

	
10.5

	
10.5




	
md12

	
3.29

	
6

	
11.5

	
12.5




	
md13

	
0.27

	
8

	
12.5

	
14.5




	
md14

	
S

	
2.47

	
0.5

	
6.5

	
4.5




	
md15

	
25.21

	
2

	
8.5

	
6.5




	
md16

	
14.80

	
4

	
10.5

	
9.5




	
md17

	
7.67

	
6

	
11.5

	
12.5




	
md18

	
1.10

	
8

	
12.5

	
14.5




	
md19

	
SW

	
3.29

	
0.5

	
6.5

	
4.5




	
md20

	
45.76

	
2

	
8.5

	
7.5




	
md21

	
31.51

	
4

	
10.5

	
10.5




	
md22

	
21.65

	
6

	
11.5

	
12.5




	
md23

	
6.30

	
8

	
12.5

	
14.5




	
md24

	
2.74

	
10.5

	
13.5

	
16.5
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Table 2. Scenario simulations in the flood season (September to November).
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Scenario

	
Wave Direction

	
Duration (Days)

	
Wave

	
Wind Velocity (m·s−1)




	
Hs (m)

	
Tp (s)






	
mf0

	

	
13.01

	

	

	




	
mf1

	
NE

	
0.09

	
0.5

	
6.5

	
4.5




	
mf2

	
2.82

	
2

	
9

	
7.5




	
mf3

	
0.55

	
4

	
10.5

	
9.5




	
mf4

	
0.09

	
6

	
11.5

	
12.5




	
mf5

	
E

	
0.46

	
0.5

	
6.5

	
4.5




	
mf6

	
7.74

	
2

	
9

	
7.5




	
mf7

	
4.64

	
4

	
10.5

	
10.5




	
mf8

	
2.00

	
6

	
11.5

	
12.5




	
mf9

	
0.09

	
8

	
12.5

	
14.5




	
mf10

	
SE

	
0.09

	
0.5

	
6.5

	
4.5




	
mf11

	
6.19

	
2

	
9

	
7.5




	
mf12

	
4.55

	
4

	
10.5

	
11




	
mf13

	
1.00

	
6

	
11.5

	
12.5




	
mf14

	
S

	
0.18

	
0.5

	
6.5

	
4.5




	
mf15

	
7.46

	
2

	
9

	
7.5




	
mf16

	
5.92

	
4

	
10.5

	
11.5




	
mf17

	
2.09

	
6

	
11.5

	
13




	
mf18

	
0.46

	
8

	
12.5

	
15




	
mf19

	
SW

	
0.27

	
0.5

	
6.5

	
4.5




	
mf20

	
12.56

	
2

	
9

	
7.5




	
mf21

	
11.01

	
4

	
10.5

	
11.5




	
mf22

	
6.28

	
6

	
11.5

	
13




	
mf23

	
1.18

	
8

	
12.5

	
15




	
mf24

	
0.27

	
10.5

	
13.5

	
17
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Table 3. Total sediment flux (103 tons) transported across the sections under the 50 scenarios. (Positive values represent sediment transport from the SW to NE, negative values from the NE to SW).
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Low Flow Season

	
Flood Season




	
Scenario

	
Wave Direction

	
Cross Section

	
Scenario

	
Wave Direction

	
Cross Section




	
m1

	
m2

	
m3

	
m1

	
m2

	
m3






	
md0

	

	
−2.32

	
−0.65

	
−0.15

	
mf0

	

	
−5.04

	
−0.37

	
0.71




	
md1

	
NE

	
−0.05

	
−0.02

	
−0.01

	
mf1

	
NE

	
−0.07

	
−0.01

	
0.00




	
md2

	
−7.02

	
−4.44

	
−1.52

	
mf2

	
−7.28

	
−3.04

	
−0.89




	
md3

	
−6.38

	
−4.43

	
−1.23

	
mf3

	
−3.65

	
−2.19

	
−0.49




	
md4

	
E

	
−0.30

	
−0.10

	
−0.06

	
mf4

	
−1.50

	
−1.00

	
−0.21




	
md5

	
−39.60

	
−15.97

	
−5.49

	
mf5

	
E

	
−0.31

	
−0.04

	
0.01




	
md6

	
−117.58

	
−51.71

	
−5.98

	
mf6

	
−21.38

	
−6.11

	
−1.54




	
md7

	
−81.66

	
−37.03

	
−3.30

	
mf7

	
−38.83

	
−15.98

	
−1.35




	
md8

	
−16.91

	
−7.61

	
−0.80

	
mf8

	
−29.81

	
−13.39

	
0.26




	
md9

	
SE

	
−0.39

	
−0.07

	
−0.07

	
mf9

	
−0.02

	
−1.08

	
0.02




	
md10

	
−24.16

	
2.63

	
11.12

	
mf10

	
SE

	
−0.08

	
0.00

	
0.00




	
md11

	
−53.18

	
17.96

	
37.14

	
mf11

	
−19.14

	
1.47

	
6.24




	
md12

	
−36.69

	
15.49

	
26.06

	
mf12

	
−41.88

	
13.45

	
27.64




	
md13

	
−5.53

	
2.12

	
3.23

	
mf13

	
−15.00

	
5.97

	
10.29




	
md14

	
S

	
−0.23

	
0.02

	
0.01

	
mf14

	
S

	
−0.07

	
0.01

	
0.02




	
md15

	
2.02

	
9.39

	
3.83

	
mf15

	
1.89

	
0.29

	
3.79




	
md16

	
30.21

	
47.87

	
32.25

	
mf16

	
38.13

	
6.13

	
41.94




	
md17

	
62.96

	
80.14

	
67.92

	
mf17

	
23.29

	
22.69

	
25.24




	
md18

	
38.93

	
44.46

	
36.71

	
mf18

	
10.61

	
12.48

	
9.27




	
md19

	
SW

	
−0.13

	
0.02

	
0.05

	
mf19

	
SW

	
−0.06

	
0.01

	
0.03




	
md20

	
67.09

	
23.05

	
6.33

	
mf20

	
10.42

	
6.02

	
2.51




	
md21

	
229.37

	
125.38

	
51.66

	
mf21

	
85.28

	
55.33

	
19.94




	
md22

	
361.55

	
201.51

	
95.72

	
mf22

	
95.57

	
58.32

	
21.96




	
md23

	
234.97

	
128.43

	
63.25

	
mf23

	
37.57

	
20.87

	
8.62




	
md24

	
187.43

	
104.88

	
54.69

	
mf24

	
15.46

	
8.40

	
3.65
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Table 4. Total sediment flux (103 tons) transported across sections per year. (Positive values represent sediment transport from the SW to NE, negative values from the NE to SW).
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Wave Direction

	
Low Flow Season

	
Flood Season

	
Total Year




	
Cross Section

	
Cross Section

	
Cross Section




	
m1

	
m2

	
m3

	
m1

	
m2

	
m3

	
m1

	
m2

	
m3






	
calm

	
−2.32

	
−0.65

	
−0.15

	
−5.04

	
−0.37

	
0.71

	
−7.356

	
−1.013

	
0.555




	
NE

	
−13.45

	
−8.89

	
−2.76

	
−12.51

	
−6.24

	
−1.59

	
−25.95

	
−15.12

	
−4.35




	
E

	
−256.06

	
−112.43

	
−15.64

	
−90.35

	
−36.59

	
−2.59

	
−346.41

	
−149.02

	
−18.24




	
SE

	
−119.95

	
38.13

	
77.48

	
−76.11

	
20.90

	
44.18

	
−196.06

	
59.03

	
121.66




	
S

	
133.88

	
181.88

	
140.72

	
73.84

	
41.61

	
80.26

	
207.73

	
223.49

	
220.98




	
SW

	
1080.28

	
583.25

	
271.69

	
244.25

	
148.95

	
56.70

	
1324.53

	
732.20

	
328.39




	
NEward

	
1214.52

	
803.34

	
489.96

	
318.22

	
211.45

	
182.13

	
1532.26

	
1014.72

	
671.59




	
SWward

	
−392.13

	
−122.03

	
−18.62

	
−184.14

	
−43.20

	
−4.47

	
−575.78

	
−165.15

	
−22.58




	
Net transport

	
822.39

	
681.31

	
471.34

	
134.08

	
168.25

	
177.66

	
956.48

	
849.57

	
649.01
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