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Abstract 21 

Fluvial sediment supply towards the coast has been the subject of extensive research. Important aspects 22 

relate to the impact of sediment retaining hydropower dams, potential delta progradation, coastal 23 

sediment supply and delta vulnerability to sea level rise. Once validated, process-based models provide 24 

a valuable tool to address these aspects and offer detailed information on sediment pathways, 25 

distribution and budget in specific systems.  26 

This study aims to advance the understanding of the sediment dynamics and sediment budget in the 27 

Mekong Delta system. We developed a process-based model (Delft3D FM) that allows for coupling 2D 28 

area grids to 1D network grids. The flexible mesh describes both wide river sections and channel 29 

irrigation and drainage networks present in the Mekong Delta. We calibrated the model against 30 

observed discharge, salinity, suspended sediment concentration (SSC) and sediment flux.  31 

The model was able to skillfully describe seasonal variations of SSC and hysteresis of SSC and water 32 

discharge caused byTonle Sap Lake induced flow patterns and seasonally varying bed sediment 33 

availability in the channels. Model results suggest that the Mekong River delivers ~99 Mt/year of 34 
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sediment at Kratie, towards the delta which is much lower than the common estimate of 160 Mt/year. 35 

About 23% of the modeled total sediment load at Kratie reaches the sea. Our modelling approach is a 36 

useful tool to assess sediment dynamics under strategic anthropogenic interventions or climate change 37 

scenarios. 38 

Keywords: Mekong Delta, Mekong River, Delft3D-FM, sediment budget, hysteresis 39 

  40 



4 
 

Contents 41 

A numerical investigation on the suspended sediment dynamics and sediment budget in the Mekong 42 

Delta ........................................................................................................................................................ 1 43 

Abstract ................................................................................................................................................... 2 44 

1. Introduction ................................................................................................................................. 4 45 

2. Case study description: The Mekong Delta ........................................................................... 7 46 

2.1. Characterization of the Mekong Delta ............................................................................ 7 47 

2.2. Sediment loads .................................................................................................................... 9 48 

2.3. Suspended-sediment concentration .............................................................................. 11 49 

2.4. Sediment grain size distribution ................................................................................... 11 50 

3. Methodology .............................................................................................................................. 12 51 

3.1. Software description and model setup ......................................................................... 12 52 

3.1.1. Description of Delft3D FM ..................................................................................... 12 53 

3.1.2. Model set-up .............................................................................................................. 13 54 

3.2. Sediment properties ......................................................................................................... 19 55 

4. Results and discussion ............................................................................................................. 21 56 

4.1. Model calibration and validation .................................................................................. 21 57 

4.1.1 Hydrodynamic and salinity calibration ................................................................................ 21 58 

4.2.3. Sediment dynamics calibration ........................................................................................... 23 59 

4.2. Hysteresis relations of suspended-sediment concentration and water discharge 28 60 

4.3. Seasonal variation of suspended sediment .................................................................. 33 61 

4.4. Sediment budget ............................................................................................................... 34 62 

4.5. Limitations ......................................................................................................................... 38 63 

5. Conclusions ................................................................................................................................ 38 64 

Code and data availability ..................................................................................................................... 40 65 

Author contributions ............................................................................................................................ 40 66 

Competing interests .............................................................................................................................. 40 67 

Acknowledgments ................................................................................................................................. 40 68 

References ............................................................................................................................................ 40 69 

 70 

1. Introduction 71 

The worldwide fluvial sediment flux to coastal deltas amounts to 12.8 - 15.1 Gt per year (Syvitski and 72 

Kettner, 2011). Understanding sedimentary processes in these deltas is important to estimate the impact 73 

of anthropogenic strategies for sustainable management and to address the impact of climate change 74 
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like changing river flow, sediment supply, and sea-level rise. Sediment fluxes are commonly estimated 75 

in relation to river discharge (Ogston et al., 2017), but this is associated with high uncertainties due to 76 

sparse data, both in time and space. Tidal influence makes sediment dynamics in deltas even more 77 

complex to understand, while local conditions make every Delta unique.  78 

The Mekong Delta is crucial to the local livelihoods and food security. The area is home to about 17 79 

million people in the VMD (Vo, 2012). Particularly, the Vietnamese Mekong Delta (VMD) is a “rice 80 

bowl” for Vietnam and the world. The VMD covers a region of 39,700 km2 and ~60% of this area is for 81 

agricultural cultivation (Vo, 2012). One of the important factors favoring agricultural cultivation is the 82 

abundant availability of water and sediment from the Mekong River. Annually, the Mekong River 83 

supplies ~416 km3 of  water  and delivers ~73 Mt sediment towards its Delta (Koehnken, 2014; MRC, 84 

2005; Thanh et al., 2020a). The annual sediment transport at Kratie (Cambodia) varies in a range of 44 85 

– 98 Mt/y from 2009 to 2013. These values fell within long-term estimates (87.4 ± 28.7 Mt/y) of Darby 86 

et al. (2016). Recent studies (e.g. Darby et al., 2016; Kummu and Varis, 2007; Lu et al., 2014; Manh et al., 87 

2014) confirmed that the suspended sediment flux into the Mekong Delta (at Kratie station) is much 88 

less than the commonly used value of 160 Mt/y. However, prior to the construction of hydropower 89 

dams on the Mekong River mainstream, sediment loads could have been substantially higher than 90 

afterward. The hydropower dams not only change the seasonal flows but also store sediment in their 91 

reservoirs. Lauri et al. (2012) found that these reservoirs can increase flows at Kratie in the low flow 92 

season by 25-160% and decrease flows in the high flow season by 24%. Annual floods are the main 93 

source of fresh water in the VMD while the sediments delivered act as a natural and valuable fertilizer 94 

source for agricultural crops (Chapman and Darby, 2016). However, the VMD is facing challenges 95 

related to flood regimes and sediment transport due to climate change, sea-level rise, and human 96 

interventions. 97 

Sediment transport in the Mekong River has been estimated by in-situ measurements, sediment rating 98 

curve methods; and numerical modeling. Sediment measurements in the Mekong started in the 1960s, 99 

inspired by US practices (Walling, 2009). When using data-based methods, the reliability of sediment 100 

transport depends on the number of measuring stations, the length of records and the temporal 101 

resolution of the data. It has been hardly possible to cover a large area like the Mekong Delta with 102 
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measurements. In addition, discontinuous records and low sampling frequency lead to high 103 

uncertainties in sediment budget estimations. A numerical model, calibrated by in-situ measurements 104 

and rating curves, is a suitable tool to investigate hydrodynamics and sediment transport in the 105 

Mekong Delta in more detail. 106 

There is a large number of studies focusing on sediment dynamics in the VMD, ranging from 107 

measurement-based studies to numerical modeling studies. Hung et al. (2014), Manh et al. (2013), and 108 

Nowacki et al. (2015) provide in-situ measurements on a limited number of locations in the VMD. The 109 

data of in-situ measurement are accurate, but it is difficult to collect them on a large spatial scale to 110 

derive sediment budgets on the scale of the entire VMD. However, in-situ measurement data are 111 

essential to calibrate and validate numerical models.  112 

Numerical models for the entire Mekong Delta are commonly set up using a 1D  schematization (Manh 113 

et al., 2014), while smaller-scale area models are represented by 2DH or 3D setups (Marchesiello et al., 114 

2019; Thanh et al., 2017; Tu et al., 2019; Xing et al., 2017). For example, Thanh et al. (2017) and Tu et al. 115 

(2019) used a 3D, process-based model (Delft3D4) to investigate sediment dynamics and morphological 116 

changes in the coastal area of the Mekong Delta. With a similar approach, Xing et al. (2017) developed 117 

a model for the lower Song Hau channel to advance the understanding of hydrodynamics and sand 118 

transport in this region. Both the studies of Thanh et al. and  Xing et al. used two spatial scales for 119 

modeling, including a large and coarse grid to act as boundary conditions for a fine and detailed grid. 120 

The use of this approach can reduce the computational cost, but it may cause significant uncertainties. 121 

Therefore, creating a single model domain for the entire Mekong Delta and its shelf could result in 122 

accurate results. A large part of the Mekong Delta consists of a dense channel network, with high 123 

variability in channel widths, which can be approached by a 1D network. A pure 2D model for the 124 

entire Mekong Delta would be unnecessary and computationally inefficient. 3D effects like 125 

gravitational circulation could be relevant only in more seaward reaches.  In this study, we propose a 126 

1D-2D coupled model for the Mekong Delta and shelf. The main channels of the Mekong River and 127 

floodplains are modeled in 2D while primary and secondary channels are represented by 1D elements. 128 

This approach was efficient for large-scale and complex regions and it accurately modeled 129 

hydrodynamics in the whole Mekong Delta (Thanh et al., 2020a). 130 
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The objective of this paper is to derive a sediment budget for the Vietnamese Mekong Delta for the high 131 

river flow year of 2011 using a 1D-2D coupled, process-based model (Delft3D Flexible Mesh, DFM). In 132 

section 2  we will introduce the Mekong Delta and its sediment characteristics. In section 3 we first 133 

describe the model DFM and the modeling approach for the Mekong Delta. In section 4, the model 134 

calibration is presented and we investigate sediment dynamics and estimate a sediment budget in the 135 

Mekong Delta. Finally, section 5 presents conclusions. 136 

2. Case study description: The Mekong Delta 137 

2.1. Characterization of the Mekong Delta 138 

The Mekong Delta is the third largest delta in the world (Anthony et al., 2015). It has been formed over 139 

6,000 years ago in response to decelerating sea level rise (MRC, 2010). . The Mekong River is one of the 140 

world’s largest rivers, with a length of approximately 4,800 km and its draining catchment area of 141 

795,000 km2 (MRC, 2005). It flows through the six countries, originating from China, through Myanmar, 142 

Laos, Thailand, Cambodia, and Vietnam, before debouching into the East Sea (South China Sea). The 143 

Mekong Delta is commonly defined from Phnom Penh downstream, where the Mekong river is 144 

separated into two branches, namely Mekong and Bassac (Gupta and Liew, 2007; Renaud et al., 2013). 145 

The delta is located in Cambodia and Vietnam. The Mekong Delta in Cambodia (CMD) and Vietnam 146 

(VMD) have different hydrological regimes. An important confluence of the Mekong River and the 147 

Tonle Sap River, located at Phnom Penh, is responsible for this. During the initial phase of annual floods 148 

(July - October), the Mekong River also fills the Tonle Sap Lake via the Tonle Sap River. At decreasing 149 

flood flows, the lake empties again via the Tonle Sap River into the Mekong River. The lake thus lowers 150 

and elongates yearly hydrographs. In order to understand hydrodynamics and sediment dynamics in 151 

the Mekong Delta, extending the area up to Kratie (Error! Reference source not found.) is needed 152 

ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-153 
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major source for the formation and development of the Mekong Delta. This paper aims to analyse the 155 

dynamics of suspended sediment and to investigate the roles of different processes in order to explore 156 
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delta) to consider the upstream characteristics, particularly the Tonle Sap Lake's flood regulation, and 158 
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a smaller-scale model (tidal rivers and shelf) to understand the sediment processes on the subaqueous 159 
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transport on the shelf. Waves in particular play an essential role in sediment resuspension. The 166 

development of this model is an important step towards an operational model for scientific and 167 

engineering applications, since the model is capable of predicting tidal propagation and discharge 168 
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Figure 1. Location of the Mekong Delta. 189 

The CMD encompasses a large area of lowland which is deeply inundated by the annual floods. For 190 

instance, inundation depths on the CMD floodplains are generally over 3 m (Fujii et al., 2003). The 191 

hydrodynamics of the Mekong River in the CMD is dominated by the annual floods which are 192 

considerably changed due to the southwest monsoon (Yu et al., 2018). In addition, the hydrodynamics 193 

in this region are also influenced by the regulation of the Tonle Sap Lake. 194 

The VMD has a complex river network that contains a large number of man-made canals Extensive  195 

canal development for agricultural purposes started in 1819 (Hung, 2011).  Seventy-five percent of the 196 

VMD area is used for agricultural production (Kakonen, 2008). Recently, several hydraulic structures 197 

have been constructed in the VMD to protect agricultural crops, such as dyke rings, sluice gates, and 198 

culverts. These modifications have considerably changed the hydrodynamics in the VMD (Thanh et al., 199 

2020a; Tran et al., 2018). 200 

Tidal movement is the most important hydrodynamic forcing in estuarine areas. The Mekong Delta 201 

shows a complex interaction between semidiurnal tide from the East Sea and diurnal tide from the West 202 

Sea. Tidal range of the East Sea could reach up to 3.8 m and tidal amplitudes reduce gradually in the 203 

south-westerly direction. Tidal amplitudes in the West Sea are smaller, fluctuating in range between 204 

0.5 and 1 m (Unverricht et al., 2013). 205 

2.2. Sediment loads  206 

There are two types of sediment loads towards the Mekong Delta. Suspended sediment loads at Kratie 207 

occupy 97% of the total sediment load while the bedload is only 3% (Koehnken, 2012). Therefore, we 208 

focus on the suspended sediment load in this study. Milliman and Syvitski, 1992 and Walling, 2008 209 

estimate the annual sediment load of the Mekong River to be 160 Mt/y. Sediment loads at Kratie 210 

fluctuated between 23-134 Mt/y from 1982 to 2004 with an average load of  approximately 87 Mt/y 211 

(Darby et al., 2016), including extremely wet years (e.g. 2000). Koehnken (2014) estimated the annually 212 

averaged sediment load at Kratie from 2009 to 2013 slightly lower at about 73 Mt/y while the annual 213 

sediment load varied between 44 and 98 Mt/y in 2010 and 2011 respectively. 214 
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The Mekong River is subject to strong seasonal fluctuations and sediment loads vary accordingly. In 215 

general, sediment loads at Kratie in the high flow season (from July to October) provide approximately 216 

95% of the annual sediment loads (Dang et al., 2018; Koehnken, 2014). The greatest sediment load 217 

usually occurs in September, supplying 25-40% of the annual load. In contrast, monthly sediment loads 218 

in the low flow seasons are extremely small, with a contribution of < 1% of the annual load (Koehnken, 219 

2014). From Kratie downstream, sediment loads are spatially correlated to local river flows in general, 220 

except for Tonle Sap River’s sediment loads. Before the Mekong-Tonle Sap confluence, sediment loads 221 

at Chroy Chang Var (Fig. 1) are comparable to those at Kratie, with the highest suspended sediment 222 

load of about 1.4 Mt/day (Figure 2). At the Tonle Sap-Mekong confluence, most sediment is transported 223 

to the Mekong branch via Koh Norea station, while the amount of sediment transported through the 224 

Bassac branch at station OSP MRC is much smaller, with a ratio of 1/6. The sediment flux into the Tonle 225 

Sap River mainly occurs during the early flood stage. The annual inflow into and outflow from the 226 

Tonle Sap River are  about 6.4 Mt and 1.5 Mt (Koehnken, 2012). This ratio is consistent with model 227 

results computed by Kummu et al. (2008). The difference indicates the sediment trapping efficiency of 228 

Tonle Sap Lake, of around 80% (Sarkkula et al., 2010). 229 

 230 
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Figure 2. Suspended sediment fluxes and water discharge on the main channels of the Mekong River 231 

in 2011 (aggregated from Koehnken, 2012). The dashed lines present sediment flux while the hatched 232 

lines show water discharge at the selected stations. 233 

The Mekong (Song Tien) and Bassac (Song Hau) branches both supply suspended sediments to the 234 

VMD. The total sediment loads in 2011 were 50 Mt at Tan Chau on the Song Tien and 9 Mt at Chau Doc 235 

on the Song Hau (Manh et al., 2014). The connecting channel of Vam Nao diverted an amount of around 236 

19 Mt from the Song Tien to the Song Hau in 2011 and balanced the sediment fluxes of the Song Tien 237 

and the Song Hau. As a result, sediment fluxes at My Thuan on the Song Tien and Can Tho on the Song 238 

Hau were approximately 26 and 29 Mt/y in 2011 (Manh et al., 2014). Nowacki et al. (2015) estimated 239 

that the Song Hau and the Song Tien mouths exported sediment amounts of 15 and 25 Mt/y in 2012-240 

2013, respectively. 241 

2.3. Suspended-sediment concentration 242 

The suspended sediment concentration (SSC) in the Mekong Delta is typically smaller than 0.5 g/l  243 

(Koehnken, 2012; Manh et al., 2014), and  is strongly modulated by the annual floods. In the Cambodian 244 

Mekong Delta, SSC in the Mekong River main tributaries fluctuates between 0.2-0.4 g/l during high 245 

flow seasons. The SSC on the Tonle Sap River is smaller than that on the Mekong River, with 246 

concentrations below 0.2 g/l (Koehnken, 2012). In the VMD, the hydrodynamics are not only influenced 247 

by the annual floods, but also by tides. At Can Tho station, the monthly average SSC is about 0.05 g/l, 248 

and it can increase to 0.18 g/l in the high flow seasons and decrease to 0.03 g/l in the low flow seasons. 249 

The SSC at ebb tides is slightly higher than at flood tides in the low flow seasons. This discrepancy 250 

increases in the high flow seasons (Dang et al., 2018). A similar pattern is found at My Thuan station, 251 

with slightly higher SSC. SSC near the Dinh An mouth was low, smaller than 0.03 g/l, in the high flow 252 

season (Nowacki et al., 2015).         253 

2.4. Sediment grain size distribution 254 

In general, suspended sediment grain sizes vary seasonally and spatially in the Mekong Delta. Grain-255 

sizes of suspended sediment spatially decrease with distance downstream. Koehnken (2014) reported 256 

on a large-scale sediment monitoring campaign in the lower Mekong River. They found predominant 257 
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cohesive sediments at Kratie. A small amount of fine sand was detected during high flow seasons. The 258 

suspended sediment load at Kratie comprises 20% of sand, 61% of silt, and 19% of clay materials. Finer 259 

sediments were found at Tan Chau, with proportions of 1%, 44%, and 54% for sand, silt, and clay 260 

respectively (Koehnken, 2014). Sarkkula et al. (2010) found that 𝑑50 is only 3-8 𝜇𝑚 at Tonle Sap River 261 

and even finer in the Tonle Sap Lake. Hung et al. (2014) carried out an in-situ measurement of 262 

sedimentation in the upper VMD. Their results show that that 𝑑50 is from 10 to 15 𝜇𝑚 on the Plain of 263 

Reeds (PoR)’s floodplains. (Wolanski et al., 1996) measured that 𝑑50 is from 2.5 to 3.9 𝜇𝑚 in the 264 

freshwater regions of the Song Hau estuarine branch. An important sediment process in the estuarine 265 

reaches is flocculation that leads to flocs much larger than the individual grain sizes. For example, 266 

Wolanski et al. (1996) found that 𝑑50 of a floc is around 40 𝜇𝑚 at the Song Hau estuary. This is consistent 267 

with the results presented by Mclachlan et al. (2017) who show that the typical recorded sediment grain 268 

size is about 40 𝜇𝑚 in the Song Hau estuary. Moreover, this size of flocs is similar to the typical sediment 269 

grain size found in the PoR’s floodplains (Hung et al., 2014). 270 

3. Methodology 271 

3.1. Software description and model setup 272 

3.1.1. Description of Delft3D FM 273 

Hydrodynamics and sediment transport are modelled by flow and sediment transport modules which 274 

are combined in the Delft3D FM (DFM) modeling suite developed by Deltares (Deltares, 2020a). The 275 

DFM is the successor of Delft3D4 which has been widely used for hydrodynamic modeling of seas, 276 

rivers, and floodplains. DFM’s noticeable improvement is the use of unstructured grids and concurrent 277 

multi-dimensional modeling, encompassing 1D, 2D, and 3D domains. Achete et al. (2016), Martyr-278 

Koller et al. (2017), and  Thanh et al. (2020a) provide examples of successful 2D and 3D DFM model 279 

descriptions and validation in estuarine environments. 280 

The flow module of DFM solves the two- and three-dimensional shallow-water equations, based on the 281 

finite volume numerical method (Kernkamp et al., 2011). The 2D depth-averaged equations describe 282 

mass and momentum conservation, as presented (Deltares, 2020b): 283 

𝜕ℎ

𝜕𝑡
 + 𝛻. (ℎ𝒖)  = 0 (1) 284 
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𝜕ℎ𝒖

𝜕𝑡
 +  𝛻. (ℎ𝒖𝒖) = −𝑔ℎ𝛻ζ +  𝛻. (𝑣ℎ(𝛻𝒖 + 𝛻𝒖𝑇)) +  

𝜏

𝜌
   (2) 285 

where ∇ =  (
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
)

𝑇

 , ζ is the water level, h the water depth, u the velocity vector, 𝑔 the gravitational 286 

acceleration, ν the viscosity, ρ the water mass density and 𝜏 is the bottom friction. 287 

3.1.2. Model set-up 288 

DFM allows computation on both curvilinear and unstructured grids so it is suitable for regions with 289 

complex geometry (Achete et al., 2015). In addition, it has multi-dimensional computations, especially 290 

combinations of 1D and 2D grids. This feature is efficient for considering small canals. Therefore, in 291 

this study, DFM is selected for simulating floods and sediment dynamics in the Mekong Delta which 292 

comprises a dense river network and highly variable river widths, flood plains, and hydraulic 293 

structures. 294 

The large-scale hydrodynamic model of the Mekong Delta used in this study was well calibrated for 295 

the large floods in 2000 and 2001 (Thanh et al., 2020a). Unfortunately, suspended sediment data for 296 

these years were not comprehensively collected. Thus, the recent large flood in 2011 was used to 297 

validate hydrodynamics and calibrate sediment transport. 298 

Our model setup improved prior model schematizations (Thanh et al., 2017; Van et al., 2012). The 299 

Mekong Delta is modeled using a combination of 1D networks and 2D meshes in a single computational 300 

domain. Additionally, hydrodynamics and sediment transport are computed based on an online 301 

coupling in contrast to Achete et al., (2016) who applied DelWAQ postprocessing on hydrodynamic 302 

model output to calculate sediment dynamics. Compared to the model used by Thanh et al. (2020a), 303 

the present model adds sluice gates to control water flow to selected regions. These sluice gates are 304 

located along the western part of the Mekong Delta and in the Quan Lo Phung Hiep region and prevent 305 

salinity intrusion into these regions (Hoanh et al., 2009). 306 

Grid and bathymetry 307 

Thanh et al. (2020a) describe in detail the computational grid and bathymetry presented in Figure 3. 308 

The grid covers the lower Mekong River from Kratie, Cambodia, to its mouths and extends to about 80 309 

km seawards of the coastline. The dense river network of the VMD is fully represented. The floodplains 310 
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in the Mekong Delta incorporated in the model are based on the flood inundation maps (Dartmouth 311 

Flood Observatory, 2004).  312 

The computational domain consists of a multi-dimensional grid that includes 1D and 2D connections. 313 

In the Mekong Delta, primary and secondary canals are represented in 1D networks while 2D cells are 314 

used for the Mekong River main channels, the floodplains, and the continental shelf. The 1D network 315 

has a uniform segment length of 0.4 km while the 2D cells have a different resolution depending on the 316 

spatial scale of the locally dominant morpho- and hydrodynamic processes. Specifically, the 2D cell 317 

sizes for the Mekong River mainstreams are approximately 0.7 km in general and decrease to about 0.2 318 

km at river bifurcations and confluences. The 2D cells are coarser for floodplains and sea areas, 319 

increasing up to around 2 km in size. The grid totally contains 73,504 cells. 320 

Detailed bathymetries of the Mekong Delta are sparse and limited. Therefore, the bathymetry is 321 

composed based on different sources (Figure 3). The bathymetry of the Mekong Delta was extracted 322 

from the 1D-ISIS model that was used by the Mekong River Commission. Originally, the cross-sectional 323 

data was collected in 1998 and partly updated in 2015. The bathymetry of the Mekong River main 324 

channels was interpolated from cross-sectional data of the 1D-ISIS hydrodynamic model for the 325 

Mekong Delta (Thanh et al., 2020b; Van et al., 2012). The bathymetry of the river mouths was updated 326 

by measured data in 2016. The 1D network of primary and secondary canals are defined by cross-327 

sections originally extracted from the 1D-ISIS model. For the sea areas, it is imposed from ETOPO of 328 

about 1 km resolution. The floodplain topography is obtained from the digital elevation model, with a 329 

resolution of 250 m provided by the Mekong River Commission. The estuarine branches were updated 330 

by recent in-situ data (Thanh et al., 2017). 331 
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 332 

Figure 3. Numerical grids and river topography from cross-section interpolation and shelf topography 333 

of the Mekong Delta. 334 

Sediment transport equation  335 

Suspended sediment occupies the majority proportion of total sediment load in the Mekong Delta and 336 

sediment bedload is about 3% of suspended sediment load  (Koehnken, 2014). Therefore, this research 337 
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only considers suspended sediment load for modeling. Hung et al. (2014b) found that medium grain 338 

sizes of suspended sediment in floodplains fluctuate in ranges of 10 and 15 µm. In the Mekong Delta, 339 

Koehnken (2014) found a predominance of silt and clay at Kratie and Tan Chau stations, respectively. 340 

Consequently, cohesive sediment is the only sediment fraction used in this study (Thanh et al., 2017). 341 

We neglect vertical stratification, but the effect of flocculation due to salinity is included, by applying a 342 

larger fall velocity in saline water.  343 

Suspended sediment transport is computed by online coupling between the flow and sediment 344 

transport modules of the DFM suite. Sediment transport is formulated by the 2D advection-diffusion 345 

equation for suspended sediment (Deltares, 2020a). 346 

𝜕𝑐(𝑙)

𝜕𝑡
+

𝜕𝑢𝑐(𝑙)

𝜕𝑥
+

𝜕𝑣𝑐(𝑙)

𝜕𝑦
−

𝜕

𝜕𝑥
(𝐷𝑥

𝜕𝑐(𝑙)

𝜕𝑥
) −

𝜕

𝜕𝑦
(𝐷𝑦

𝜕𝑐(𝑙)

𝜕𝑦
) = 0 (3) 347 

where 𝑐(𝑙) is mass concentration of sediment fraction (l) (g/l); 𝑢 and 𝑣 are flow velocity components 348 

(m/s); 𝐷𝑥 and 𝐷𝑦  are the diffusion coefficients in x and y directions respectively (m2/s). 349 

Erosion and sedimentation in a cell are described by the well-known Krone-Partheniades equations 350 

(Partheniades, 1965): 351 

𝐸 = 𝑀 (
𝜏𝑏

𝜏𝑒
− 1) (4) 352 

𝐷 =  𝑤𝑠  𝑐  (1 −  
𝜏𝑏

𝜏𝑑
) (5) 353 

where E is the erosion flux (kg/m2/s), M is the erosion parameter (kg/m2/s), 𝜏𝑏 is the bed shear stress 354 

(N/m2), τe is the critical shear stress for erosion, 𝐷 is the deposition flux (kg/m2/s), 𝑤𝑠 is the settling 355 

velocity (m/s), 𝑐 is near–bed suspended sediment concentration (kg/m3) and 𝜏𝑑 is the critical shear 356 

stress for deposition (N/m2). Equation 5 is approximated as (D =  ws  c) when 𝜏𝑑 is much larger than 𝜏𝑏 357 

(Achete et al., 2015; Deltares, 2020a; Winterwerp et al., 2006). 358 

Boundary conditions 359 

For hydrodynamic forcing, we defined water discharges at Kratie (the upper boundary) and water 360 

levels at the ocean (the lower boundary). In addition, the lateral offshore boundary is specified as a 361 

Neumann boundary which allows free development of cross-shore water level slopes (Roelvink and 362 
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Walstra, 2004). The water discharges at Kratie are generated by measured water levels and the updated 363 

rating curve created by the Mekong River Commission (MRC). The measured water levels are collected 364 

from the near real-time hydro-meteorological monitoring system of MRC 365 

(https://monitoring.mrcmekong.org/station/014901). The water levels at the ocean are imposed by 366 

the eight main astronomical tidal constituents derived from the global tidal model of TPXO 8.2 (Egbert 367 

and Erofeeva, 2002). Local precipitation is neglected because this study focuses on river flows. 368 

For the lower boundary, SSC is set to 0 g/l because the river plumes are well contained within the 369 

computational grid (Thanh et al., 2017) in contrast to Manh et al. (2014) who defined the downstream 370 

boundary conditions at the Mekong River mouths from water turbidity derived from satellite images. 371 

These data have a temporal interval of around a week. However, measured data of suspended-372 

sediment concentration at the Mekong River mouths are highly variable based on a tidal fluctuation. 373 

For example, (Nowacki et al., 2015) found that SSC on ebbs is considerably greater than on floods, 374 

suggesting that he boundary condition of SSC at these mouths needs a higher temporal resolution. 375 

Unfortunately, measurements at these stations with the required temporal frequency are not available. 376 

Therefore, the model grid was extended to completely contain the sediment plumes. 377 

The upper boundary SSC at Kratie is not measured frequently. Therefore, we derived SSC from a 378 

regression curve with water discharges. This method is commonly used to generate SSC data in the 379 

Mekong River (Darby et al., 2016; Koehnken, 2012; Kummu and Varis, 2007; Lu et al., 2014; Lu and 380 

Siew, 2006; Manh et al., 2014; Walling, 2008).  381 

 382 

Table 1 shows empirically derived relationships between measured SSC and discharge for Kratie by 383 

Darby et al. (2016), Koehnken (2012), and Manh et al. ( 2014).  Applied to measured flow at Kratie, 384 

Figure 4 shows the derived 2011 sediment loads. Darby et al. (2016)’s curve predicts higher SSC since 385 

it is based on a much longer period of data analysis that includes the effect of sediment load decline 386 

due to upstream dam construction (Darby et al., 2016; Kummu and Varis, 2007; Lu and Siew, 2006). 387 

Consequently, SSC generated by Koehnken (2012) is more reliable for recent years and is used as 388 

boundary conditions.  389 

https://monitoring.mrcmekong.org/station/014901
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 390 
Table 1. SSC rating curves for Kratie station, with SSC is suspended-sediment concentration and Q is 391 
flow discharge at Kratie station (m3 s-1). 392 

Studies SSC (mg/l) Estimated annual sediment 

load in 2011 (Mt) 

Analysis period 

Koehnken (2012) 0.13332 ∗ 𝑄0.7098 98 2011 

Manh et al. (2014) 10(−494.02∗log(𝑄)−4.52+2.88) 96 2010-2011 

Darby et al. (2016) 0.3002 ∗ 𝑄0.8967 156 1981-2005 

 393 

Figure 4. Estimated and measured suspended-sediment concentration at Kratie in 2011. 394 

Wave modeling 395 

Our modeling domain includes the shelf of the Mekong Delta where waves strongly influence 396 

hydrodynamics and sedimentation processes (Thanh et al., 2017). The waves at the shelf of the Mekong 397 

Delta are generated by monsoon winds (northeastern and southwestern monsoons).    398 

Waves are computed by the Delft3D-Wave, which is a third-generation SWAN model. Tu et al. (2019) 399 

calibrated this model against measured data for this region. The wave model couples with the flow 400 

model at one-hour intervals. The wave data which were derived from ERA Interim reanalysis data 401 

(https://apps.ecmwf.int/datasets/data/interim-full-daily), were imposed at the offshore boundary. 402 

The boundary conditions consist of wave height, wave period, and wave direction. The wave heights 403 

https://apps.ecmwf.int/datasets/data/interim-full-daily
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off the west and east coasts of the Mekong Delta are significantly different (ADB, 2013), necessitating 404 

spatial variation in the imposed boundary conditions.  405 

Initial conditions 406 

Hydrodynamics in the Mekong Delta are strongly driven by the annual floods. Moreover, the Tonle 407 

Sap Lake plays a crucial role in regulating river flows the delta downstream. Water levels of the Tonle 408 

Sap Lake vary seasonally to a large extent. Therefore, correct specification of initial conditions reduces 409 

model spin-up periods. We assume that a previous flood filled the Tonle Sap Lake. Therefore, the model 410 

was spun up over the flood of 2010 and we used water levels at the end of 2010 as the initial conditions 411 

for the year 2011 simulations. Over the model domain, a uniform value of 0 g/l was set as initial 412 

conditions of SSC, since SSC is low in the low flow seasons. We used model settings for hydrodynamic 413 

parameters following Thanh et al. (2020a and 2017) including the calibrated values of the Manning 414 

roughness coefficient spatially varying in the range of 0.016-0.032. The initial bed sediment layer 415 

thickness was uniformly set at 10 m, which allows abundant sediment availability for the simulated 416 

period. 417 

3.2. Sediment properties 418 

For modeling cohesive sediment dynamics, we need to specify, critical bed shear stress for erosion (𝜏𝑐𝑒),  419 

erosion rate (M), and settling velocity of sediment (w). McLachlan et al. (2017) measured shear stresses 420 

in-situ at the Song Hau estuarine branch and estimated the highest shear stress at approximately 10 Pa. 421 

However, Vinh et al. (2016) set 𝜏𝑐𝑒  of 0.2 N/m2 for the coastal VMD while the amplitude of 𝜏𝑐𝑒  on the 422 

VMD floodplains fluctuated in the range of 0.028-0.044 N/m2 (Hung et al., 2014). M was in the range 423 

of 5.1x10-6 - 8.8x10-5 kg/m2/s and a reasonable value for modeling is 2x10-5 kg/m2/s (Hung et al., 2014; 424 

Thanh et al., 2017; Vinh et al., 2016).  425 

The settling velocity in the Mekong River is highly variable depending on the local hydrodynamics and 426 

salinity. Manh et al. ( 2014) mention that the calibrated w value in the main channels of the Mekong 427 

River was 1.3 x 10-3 m/s. Hung et al. (2014) calculated that settling velocities on the VMD floodplains 428 

fluctuated from 2.2x10-4 to 1.8x10-3 m/s. McLachlan et al. (2017) estimated settling velocities on the Song 429 

Hau estuarine branch to be much smaller, with an average magnitude of around 5x10-5 m/s. 430 
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Furthermore, w is also influenced in saline waters by growing flocs. For instance, Wolanski et al. (1996) 431 

observed that the median size of flocs in the Mekong estuary ranges between 50 to 200 𝜇𝑚 and this 432 

changes the sediment settling velocity. Vinh et al. (2016) revealed that w in fresh and saline waters were 433 

5x10-5 and 3.25x10-4 m/s, respectively. 434 

3.3 Calibration  435 

Percent bias (PBIAS) and index of agreement (Skill) are commonly used statistical indices to evaluate 436 

model performance (Achete et al., 2015; Ferré et al., 2010; Ji, 2017; Thanh et al., 2017; Van Liew et al., 437 

2007). These indices are calculated as 438 

𝑃𝐵𝐼𝐴𝑆 =  
𝑆 − ̅̅ ̅̅ ̅𝑀̅

𝑀̅
 (6) 439 

𝑆𝑘𝑖𝑙𝑙 = 1 −
∑(𝑆− 𝑀)2

∑(|𝑀−𝑂̅|+|𝑂−𝑂̅|)
2 (7) 440 

where S and M are simulated and measured SSC, respectively; and 𝑀̅ and 𝑂̅ are time average measured 441 

SSC. 442 

PBIAS and Skill were used to assess simulated discharge and SSC at mainstream stations. PBIAS values 443 

present the average tendency of simulated results. A perfect PBIAS value of 0 illustrates that modeled 444 

results are completely unbiased. Positive and negative PBIAS values indicate model biases toward 445 

overestimation and underestimation, respectively. Skill was introduced by Willmott (1981) and it 446 

presents how accurate the model estimates the variation in measured data. Skill values range from 0 to 447 

1 in which the value of 1 indicates that simulations and observations have perfect agreement while the 448 

value of 0 shows disagreement between them. A well calibrated model should have values of |𝑃𝐵𝐼𝐴𝑆|< 449 

0.25 and Skill > 0.2 (Ji, 2017; Moriasi et al., 2007). Table 2 depicts categories of model performance 450 

intervals. 451 

Table 2. Qualification of model performance indicated by PBIAS and Skill indexes. 452 

Qualification |𝑷𝑩𝑰𝑨𝑺|  Skill 

Excellent < 0.1 1.0 – 0.65 

Good 0.1 – 0.15 0.65 – 0.5 
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Reasonable/fair 0.15 – 0.25 0.5 – 0.2 

Poor > 0.25 < 0.2 

4. Results and discussion 453 

4.1. Model calibration and validation 454 

4.1.1 Hydrodynamic and salinity calibration 455 

Detailed results of model performance for water discharge at stations on the mainstream of the Mekong 456 

River are illustrated in Table 3. These stations are selected to validate the model since the data are 457 

available for the chosen year. However, these stations can represent flood propagation along the 458 

Mekong River as they are located from the upstream boundary (Kratie) to the strongly tide-dominated 459 

areas (Can Tho and My Thuan). The model reasonably simulates water discharge in the delta because 460 

the values of statistical indexes at these stations are higher than the reasonable value, except Chau Doc 461 

station. Skill values of these stations are higher than 0.8 which classifies them as excellent. Generally, 462 

the model slightly underestimates water discharge as PBIAS values are negative. 463 

Table 3. Statistical indexes of model performance of water discharge, suspended-sediment 464 

concentration, and sediment flux. 465 

 

Station 

Discharge SSC 
Daily Sediment  
Flux 

PBIAS 
(%) 

Skill 
PBIAS 
(%) 

Skill 
PBIAS 
(%) 

Skill 

Chroy 
Changvar 

-6 0.98 25 0.63 11 0.83 

Koh Norea -16 0.86 N/A N/A -7 0.86 

OSP MRC N/A N/A 5 0.72 -8 0.91 

Prek Kdam N/A N/A N/A N/A -40 0.56 

Tan Chau -4 0.99 61 0.90 36 0.93 

Chau Doc -33 0.85 -18 0.78 -45 0.67 

Vam Nao N/A N/A -2 0.90 N/A N/A 

My Thuan -18 0.94 16 0.94 -23 0.86 

Can Tho -12 0.97 7 0.87 -20 0.73 

The fall velocity of cohesive sediment is influenced by salinity, which enhances flocculation processes 466 

(Mhashhash et al., 2018; Portela et al., 2013). In the Mekong Delta, Wolanski et al. (1996) found that sizes 467 

of flocs in the saltwater region are much larger than those of suspended sediment grains. The length of 468 

saltwater intrusion into the Mekong River is approximately 50 km from the river mouth (Nguyen and 469 
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Savenije, 2006; Nowacki et al., 2015; Wolanski et al., 1998). Salinity intrusion into the Song Hau is limited 470 

by seasonally varying river flow (see An Lac Tay station in Figure 5). The largest salinity intrusion 471 

occurs during the low flow season, while the water at the river mouths is nearly fresh in the high flow 472 

seasons (Wolanski et al., 1996). As a result, the salinity is only measured in the low flow seasons, so the 473 

calibration period of salinity did not include the period Jul-Dec 2011. 474 

Figure 5  shows that simulated and measured salinity is in reasonable agreement. The 2D model is 475 

capable of modeling the seasonal and tidal cycle variations of salinity. Specifically, the highest salinity 476 

at Tran De station is about 20 ppt during the low flow season. We calibrated salinity intrusion by 477 

adapting the horizontal eddy diffusion coefficient leading to a value of 450 m2s-1 constants over the 478 

model domain. This high value was also found in other modeling studies and is caused by considerable 479 

sub-grid-scale processes (Talley et al., 2011). 480 
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 481 

Figure 5. Measured (in blue) and simulated (in red) salinity at Tran De, Dai Ngai, An Lac Tay, and Vam 482 

Giong. 483 

4.2.3. Sediment dynamics calibration 484 

To calibrate the sediment dynamics model, we adapted and modified the proposed approach of 485 

alternative settings developed by Van Maren and Cronin (2016). Specifically, the settling velocity and 486 

the critical shear stresses were estimated based on available measured data. The settling velocities in 487 

fresh water and saltwater are well measured and applied in numerical modeling (Le et al., 2018; Thanh 488 

et al., 2017; Vinh et al., 2016). We calibrated to lower the sediment flux by increasing the critical shear 489 

stress and decreasing the erosion rate. The model performances in simulating SSC and sediment flux 490 

are presented in Figure 6 -Figure 8. 491 
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The model was calibrated against measured SSC data in the high-flow 2011 season and the low-flow 492 

2012 season focusing on stations along the Mekong River. The order of the low-flow and high-flow 493 

seasons is of great importance. This order not only plays a considerable role in controlling seasonal 494 

variations of the Mekong River flow but also in sediment trapping.  We select the low-flow season after 495 

the high-flow season because of the regulation of the Tonle Sap Lake.  496 

The parameters of roughness, 𝜏𝑐𝑒 , M, and w have considerable impacts on sediment dynamics (Achete 497 

et al., 2015; Manh et al., 2014). Roughness coefficients are not an efficient calibrated parameter for the 498 

sediment model because they are evaluated in hydrodynamic calibration and this eliminates a free 499 

variable in sediment calibration (Gibson et al., 2017). The settling velocity was not considered as a 500 

calibration parameter, because it is well measured and successfully used in other numerical studies 501 

(Gratiot et al., 2017; Le et al., 2018; Marchesiello et al., 2019; McLachlan et al., 2017; Thanh et al., 2017; 502 

Tu et al., 2019; Vinh et al., 2016). The w was set to 5x10-5 m/s and 3.5x10-4 m/s for fresh and saline 503 

waters, respectively, with interpolated values for brackish environments. Recent measurements by 504 

Gratiot et al. (2017) and Le et al. (2018) have a reasonable agreement with these settling velocities. 505 

The calibration ranges of 𝜏𝑐𝑒  and M were chosen from measurements of prior studies (e.g. Berlamont 506 

et al., 1993; Hung et al., 2014a; Manh et al., 2014; McLachlan et al., 2017; Vinh et al., 2016). The selected 507 

ranges for the two parameters were for 𝜏𝑐𝑒  0.3 - 0.5 N/m2 and for M 10-5 – 10-6 kg/m2/s.  508 

In general, calibration simulations overestimate SSC on the Mekong River (Figure 9). The model clearly 509 

produces seasonal variations of SSC that are strongly dominated by the annual floods, which is 510 

reflected by high skill values (Table 3). In addition, SSC also varies with spring-neap cycles at Can Tho 511 

and My Thuan stations where tidal influence is high. Within the selected calibration range, M has a 512 

much stronger influence on SSC than 𝜏𝑐𝑒  and this can be explained by the bed erosion flux computed 513 

by Equation 4. The curves and peaks timing of simulated SSC resemble observed SSC. It is noted that 514 

the smallest 𝜏𝑐𝑒  and the highest M in the selected ranges result in unrealistic SSC (> 1 g/l). SSC at Chau 515 

Doc is underestimated probably due to the underestimation of water discharge at Chau Doc station 516 

(Table 3). 517 



26 
 

 518 

Figure 6. Sensitivity analysis for SSC at the stations on the Mekong branch (right panels) and the Bassac 519 

branch (left panels). 520 

 521 
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Figure 7. Model performance of SSC in the sensitivity analysis. These simulations were set up with the 522 

same settling velocity, changing 𝜏𝑐𝑒  and M parameters in the range presented in rows and columns, 523 

respectively. The target square presents the acceptable level of model performance. The locations of 524 

these stations are indicated in Error! Reference source not found.. 525 

 526 

Figure 8. Model performance of sediment fluxes in the sensitivity analysis. These simulations were set 527 

up with the same settling velocity, changing 𝜏𝑐𝑒  and M parameters in the range presented in rows and 528 

columns, respectively. The target square presents the acceptable level of model performance. The 529 

locations of these stations are indicated in Error! Reference source not found.. 530 

The measured sediment fluxes are estimated from daily average discharge and SSC at stations on the 531 

mainstream Mekong River (Figure 9 and Figure 10) and compare well with modeled behavior (Figure 532 

10). The model parameter set which results in the best fit of simulated and measured suspended-533 

sediment concentration and sediment transport has a  𝜏𝑐𝑒  value of 0.3 N/m2 and a value for M of 10-6 534 

kg/m2/s.  535 

During the calibration process of SSC, we found that the varying dominant hydrodynamic factors 536 

across the model domain, strongly influence the results of model calibration. For example, the run 537 

which has 𝜏𝑐𝑒  of 0.6 N/m2 and M of 8 x 10-5 kg/m2/s, compares well with measured data at the fluvial-538 

dominant stations while it highly underestimates SSC at the tide-dominant stations. The initial SSC and 539 



28 
 

bed sediment availability had a very limited impact on the calibration. This is in contrast with  Achete 540 

et al. (2015) who found that initializing the model with bed sediment could cause a high SSC and take 541 

around 5 years to be reworked and with van Kessel et al. (2011) who revealed that a simulation with 542 

no bed sediment could take up to 3 years in order to reach the equilibrium conditions. For our study, 543 

Figure 9 shows that the simulation period begins in the low flow season (from May 2011) at which the 544 

SSC is low, so the model takes a short spin-up time of around two weeks. Bed-sediment availability is 545 

essential to skillfully model SSC in the Mekong Delta. For example, at some stations (e.g. Chroy 546 

Changvar and OSP MRC) SSC is slightly higher than those at Kratie (the only source of sediment in 547 

modeling). Probably the abundance of sediment available in the Mekong River bed makes model 548 

calibration less subject to bed sediment definitions and initial SSC as reported by Achete et al. (2015) 549 

and van Kessel et al. (2011).  550 

  551 

 552 

Figure 9. Comparison of modeled and measured suspended-sediment concentration. 553 
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 554 

Figure 10. Comparison of modeled and measured suspended sediment flux. 555 

4.2. Hysteresis relations of suspended-sediment concentration and water discharge 556 

Our model is able to reproduce SSC hysteresis during a river flood (Figure 11 and Figure 12) with SSC 557 

being higher during the rising phase of the river flood than during the falling tide of the river flood. 558 

Figure 11 clearly indicates the characteristic clockwise loops at different stations (Williams, 1989), with 559 

the SSC peak occurring earlier than the discharge peak. A general mechanism for SSC hysteresis is an 560 

early suspension of easily erodible sediments at the start of the river flood (Landers and Sturm, 2013). 561 

Walling (2008) observed the SSC hysteresis which reflects sediment remobilization of the Mekong 562 

River. However, our modeling effort did not define that process since we applied a single sediment 563 

fraction with constant properties throughout the model runs. Also, the SSC hysteresis does not stem 564 

from the boundary since SSC at the boundary was defined by a direct relationship between river flow 565 

and SSC at Kratie (Figure 12).  566 

Instead, we found that the main factor causing modeled SSC hysteresis is the sediment trapping of the 567 

Tonle Sap Lake. The sediment trapping decreases the SSC of outflows significantly compared to 568 

inflows. During a rising river flood, flood flow with high SSC from the Mekong River diverts to the 569 

Tonle Sap River at Prek Kdam to fill the Lake (Figure 13a). The sediment largely deposits in the lake. 570 

For example, Kummu et al. (2008) found that around 80% of sediment which is stored in the lake and 571 
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its floodplains, is from the Mekong River and tributaries. In the late high-flow season, the flow of the 572 

Tonle Sap River reverses when water levels on the Tonle Sap Lake are higher than those on the Mekong 573 

River (Fujii et al., 2003; Kummu et al., 2014; Thanh et al., 2020a). Although SSC on the Mekong River is 574 

still high (~200 mg/l), the low SSC water from the Tonle Sap River (~20 mg/l) mixes with the Mekong 575 

River flow at the Phnom Penh confluence reducing SSC in the confluence downstream (Figure 13b). 576 

Our model adequately captures these sediment dynamics (Figure 14). Our finding confirms estimates 577 

by Kummu et al. (2008)’s of an annual sediment deposition of about 5.7 Mt in the Tonle Sap Lake.  578 

It should be noted that our model did not consider tributaries of the Tonle Sap catchment. The 579 

tributaries contribute up to about 30% of the inflow into the Tonle Sap Lake (Kummu et al., 2008) and 580 

supply a sediment amount of about 2 Mt/y (Kummu et al., 2008; Lu et al., 2014). With additional flows 581 

from Tonle Sap tributaries, outflows from the Tonle Sap Lake would increase slightly, with slightly 582 

higher SSC, increasing sediment fluxes from the Tonle Sap River to the Mekong River. The connection 583 

to the Tonle Sap Lake plays a critical role in regulating flows in the Mekong Delta and the Tonle Sap 584 

Lake received about 3.7 Mt in 2011 which resulted from differences between inflows and outflows of 585 

the Tonle Sap Lake. The discrepancies between inflows and outflows of the Tonle Sap Lake are still 586 

under discussion. Recent studies show opposite results on sediment transport of the Tonle Sap Lake 587 

(Kummu et al., 2008; Lu et al., 2014). They used measured discharge and SSC to investigate whether 588 

the Tonle Sap Lake receives sediment from or supplies sediment to the Mekong River. Interestingly, 589 

Kummu et al. (2008) found that the lake receives a net sediment amount of about 5.7 Mt/y, in which 590 

sediments are transported from the Mekong River and Tonle Sap tributaries around 7 Mt/y and supply 591 

about 1.38 Mt/y to the Mekong River in the outflow period. In contrast, Lu et al. (2014) estimated that 592 

the mean sediment inflow and outflow are 6.3 Mt and 7 Mt, respectively. This means the Tonle Sap 593 

Lake supplies about 0.7 Mt. This estimate may be incorrect due to a limitation of data used and this 594 
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study is opposite to some estimates (Koehnken, 2014, 2012; Kummu et al., 2008; Manh et al., 2014).595 

 596 

Figure 11. Relationship between daily averaged measured suspended-sediment concentration and 597 

water daily averaged discharge at four stations, namely Tan chau, Chau Doc, My Thuan, and Can Tho. 598 

Low flow conditions are from January to June, 2011. The rising phase begins from June to the yearly 599 

discharge peak in September, whereas the falling phase is taken from September to January 2011. 600 
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 601 

Figure 12. Relationship between daily averaged modeled suspended-sediment concentration and water 602 

daily averaged discharge at four stations, namely Tan chau, Chau Doc, My Thuan, and Can Tho. Low 603 

flow conditions are from January to June 2011. The rising phase begins from June to the yearly discharge 604 

peak in September, whereas the falling phase is taken from September to January 2011. 605 
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 606 

Figure 13. Spatial variation of modeled suspended-sediment concentration during inflows (a) and 607 

outflows (b) of the Tonle Sap River. 608 

 609 

Figure 14. Temporal variation of modeled water discharge and suspended-sediment concentration at 610 

Prek Kdam (Tonle Sap River). 611 
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4.3. Seasonal variation of suspended sediment  612 

This section describes spatial and temporal variations of modeled SSC in the Mekong Delta which 613 

consists of different hydrodynamic regions. Figure 15 shows hourly simulated SSC at some selected 614 

stations in the Mekong River. In general, SSC at these stations varies significantly throughout the 615 

selected period. The SSC is highest in August and September, and lowest in March. These variations 616 

are strongly dominated by the annual floods, so they have similar seasonal variability, but the 617 

magnitudes are different between these stations. The differences result from the sediment availability 618 

in the channel system. For instance, the SSC peaks at Kampong Cham (upper station) are slightly lower 619 

than those at Chroy Changvar and Tan Chau (lower stations). This implies that there is an additional 620 

source of sediment which affects SSC in the Mekong River. The reason is that sediment modeling 621 

included sediment availability in the channel system. This is in line with the presence of bed-sediment 622 

availability within the Mekong channel system, CMD, as observed by Walling (2008). 623 

In the CMD, SSCs at Kampong Cham increase rapidly coinciding with flows in the high flow season. 624 

The highest value is about 0.35 g/l in the high flow season while SSCs fluctuate around 0.05 g/l in the 625 

low flow season. The river flow is the dominant hydrodynamic factor in this region, so SSCs fluctuate 626 

with the river flow. Besides, the floodplains in this region also have an insignificant impact on SSC. 627 

Downstream of the Tonle Sap-Mekong confluence, SSCs are considerably influenced by the interaction 628 

of the Tonle Sap River and Mekong River. On the Tonle Sap River, SSCs of the inflows (Mekong River 629 

to Tonle Sap Lake) are significantly higher than in the reversal flows, reflecting the sediment transport 630 

to and efficient trapping of the Tonle Sap Lake. 631 

The VMD receives sediment from the Song Tien, the Song Hau, and Cambodian floodplains. At Tan 632 

Chau, SSC variations are high in the high flow season, comparable to SSCs at Chroy Changvar while 633 

they show tidal variations during the low flow season. In the VMD middle, the tides strongly drive 634 

sediment fluctuations in both the high flow and low flow seasons. In the high flow season, the highest 635 

SSC can reach 0.25 g/l at My Thuan and 0.2 g/l at Can Tho. In the low flow seasons, SSCs obviously 636 

vary with spring-neap cycles, fluctuating from 0.025 to 0.05 g/l. These values are completely consistent 637 

with the analysis by Dang et al., (2018). SSCs during ebb tides are marginally higher than those during 638 



35 
 

flood tides. This asymmetry causes a seaward flux of suspended sediment. At the mouths of the 639 

Mekong River, SSCs fluctuate in the range of 0.01 - 0.1 g/l in the high flow season, coinciding with tidal 640 

variations while they are smaller than 0.05 g/l in the low flow season. These simulated values of SSC 641 

are slightly lower than measured data analyzed by McLachlan et al., (2017). There are several factors 642 

contributing to the differences such as salinity stratigraphy, estuarine turbidity maximum, and 643 

flocculation. The salinity stratigraphy was neglected since a 2D depth-averaged model setup was used 644 

while the flocculation was taken into modeling by changing settling velocities in freshwater and 645 

saltwater. 646 

 647 

Figure 15. Separated regions in the Mekong Delta based on hydrodynamic conditions and SSC 648 

variation in these regions. 649 

4.4. Sediment budget 650 

The Mekong River at Kratie supplied more than 99 Mt of suspended sediment that was transported 651 

towards the Mekong Delta from June 2011 to June 2012. Based on our model validation at specific sites, 652 

we can now derive a sediment budget describing the distribution of these sediments within the Mekong 653 

Delta, illustrated in Figure 16.  654 

The river flood erodes the river channel of the Mekong from Kratie to Phnom Penh by around 13.9 Mt 655 

of sediment while the adjacent floodplains receive an amount of 8 Mt (northern floodplain) and 11.1 656 

Mt (southern floodplain) during the high-flow season. Approximately 94 Mt flows into the Mekong 657 

Delta at Phnom Penh. At Phnom Penh, the Mekong River connects to the Tonle Sap River which 658 
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transports 11.1 Mt. During rising river flood, the Tonle Sap River transports 4.5 Mt to the Lake, whereas 659 

the Tonle Sap River transports 0.6 Mt to the Mekong River during the falling river flood. The net result 660 

is a supply of 3.9 Mt to the Lake. Downstream of Phnom Penh the Mekong River separates into two 661 

branches, namely Mekong and Bassac (see Error! Reference source not found.), transporting 72.4 Mt (662 

73 %) and 11.3 Mt (11 %) seaward, respectively. An additional amount of 0.7 Mt (0.7 %) is delivered 663 

over the floodplains between Vietnam and Cambodia. This portion is slightly higher than estimates 664 

(64-71%) of Manh et al. (2014). The difference is probably due to the inclusion of bed-sediment 665 

availability in this study. 666 

The percentage of the total sediment supply at Kratie transported into the VMD by the main channels 667 

depends on water years. In wet years, the percentage is smaller than this in the dry years. The sediment 668 

trapping of the Cambodian floodplain and Tonle Sap system in the wet years is higher than that in the 669 

dry years (Manh et al., 2014).  670 

Suspended sediments are transported into the VMD by the Mekong branch (Tien River), the Bassac 671 

branch (Hau River), and floodplain flows. Among these ways, the Tien River is the major way that 672 

conveys about 74 Mt at Tan Chau, accounting for 93% of the total sediment discharge towards the VMD. 673 

The overland flows transport small amounts of sediment during the high-flow seasons.  674 

In the VMD, river flows and sediment transport are strongly affected by the dense man-made canal 675 

system so sediment transport in the VMD is complicated, especially the interaction between the Tien 676 

River, the Hau River, and the floodplains. The canals between the Tien River and the Hau River divert 677 

water and sediment from the Tien River to the Hau River due to the slightly higher water level in the 678 

Tien River. The water discharge in the Tien River and Hau River becomes similar from the connecting 679 

canal (Vam Nao) seaward (Dang et al., 2018; Thanh et al., 2020a). The Vam Nao canal diverts ~25.8 Mt 680 

from the Tien River to the Hau River. However, sediment fluxes at My Thuan (30.7 Mt) are slightly 681 

higher than at Can Tho (21.0 Mt). 682 

The differences in sediment fluxes throughout these two stations result from slightly higher SSC in the 683 

Tien River compared to the Hau River (presented in Figure 9). The ratio of sediment fluxes between 684 

both stations is equivalent to recent studies (e.g. Dang et al., 2018; Manh et al., 2014), but magnitudes 685 
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of sediment fluxes are somewhat lower. The lower sediment fluxes may come from a different period 686 

in estimation as we considered sediment fluxes in the low-flow season 2012 while Dang et al.  and Manh 687 

et al. considered the low-flow season 2011. Dang et al. (2018) estimated that the sediment fluxes in 2011 688 

at My Thuan (38.3 Mt) and Can Tho (23.4 Mt). These values are reliable because they are derived from 689 

daily measured data. 690 

At the river mouths, the Mekong River delivers an amount of 22.8 Mt to the sea in which it transports 691 

10.7 Mt and 12.1 Mt, respectively, through the Tien and Hau branches. The Hau branch exports about 692 

8.8 Mt and 3.3 Mt via the Dinh An and Tran De mouths respectively. Besides, the Tien River transports 693 

approximately 10.7 Mt of sediment by the Cung Hau (3.3 Mt), Co Chien (2.8 Mt), Ham Luong (1.3 Mt), 694 

Dai (1.9 Mt), and Tieu (1.4 Mt) mouths. Although water volume discharged by the Tien River’s mouths 695 

is slightly higher than that by the Hau River’s mouths (Thanh et al., 2020a), suspended sediment 696 

exported through the Tien River is smaller than the Hau River. This can be explained by the Tien River 697 

has larger depositional plains compared to the Hau River. This is determined by sediment deposition 698 

of about 18 Mt and 8 Mt from My Thuan (the Tien River) and Can Tho (the Hau River) to the coast, 699 

respectively. Previous studies did not directly compute sediment fluxes at the river mouths of the 700 

Mekong River, but computed transports at other stations on the mainstreams or extrapolate measured 701 

data (Dang et al., 2018; Nowacki et al., 2015). It was assumed that all sediment of the Mekong River 702 

would be transported to the sea. This study included riverbed deposition and erosion processes 703 

throughout the entire Mekong Delta for the first time.  704 

Riverbed sediment exchange is difficult to measure especially throughout such a large domain. Our 705 

model suggests that riverbed erosion occurs in Cambodia while deposition happens in Vietnam. 706 

Unfortunately, observed data of riverbed change are unavailable to validate these results. They are also 707 

strongly affected by human activities, such as sand mining. Sand mining is probably much higher than 708 

the sedimentation rate of the Mekong River in Vietnam (Brunier et al., 2014). Moreover, estimated sand 709 

mining in the Hau River is about 7.75 million m3 in 2011 (Bravard et al., 2013) (~ 12.4 Mt, based on a 710 

bulk density of 1600 kg/m3) which is about one-third of the sedimentation rate of about 39.6 Mt. The 711 

sediment dynamics at the river mouths have seasonal variations. During the high flow season, the 712 

Mekong River supplies a substantial amount of sediment to the sea due to seaward residual velocity. 713 
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During the low flow season, the tidal processes cause a small amount of landward sediment import 714 

(Gugliotta et al., 2017; Nowacki et al., 2015; Xing et al., 2017). The landward residual sediment flux has 715 

resulted from baroclinic effects (Nowacki et al., 2015). The modeled sediment fluxes at the river mouth 716 

stations capture characteristics of sediment exchange due to tidal processes. 717 

 718 
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Figure 16. Modeled sediment budget (in Mt) of the Mekong Delta, location names are indicated in 719 

Error! Reference source not found. and Figure 3. 720 

Compared to other deltas over the world, sediment yield of the Mekong River is approximately equal 721 

to that of the Yangtze and twice higher than that of the Mississippi while the Mekong River catchment 722 

is smaller (Liu et al., 2009). Similarly, the annual sediment flux of these deltas is subject to human 723 

activities, such as hydropower dam construction and sand mining. The annual sediment flux of the 724 

Mekong River, the Yangtze and the Mississippi have recently reduced by 74%, 76%, and 55%, 725 

respectively (Binh et al., 2020; Yang et al., 2021). 726 

4.5. Limitations 727 

This study investigates sediment dynamics and sediment budget in the Mekong Delta by using a 728 

process-based model. Reproducing sediment dynamics in the Mekong Delta remains a challenge due 729 

to limited data availability for calibration and validation. Although the study reproduces suspended 730 

sediment concentrations reasonably well,  sediment transport measurements are rare, especially 731 

considering various sediment classes such as sand, silt and mud. More and more sophisticated 732 

measurement campaigns are needed to further validate the model over the entire domain and during 733 

longer periods of time. These may include bathymetries, sediment transport loads, sediment properties 734 

and flow distribution over the VMD channel network.. the VMD bathymetry has changed. Updating 735 

the bathymetry of the whole Mekong Delta is an extremely heavy work and this could consume some 736 

years. The only part of bathymetry updated was at the river mouths which was measured in 2016 737 

(Thanh et al., 2017). In addition, our studies did not consider effects of both sand mining and 738 

hydropower dams. We first investigate the fate and transport of sediment, so these factors were 739 

excluded. For modelling sediment dynamics of the large-scale systems, single fraction of sediment can 740 

be used if it can reproduce 90% of the sediment budget (Achete et al., 2015). In addition, we only 741 

consider suspended sediment dynamics while other types of transport were neglected since the 742 

suspended sediment load contribute up to 97% of the total sediment load (Koehnken, 2012). The 743 

sediment budget of different years was included in the revised manuscript. 744 

5. Conclusions 745 
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Historical measurements of suspended sediment entering the Mekong Delta reveal that the actual 746 

annual sediment loads are much lower than the widely accepted estimate of 160 million tons. The 747 

amount of suspended sediment transported each year is highly variable, fluctuating based on water 748 

discharge volumes. For example, measurements from 2011, which was a high-water year, indicate the 749 

Mekong River only carried around 99 million tons of suspended sediment to its delta that year. This 750 

suggests the long-held 160 million ton per year estimate significantly overstates the true contemporary 751 

sediment supply to the Mekong Delta. 752 

We used a 1D-2D numerical model to simulate the hydrodynamics and suspended sediment transport 753 

throughout the Mekong Delta, forced by rivers, tides and waves. The modeling grid covers the entire 754 

Mekong Delta, the connected Tonle Sap Lake, and its shelf. This grid considers the interaction between 755 

the Mekong River and the sea. In addition, the grid includes a dense network of rivers and man-made 756 

canals, considering hydrodynamics and sedimentation in the floodplain regions. Our modeling effort 757 

reproduces the hydrodynamics and SSC and transport. In sediment modeling, the erosion rate is an 758 

important parameter when considering bed-sediment availability. 759 

This is one of the first studies which are able to investigate sediment dynamics at a large scale of the 760 

entire Mekong Delta. The model reproduces the suspended sediment concentrations and sediment 761 

fluxes at several stations located in different hydrological regions. Apart from changes in sediment 762 

availability in the bed we found that another cause of SSC hysteresis effect is the efficient sediment 763 

trapping by the Tonle Sap Lake. The inflow of the Tonle Sap Lake has a higher suspended sediment 764 

concentration compared to the outflow, causing clockwise loops of the hysteresis effects. 765 

Our study confirms that the annual sediment load of the Mekong River into its delta is much lower 766 

than the common estimate. The annual sediment load in 2011-2012 at Kratie, Cambodia is 767 

approximately 99.6 Mt. About 79% of the annual sediment load is transported to the VMD, but only 768 

23% of the total sediment is exported to the East Sea. This suggests that the trapping efficiency of the 769 

VMD system is generally high (~73%). 770 

This study indicates that numerical models are useful and efficient tools to gain a better understanding 771 

of hydrodynamics and sediment transport in large-scale areas. They are more helpful in the cases of 772 
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the high variability of channel widths and large spatial scales. Due to taking the dense network of rivers 773 

and canals onboard, the model is likely impossible to apply at long time scales, such as centuries.  774 
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