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a b s t r a c t

A Coupled Wave–Ocean–Sediment Transport Model was used to hindcast coastal circulation and fine

sediment transport on the Mekong shelf in southeastern Asian in 2005. Comparisons with limited

observations showed that the model simulation captured the regional patterns and temporal variability

of surface wave, sea level, and suspended sediment concentration reasonably well. Significant

seasonality in sediment transport was revealed. In summer, a large amount of fluvial sediments was

delivered and deposited near the Mekong River mouth. In the following winter, strong ocean mixing,

and coastal current lead to resuspension and southwestward dispersal of a small fraction of previously

deposited sediments. Model sensitivity experiments (with reduced physics) were performed to

investigate the impact of tides, waves, and remotely forced ambient currents on the transport and

dispersal of the fluvial sediment. Strong wave mixing and downwelling-favorable coastal current

associated with the more energetic northeast monsoon in the winter season are the main factors

controlling the southwestward along-shelf transport.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The majority of the world’s modern deltaic systems began
their formations between 7400 and 9500 cal yr BP as a result of
decelerating sea-level rise (Stanley and Warne, 1994). Today,
approximate half a billion people are living on or near these
deltas. Ever increasing human activities, such as extensive dam-
ming have reduced sediment flux to the coastal zones. These,
along with a rising sea-level have made deltas regions more
vulnerable to storm surges and beach erosion problems. Indeed,
85% of the 33 major deltas of the world have experienced severe
flooding in the past decade (Syvitski et al., 2005, 2009). Improved
understanding of sediment transport dynamics in deltaic systems
is therefore much needed for better coastal resource planning and
management.

In southeastern Asia, the Mekong River Delta (MRD hereafter)
has an area of 49,500 km2 (Le et al., 2007). Trailing the Amazon and
the Ganges-Brahmaputra Deltas, it is the third largest delta plain in
the world (Coleman and Roberts, 1989). The Mekong River itself
is the largest river in Southeast Asia. It originates in the Tibetan
Plateau, running through China, Myanmar, Thailand, Lao PDR,
Cambodia, and eventually to the South China Sea (SCS hereafter)
in southern Vietnam (Fig. 1a). The river has a length of�4750 km
and a drainage area of 832,000 km2 (Xue et al., 2010a). Its annual
ll rights reserved.
freshwater discharge is�470�109 m3 and the estimated annual
sediment flux is �160 million tons (Milliman and Syvitski, 1992).
The weather systems in the lower Mekong region are dominated
by the Southeast Asian monsoon. Approximately 80% of the annual
rainfall happens during the rainy season between May and October
(Debenay and Luan, 2006). Because of this, river discharge in the
lower Mekong reaches a maximum in September and a minimum
in April (see averaged water discharge at Pakse station during
1960–2005 in Fig. 2a). The resulting MRD is bounded by the SCS to
the east and the Gulf of Thailand (GOT hereafter, Fig. 1a) to the
west. Borehole studies showed that this delta plain began its
progradation in 8000 cal yr BP as a result of decelerating sea-level
rise (Tamura et al., 2009). Over the past 5500 yrs, tremendous
amount of Mekong River sediment input has allowed the MRD to
prograde more than 250-km to the southeast (Nguyen et al., 2000).
Recent observations on sediment grain size variations along bore-
holes further suggested the MRD evolution during this period
experienced a phase shift from ‘‘tide-dominated’’ to ‘‘tide-and-
wave-dominated’’ condition around 3000 BP (Ta et al., 2002a,
2002b). Today, with�200 new dams to be added to the river basin
in the next couple of decades, more significant changes are
expected in MRD hydrological regime, coastal circulation, and delta
dynamics (Xue et al., 2010a).

Research progresses on quantifying the physical processes in
MRD have been hindered by lacking of observations. As a result,
the computer modeling approach has been widely used. Earlier
circulation modeling studies have shown that the monsoonal
wind produces a basin-wide cyclonic gyre in winter and double
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Fig. 1. A map of the Mekong River Delta and the ROMS/SWAN model domain. (a) Mekong River basin with the location of the study area shown by a black box. (b) The

ROMS/SWAN model domain used in this study. The positions of delta front limit are from Xue et al. (2010b).
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gyres in summer with a cyclonic flow in the north and an antic-
yclonic flow in the south (Shaw et al., 1999; Liu et al., 2001; Gan
et al., 2006; Wang et al., 2006). SW monsoon season runs from May
to October and NE monsoon season from November to April (Fig. 3a
and b). A recent modeling study by Kubicki (2008) showed the
coastal current northwest of the Mekong River mouth has similar
directional shifting from NE in winter to SW in summer. Tides are
another important circulation process. The amplitude of the domi-
nant semi-diurnal tide M2 (diurnal tide K1) decreases (increases)
after the tidal waves propagate from the western Pacific into the SCS
through the Luzon Strait (Zu et al., 2008). Both M2 and K1 tidal
amplitude are more than 0.9 m seaward of the Mekong River mouth
(Fig. 3c and d). Hordoir et al. (2006) simulated the Mekong River
plume, indicating that: (1) the large amount of fresh water dis-
charged by the Mekong River forms a baroclinic coastal current
flowing in the propagation direction of Kelvin wave; (2) the Mekong
River plume is mostly geostrophic and exhibits a strong seasonal
variability related to the monsoon wind.

Sedimentary studies of the Mekong Shelf are limited by the
scarce of observations as well. Earlier geological studies have
focused on MRD long-term (millennium to a couple of thousands
years) evolution. A recent acoustic profiling investigation started to
reveal some spatial details of the subaqueous deltaic system. For
instance, an up to 20-m thick subaqueous delta was identified at
the front of the deltaic system (Liu et al., 2009; Xue et al., 2010b).
This subaqueous delta accounted for�80% of the fluvial sediment
input over the past 3000 yrs. On a relative shorter time scale;
however, significant erosion with a rate of 1.1 km2/yr, has been
documented along the eastern part of the MRD (SCS side) since
1885 (Saito, 2000). While there is a general consensus that the MRD
formation is a result of along-shelf sediment transport (Gagliano
and McIntire, 1968; Nguyen et al., 2000; Xue et al., 2010b), the
Mekong sediment transport dynamics has not been fully quantified.
Xue et al. (2010b) based on acoustic profiling and coring data
proposed the following seasonal sediment transport/dispersal
mechanism: during the high flow season (May–October), a con-
siderable part of riverine sediment was delivered to the Mekong
River mouth and temporally deposited there; then during the low
flow season (November–April), previously deposited sediment was
resuspended by strong mixings associated with the strong north-
east monsoon and subsequently transported southwest along-shelf
by coastal circulation.

It is worth noting that significant progress in understanding
general river sediment transport and dispersal dynamics has been
made through the combination of in situ observations (e.g. tripod
deployment) and three-dimensional prognostic model simulations.
Some recent examples in this regard include a series of river
sediment studies conducted in the Adriatic Sea (e.g., Traykovski
et al., 2007; Harris et al., 2008; Bever et al., 2009). Numerical
modeling is in particular useful in testing mechanism and hypoth-
esis deduced from limited observations, and this is the approach we
will utilize in this study as well. Our objectives are two-fold: (1) to
better understand the seasonal transport and dispersal patterns of
Mekong-derived sediments using a newly developed wave–current–
sediment coupled ocean model; and (2) to investigate the relative
importance of along-shelf current, waves, and tides in transporting
and dispersing Mekong-derived sediments.
2. Methods and data

We applied the Coupled Ocean–Atmosphere–Wave–Sediment
Transport Modeling system (COAWST, Warner et al., 2010) in this
study to simulate the transport and dispersal of Mekong-derived



Fig. 2. Time series of (a) water discharge at Pakse station in 2005 (black, solid line) and mean water discharge averaged over 1960–2005 (gray dashed line), (b) the

accumulated amount of fluvial sediment input used in the model simulation, (c) comparison between simulated (dashed line) and observed (solid line) significant wave

heights. The observed wave heights were measured by Jason-1 altimeter and averaged along satellite tracks within the model domain, and (d) comparison between

simulated (dashed line) and observed (solid line) sea-level anomaly. The observed sea-level anomaly was measured by Jason-1 altimeter and averaged along satellite

tracks in the model domain.
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sediment in 2005. The COAWST system consists of several state-
of-the-science modeling components, including ROMS (Regional
Ocean Modeling System, Shchepetkin and McWilliams, 2005,
2009; Haidvogel et al., 2008) for the coastal ocean circulation,
WRF (Weather Research and Forecasting Model, Skamarock et al.,
2005) for regional atmospheric circulation, and SWAN (Simulat-
ing Waves Nearshore, Booij et al., 1999) for surface wave.
Additionally, the system includes a sediment transport (Commu-
nity Sediment Transport Modeling System, Warner et al., 2008)
module as a part of ROMS, and a model coupler (Model Coupling
Toolkit, Larson et al., 2005; Jacob et al., 2005) to exchange data
fields. For our research purpose, we disabled atmosphere (WRF)
coupling to focus on interactions among ocean–wave–sediment.
We note by coupling waves with ocean circulation, the COAWST
system accounts for wave-induced enhancement of surface
roughness, water column mixing, and bottom stresses (Warner
et al., 2010).

Our model domain has 200�150 grid points with its lower left
boundary corner at 8.61N and 104.81E (Fig. 1b). The ocean (ROMS)
and wave (SWAN) models have the same computational domain
and horizontal resolution of 2 km. The 2-km resolution is smaller
than the baroclinic Rossby radius of the regional circulation
(Hordoir et al., 2006), allowing the model to represent appro-
priate dynamical processes in our study region. The 30-s Global
Bathymetry and Elevation Data (SRTM30_PLUS, Becker et al.,
2009) was smoothed and interpolated to the model grid. Water
depths within the computational domain vary from 5.0 to
157.8 m. 20 terrain-following vertical layers was used to resolve
water columns. We applied the method of Mellor and Yamada
(1982) to compute the vertical turbulent mixing, as well as the
quadratic drag formulation for the bottom friction specification.

The circulation model has three open boundaries (northern,
eastern, and southern). A one-way nesting approach was used to
downscale HYCOM/NCODA (1/121 equatorial resolution, Hybrid
Coordinate Ocean Model together with NRL Coupled Ocean
Data Assimilation scheme, Chassignet et al., 2007) to the regional
ROMS. Specifically, open boundary conditions were applied to
ROMS tracers and baroclinic velocity following the method of
Marchesiello et al. (2001), whereby Orlanski-type radiation
conditions were used in conjunction with relaxation to HyCOM/
NCODA solutions. Free surface and depth-averaged velocity
boundary conditions were specified using the method of Flather
(1976) with the external subtidal information defined by HyCOM/
NCODA plus four tidal constituents (S2, M2, K1, O1) that were
derived from the OSU TOPEX/Poseidon Global Inverse Solution 7.0
(Egbert and Erofeeva, 2002). Similarly, the SWAN model wave
boundary condition was obtained from the NOAA Wavewatch III
(Tolman, 2002) global ocean wave model solutions. The 3-hourly



Fig. 3. Monthly mean wind vectors and stress (color shading) and simulated significant wave heights in August and December. Also superimposed on the wave height field

(c, d) are the positions of satellite (Jason-1) tracklines (gray color, there are 2300 observational points through 2005) and K1 and M2 tidal amplitude. Surface wind data are

taken from QSCAT/NCEP Blended 10-m Ocean Wind product. Tidal amplitude data are taken from OSU TOPEX/Poseidon Global Inverse Solution 7.0. (a) August wind

vectors and stress (Pa), (b) December wind vectors and stress (Pa), (c) wave height in August and K1 tide (m) and (d) wave height in December and M2 tide (m). (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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significant wave height, wave period, and peak direction were all
interpolated from 2005 global Wavewatch III model hindcast
(1.251 horizontal resolution) along the open boundary of the
SWAN model and imposed with a prescribed JONSWAP spectra
(Tolman, 2002).

For surface forcing, we used the scheme of Fairall et al. (1996) to
compute the surface wind stresses based on the QSCAT/NCEP
Blended 10-m wind product (0.51 resolution) generated by Colorado
Research Associates. Surface heat fluxes were taken from the global
NCEP Reanalysis (2.51 resolution, Kalnay et al., 1996). The temporal
resolution of wind stresses and surface heat flux was 3 hourly and
daily, respectively.

The sediment transport module consists of algorithms for
computing suspended-sediment transport, bed load transport
due to current and wave–current forcing, enhanced bottom stress
due to surface waves, and a multiple-bed model for tracking
stratigraphy, morphology of multiple sediment classes (Warner
et al., 2008, 2010). Due to lack of observations of the bulk bed
characteristics on the Mekong Shelf, we neglected sandy sedi-
ment and shelf sediment in our simulation, and only considered
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fine sediment discharged by the Mekong River. Previous observa-
tional studies in the Mekong estuary indicated that most of
Mekong sediments are flocculated fine particles. During low flow
season, observed floc size was 30–40 mm and the clay content was
20–40% by volume (Wolanski et al., 1998). In comparison, during
high flow season the floc size was 50–200 mm and the clay content
was 20–30% by volume (Wolanski et al., 1996). Based on these, our
model only included two classes of sediments: Class 1, accounting
for 30% of fluvial sediment input, represents fine materials that
travel as slow-settling single grains; Class 2, accounting for 70% of
fluvial sediment input, represents flocculated materials. Because
in-situ observation of the bulk bed was very limited in this region,
we followed the setup in the Po River sediment transport model-
ing study by Harris et al. (2008) to define sediment hydrodynamic
properties. The critical shear stress (tcr) was set to 0.03 N/m2 for
fine grained material and 0.08 N/m2 for flocculated material. The
settling velocity for fine grained material and flocculated materials
were set to be 0.1 mm/s and0.25 mm/s, respectively. The latter
value was verified against observations by Wolanski et al. (1998).
In the model simulation, the suspended sediment was transported
by 3-dimensional shelf circulation. The bottom-boundary layer
(BBL) calculation accounts for the interaction of wave and current
over a moveable bed (Madsen, 1994; Styles and Glenn, 2000;
Wiberg and Harris, 1994; Harris and Wiberg, 2001). Sediment
exchange between the bottommost layer of the water column and
the seabed occurs at a rate determined by the difference between
sediment settling and resuspension. The initial value of suspend
sediment concentration (SSC hereafter) was set to be zero over the
entire model domain. Along the three open boundaries of the
model, a no-gradient boundary condition was applied for sedi-
ment tracer.

Fluvial input (water discharge and suspended sediment) from
Mekong River was distributed at 65 grid points near the river
mouth. The freshwater discharge time series was retrieved from
an inland gage station Pakse operated by the Mekong River
Commission (see Fig. 1a for station location; Fig. 2a for freshwater
discharge time series). In contrast to nearly continuous flow
measurement, SSC observations were very sporadic. We therefore
adopted the water discharge-SSC rating curve derived by Kummu
and Varis (2007, for the same station), which is given by

y¼ 0:00085x1:3

where y stands for the total suspended sediment (mg/l) and x the
Mekong River discharge rate (m3/s). Based on this relationship,
the total amount of Mekong River sediment input over our
13-months study period (Fig. 2b) was 148.3 million tons, which
was comparable to an earlier estimation (160.0 million tons per
year) by Milliman and Syvitski (1992).

We began the 13-months model hindcast on December 1st,
2004. Initial hydrodynamic conditions including salinity, tem-
perature, free surface, and current velocities were all taken from
HYCOM/NCODA described above. The first month (December
2004) of simulation was used as the model spin-up/adjustment
period. Subsequent simulation of sediment transport and disper-
sal in the whole year of 2005 was used for analysis. We chose
2005 as our case study period based on the following considera-
tions: (1) the weather (e.g., wind and sea level pressure) patterns
in 2005 are similar to their long-term mean conditions during
1948–2009, (2) the HyCOM/NCODA database has complete cover-
age in 2005, and (3) no major typhoon events occurred in the
study area. Therefore, we presume the simulated Mekong
Shelf circulation and sediment transport/dispersal patterns in
2005 are ‘‘typical’’ representations of the transport processes
under the present climatic condition. A 180-s time-step was
used in both SWAN and ROMS simulations. Coupled model
variables, including the significant wave height, wave length,
wave direction, wave periods, bottom orbital velocity, and surface
currents were exchanged between SWAN and ROMS on
hourly basis.

To investigate the relative importance of ambient shelf cur-
rent, waves, and tides in transporting and dispersing Mekong-
derived sediments, we conducted four sensitivity simulations:
Exp 1 (the control run) considered all aforementioned forcing
agents; Compared to Exp 1, Exp 2 excludes tides (NTS hereafter),
whereas Exp 3 excludes waves (NWS hereafter). As previously
described, the ambient shelf current is controlled by the seasonal
shift between NE and SW monsoons. In Exp 4, we consider both
waves and tides, but excluded the shelf current (NAS hereafter, i.e.
no subtidal circulation forcing at open boundaries) to exam the
influence of SCS circulation.
3. Results

Because no in-situ wave and current observations was avail-
able on the Mekong Shelf, we used satellite (Jason-1) observations
(http://www.aviso.oceanobs.com/duacs/) for model validation.
Within each of its 10-day cycles, the Jason-1 satellite passes our
study area twice (one during ascending and the other during
descending), measuring significant wave height and sea-level
anomaly along-track. Fig. 2c (2d) shows the comparison between
satellites observed and model simulated significant wave height
(sea surface height anomaly). Both time series were temporally
and spatially averaged along satellite tracks (see their positions
in Fig. 3c and d). Overall, the model reproduces observed surface
wave and sea level variability reasonably well. The correlation
coefficients between the two time series are above 0.81 with the
95% confidence interval, lending confidence that the sediment
transport and dispersion simulations were driven by a realistic
hydrodynamic environment.
3.1. Seasonal hydrodynamics and sediment transport patterns

We computed monthly mean significant wave heights in
August (December) and used them as the typical summer (win-
ter) wave conditions, respectively (Fig. 3c and d). In both periods,
waves are stronger in the north/northeast parts of our study
domain. The mean significant wave heights in August (having
a mean value of 0.88 m) are about 50% smaller than those in
December (having a mean value of 1.68 m). Such a seasonal
difference is a direct result of seasonal variations in the monsoon
strength (Fig. 3a and b), which is much larger in winter (when NE
monsoon prevails) than in summer (when SW monsoon prevails).
Because the wave-driven bottom stress is proportional to the
significant wave height, the coastal sediment resuspension would
also be more effective in winter.

Monthly mean surface currents and suspended sediment
concentration (SSC) were also calculated for August (Fig. 4a)
and December (Fig. 4c). Due to a lack of in situ SSC observations,
we attempted to use the Moderate Resolution Imaging Spectro-
radiometer (MODIS) ocean color images (Fig. 4b and d) to validate
simulated surface SSC for each season. While quantitative com-
parisons were not possible, simulated SSC did reproduce major
seasonal features of the turbidity visible in MODIS images, such as
the extended turbidity plume seaward of the river mouth in
summer (Fig. 4b), and the high turbidity zone confined on the
inner shelf from river mouth all the way to Camau Peninsula in
winter (Fig. 4d). As we mentioned earlier, this simulation only
considered the sediment discharged by the Mekong River, so the
SSC simulated here does not account for the contribution from
resuspeneded shelf sediments.

http://www.aviso.oceanobs.com/duacs/


Fig. 4. Monthly mean surface suspended sediment concentration (SSC color shading) and surface current fields in (a) summer (August) and (c) winter (December), 2005.

Also shown are Moderate Resolution Imaging Spectroradiometer (MODIS) images in August 2002 (b) and January 2005 (d). Simulated surface concentration (color)

is shown in the log scale. (a) Surface SSC, August; Log10 kg/m3, (b) MODIS image in August, (c) Surface SSC, December; Log10 kg/m3 and (d) MODIZ image in January.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Examinations of bottom currents provide additional informa-
tion on seasonal differences in circulation and sediment transport.
In August, upwelling favorable summer (SE) monsoon prevails.
Significant onshore bottom currents are induced, helping trap a
large amount of sediments along the coastline and near the river
mouth (Fig. 5a). In December when downwelling favorable winter
(NE) monsoon prevails, despite the low river runoff and sediment
input, energetic wind and wave mixing in conjunction with
southwestward coastal current transport resuspended sediment
further to the southwest (Fig. 6a).

Both the transport rate for bedload and the resuspension rate for
suspended sediment are determined by the bottom shear stress that
are related to wave, current, and combined wave–current interaction
effects. We found that the wave induced stresses are generally one
order of magnitude larger than the current induced (not shown)
in both August and December. However, monthly mean bed shear



Fig. 5. Monthly mean bottom current velocities (arrows) and suspended sediment concentration (SSC) in August, 2005 calculated by Control run (a). Three model

sensitivity experiments were performed. The bottom current velocity and the difference om SSC between them and the Control run are shown in (b) for NTS case

(NTS minus Control), in (c) for NWS case (NWS minus Control), and in (d) for NAS case (NAS minus Control). Notice the change of color bar between (a) and (b–d).

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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stresses are significantly weaker in August (Fig. 7a) than in December
(Fig. 7b). The net effect is most of deposits were transported south-
westward along the downdrift coast as season progresses. By the end
of our 13-months simulation, i.e. Dec 31st, Mekong sediments were
only seen within a short distance (o10 km) seaward of the river
mouth (Fig. 8a).

3.2. Model sensitivity experiments: relative roles of tides, waves, and

ambient currents

Three sensitivity simulations mentioned above (i.e. NTS, NWS,
and NAS) were carried out. Their monthly mean fields in August
and December were compared to those from the control run to
highlight differences (NTS-Control, NWS-Control, NAS-Control) in
SSC, bottom current, sediment transport, and dispersal pattern
(Figs. 5b–d, 6b–d, 8b–d) due to the neglection of corresponding
dynamics.

For NTS case in which tides was excluded, SSC in August was
much less throughout the water column seaward of the river
mouth (Fig. 5b). Such a pattern remains to be the case in the
offshore water in December, while there is a noticeable SSC
increase right at the coast (Fig. 6b), possibly due to the missing
of cross-shelf transport associated with shallow water tidal
residual flow. Because of this, difference in the sediment dispersal



Fig. 6. Same as Fig. 5, but for December, 2005. (a) Control run, December; kg/m3, (b) NTS-Control; kg/m3, (c) NWS-Control; kg/m3 and (d) NAS-Control; kg/m3.
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between the NTS and the control run by the end of the simulation
(December 31) show that this is a net disposition line right along
the coast (Fig. 8b).

For the NWS case, in which waves were excluded, SSC was
significantly decreased throughout the water column in August
(Fig. 5c), suggesting more sediment was deposited on the sea-
floor during this high flow season compared to the control case.
The similar situation was also seen in December (Fig. 6c).
Furthermore, the SSC landward of the delta front was in general
smaller than those from NTS case. Without wave-induced mixing,
larger sediment deposition occurred locally, leading to signifi-
cant reduction in the southwestward sediment transport and
downstream suspended sediment concentration (Fig. 6c). Indeed,
among results of all model experiments, we see the largest
local sediment depositions by December 31, which appear to
spread from river mouth to deep water in cross-shelf direction
(Fig. 8c).

For the NAS case, in which shelf circulation was neglected,
although the sediments were continuously resuspended by the
combined wave and tide mixing, the lack of mean current trans-
port in both August (Fig. 5d) and December (Fig. 6d) lead to
noticeable reduction in alongshelf sediment flux. Most of SSC
changes are associated with local sediment resuspension and
deposition, rather than with upstream advection process. By the
end of the simulation (December 31), the difference in sediment
dispersal was mainly along the coastline (Fig. 8d).



Fig. 7. Monthly mean bed shear stresses in August (a) and December (b), 2005 calculated from the control run. Depth contours in the figures are 10 m and 20 m isobaths.
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4. Discussion

We simulated the Mekong shelf circulation and sediment
transport and dispersal in 2005. In the following section, we
intend to discuss the relevance of our results from a 13-months
numerical simulation to longer time scale morphodynamics of
the MRD.

The Late Holocene sediment budget estimated that 80718% of
Mekong-derived sediments have been trapped on the delta front
over the past 3000 yrs (Xue et al., 2010b).

Based on differences in acoustic characters and core analysis,
the delta front can be further divided into four different zones,
including Zone 1 for river mouth, Zone 2 for the east shore of
Camau Peninsula, Zone 3 for the Camau Cape, and Zone 4 for the
west shore. Zone 1 and Zone 2 are covered by the model domain
used this study. We further divided Zone 1 and Zone 2 into
Zone 1a and 1b and Zone 2a and 2b, where Zone 1a (Zone 2a)
represent the delta front seaward of the river mouth (downdrift
delta plain), and Zone 1b (Zone 2b) represent the low gradient
seabed further seaward of the delta front, i.e. the pro-delta
(Fig. 9). We found that in all numerical experiments in this study,
by the end of the 13-months simulation, the sediment dispersal
was indeed confined in the delta front. From the control run,
�88.7% of the river sediment load was retained on the delta front
(i.e. in Zone 1a and Zone 2a combined). From the subregional
perspective, by December 31, there was 86.9% and 1.8% of fluvial
sediments remain in Zone 1a and Zone 2a, respectively. The small
deposition ratio in Zone 2a is a bit surprising, suggesting suspen-
sion and erosion were predominating in this area on the annual
time scale.

Recall our control run was initialized with zero shelf sediment.
To test model sensitivity to sediment initial condition, we also
took the control run’s Class 1 and 2 sediment depositions on
December 31 as the alternative initial conditions of two sediment
classes and performed the 2nd control simulation for 2005. In
comparison with the 1st Control run solutions, we found that by
the end of this simulation, the percentage of the total sediment
deposition decreased from 86.9% to 80.1% in Zone 1a, and from
1.8% to 0.26% in Zone 2a. This result indicates that the model
solutions are quantitatively sensitive to initial condition specifica-
tions, but qualitatively remain the same as the 1st Control run
results, that is Zone 2a still receive very limited sediments
from the Mekong River during the 13-month simulation period.
Therefore the net Mekong-derived sediment deposition in Zone 2a
inferred from the Late Holocene sediment budget estimate
appears to be the result of a slow but persistent deposition process
occurred over a much longer (millennial) time scale.

A general consensus has been made that the downdrift delta
plain of the MRD, i.e. Zone 2a, is a result of along-shelf sediment
transport (Gagliano and McIntire, 1968; Nguyen et al., 2000; Xue
et al., 2010b). To examine this along-shelf transport process, we
spatially averaged (within the delta front, i.e. Zone 1a and 2a
combined) simulated wave orbital velocity, detided (subtidal)
bottom current, and the percentage of suspended and deposited
sediment from the 2nd control run. The year-long time series of
each of these variables (Fig. 10) indicate that the along-shelf
transport was mainly during the winter season. During this
period (Oct through April), southwestward waves dominate
(Fig. 10a), subtidal currents shifted the direction from north-
eastward (May through September) to southwestward. The
strongest bottom currents occurred in January and December,
with a magnitude reaching 0.1 m/s (Fig. 10b). The amount of the
suspended sediment presented in the water column was also the
largest in the winter season (up to 4% of fluvial inputs, Fig. 10c).
Time series of percentages of suspended sediments (Fig. 10c) and
deposited sediments (Fig. 10d) show a general inverse relation-
ship (i.e., increased suspended sediment is associated with
decreased deposition at seabed). Both of them exhibit large
variability in winter season, corresponding nicely with seasonal
variability in both wave orbital velocity and bottom current
velocity.

We note that because our 13-month model hindcast simula-
tion did not consider other relevant factors that may influence
regional deposition and dispersal processes, such as sea level rise



Fig. 8. Simulated Mekong-River sediment deposition on Dec 31st, 2005 by the Control run (a). Three model sensitivity experiments were performed, the deposition

difference between each of them and the control run result on December 31, 2005 are shown in (b) for NTS case (NTS minus Control), in (c) for NWS case (NWS

minus Control), and in (d) for NAS case (NAS minus Control). The dash line in each panel indicates the location of the delta front. Note the change of color bar between

(a) and (b–d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and episodic but powerful typhoon activities, we cannot make a
direct linkage between our simulated sediment budget on the
annual time scale and early estimates of shelf-scale sediment
budget and along-shelf transport based on the geological time
scale. In addition, the amount of the southwestward along-shelf
transported sediment in our model was very limited due to low
SSC (o4%, Fig. 10c) and could not represent the seasonal sedi-
ment transport mechanism in Xue et al. (2010b). We anticipate
that this discrepancy may be resolved by long-term coupled
modeling simulations that are initialized with more realistic bulk
bed (grain size distribution, bed thickness, etc.) and account for
both episodic (e.g. typhoon) and centennial/millennial time scale
(e.g. sea level rise and climate change) processes.
5. Conclusions and summary

We applied a Coupled Wave–Ocean–Sediment Transport Model
to simulate the Mekong shelf circulation and the transport and
dispersal of Mekong-derived fine sediments in 2005. Comparisons



Fig. 9. A zonation map of simulated riverine sediment budget based on four model simulations (Control Run, NTS, NWS, and NAS). The dash line indicates the position of

the delta front limit. Zone 1 (a and b) and Zone 2 (a and b) corresponds to the Zone 1 and Zone 2 in Xue et al. (2010b). In each case, the numbers outside and inside the

parenthesis are presented in the following order: the sum of sediment Class 1 and Class 2 (sediment Class 1, sediment Class 2), showing the percentages of remaining

seabed sediment on December 31, 2005.
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with limited observations showed that the coupled model
captured the spatial patterns and temporal variability of wave,
sea level, and suspended sediment concentration reasonably
well (Figs. 2 and 4). Significant seasonality in sediment trans-
port was revealed. In summer, a large amount of fluvial
sediment was delivered and deposited near the Mekong River
mouth (Figs. 5a and 8a). In the following winter, strong ocean
mixing and coastal current lead to resuspension and south-
westward dispersal of a small fraction of previously deposited
sediments (Figs. 6a, 9 and 10).

Three additional model sensitivity (with reduced physics)
experiments were performed to investigate the impact of respec-
tive factors (i.e. tides, waves, and remotely forced ambient
current) on the transport and dispersal of the fluvial sediment.
Our sensitivity simulations indicated that the sediment dynamics
of the modern MRD is jointly controlled by tides, waves, and
coastal circulation in the SCS. Once tidal forcing was withdrawn,
the cross-shelf transport was decreased, resulting in larger
alongshelf sediments transport from Zone 1a (86.1% compared
with 86.9% in control run) to Zone 2a (3.7% compared with 1.8% in
control run, Fig. 9). The shear stress for resuspension was mainly
induced by waves: once wave was excluded, more sediments
were deposited on the delta front by the end of simulation (91.8%
compared with 88.7% in control run). The southwestward along-
shelf sediment transport was reduced most significantly when
ambient current was withdrawn. In the NAS case 93.0% sediments
were retained on the delta front by the end of the simulation,
compared to 88.7% in the Control run.

While numerical modeling has a great ability to piece out
different processes in a complex dynamic system, most coastal
ocean modeling experiments (ours included) are relatively short
simulations, focusing on time scales from days to a year, thus the
long-term morphodynamical variability would still be difficult
to address from these short-term numerical modeling point of
views. The sediment model solutions are also sensitive to the
parameterizations of sediment characteristics. Because no in-situ
observations on the shelf bulk bed were available, our simulation
mainly focused on the fine river sediment load and the influence
on its transport by different hydrodynamic processes. The major-
ity of our parameterization followed a Po River modeling study by
Harris et al., (2008). The settling velocity of flocculated sediments
is based on a previous modeling study in the estuary area
(0.25 mm/s, Wolanski et al., 1998). We speculate that, as mud
flocs tend to break down in salty waters, the sediments on the
inner shelf could settle with a lower velocity, allowing more
sediments be transported southwestward. A more comprehensive
assessment of the Mekong shelf sediment budget will be possible
in the future when more information on deposition thickness,



Fig. 10. Spatially averaged conditions on delta front defined in Xue et al. (2010b). (a) Wave-orbital velocities, (b) bottom current speed (detided) (c) percentage of

suspended sediment concentration, and (d) percentage of sediment deposited on the seabed.
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grain sizes, and critical shear stress become available. These data
can be used in long-term coupled model simulations that can help
us to better understand sediment transport dynamics on daily to
millennial time scales.
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