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Abstract: Observation of the Hau River distributary of the Mekong River delta in Vietnam, conducted
in dry and flood season (2009, 2014, and 2015), is utilized to investigate the mechanism of formation,
distribution of estuarine turbidity maxima (ETM), and links with sediment transport in the system.
Additionally, 3D (three-dimensional) numerical models are applied to simulate the seasonal tidal
variation (flood and dry seasons) of the water and suspended sediment transport processes of the
Mekong River Delta. The 3D model, with a combination of hydrodynamic-wave and suspended
sediment transport, was set up and validated with measured data in the study area. The mechanism
that measures ETM is the process of suspended sediment from the river when it interacts with
seawater and speeds up the flocculation, combined with the asymmetry of the tidal current, which
will create the region with ETM by moving in/out with the tidal current’s ups and downs. As there is
surface flow velocity towards the sea, the bottom baroclinic flow has a decisive role in deposition
and erosion, and it causes the suspended sediment concentration (SSC) to be maximized. During the
flood season, the salt wedge near the river’s mouth, at the peak of the tide, pushes towards the sea’s
direction when there are ebbing tides, with a scope of about 20 km. In the dry season, there is estuary
disturbance as well; the salt wedge forms, but is relatively weak or does not exist, depending on the
time of the tide. The maximum turbidity zone in the flood season moves the subaqueous delta with
a scope of about 20 km and SSC of about 0.1 to 0.6 g L~!, whereas in the dry season, the seawater
has high salinity, and seaward SSC penetrates the estuaries to cause a disturbance and flocculation.
The penetration scope is up to 50 km and creates a water mass that has high SSC, from 0.2 to 0.7 g L1,
to run in/off by the tidal current’s ups and downs for several kilometers in the tidal phase.

Keywords: maximum turbidity zone; suspended sediment; sediment transport; estuarine and river
dynamics; Mekong; Hau river mouth; numerical models

1. Introduction

Estuarine turbidity maxima (ETMs) are zones of the interaction between a river and sea and are
characterized by higher suspended sediment concentrations (55Cs) than in the river and lower parts [1].
The ETM dynamic is focused on long-term deposition in the estuaries and tidal flats [1,2]. Because of the
strong interaction of marine water, tides, and river discharge, the mechanics of the formation of ETMs
are very complex and not easy to predict [1,3-8]. The important role of the gravitational circulation
and river flow are the main factors contributing to ETM formation [9-13]. Tidal resuspension is a key
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factor for creating high SSC concentration [6,7,14-18], and tidal asymmetry is another factor promote
ETM formation [8-11,19]. On the other hand, tidal current is enhanced in near-surface waters at ebbs
and is bottom-intensified during floods. The influence of vertical mixing may also be suppressed at
ebbs and enhanced during floods [1,20]. The location of ETMs depend on the interaction of seawater
and river water; they move to the upper river if there is weakened freshwater (in the dry season) and
move downriver when the river water is stronger, as in the wet season [21-25]. The changes in SSC
in ETM are rapid due to anthropogenic factors [8,26,27]. Therefore, the determination of the ETM
dynamic can help us to understand the behaviors of SSC in estuaries and tidal flats.

Hau River (the other name of the Bassac river) is one of two main rivers of the Mekong River
system, one of the largest river systems in the world in terms of both water discharge and sediment
flux [28]. Before the sea, Hau River splits mainly into the Tran De and Dinh An mouths (Figure 1).
This area is dominated by the tide, with a tidal range of up to 3 m in the spring tide and a strong
water river discharge in the flood season. Because of the strong interaction between freshwater and
seawater, the sediment dynamics of the Mekong distributaries have attracted the interest of many
researchers [29-31]. Based on the measurement data, Wolanski et al. [30,32] reported a conceptual
model of present-day sediment dynamics in the Bassac estuary (the southern main distributary of the
Mekong River), which was completed by Hein et al. [33]. Most of the sediment brought by the river
is deposited in the shallow coastal waters of depth <20 m (corresponding to the subaqueous delta)
in the wet season, while a net flux of particles occurs upstream in the estuary during the dry season.
Alongshore, numerical simulations by Hein et al. [33] have shown that deposition dominates over the
annual cycle, directly off the mouths of the Mekong branches, where erosion prevails throughout the
year in the shallow waters to the north and south (along the Cape), whereas erosion and deposition
alternate further offshore with the seasonal cycle.
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Figure 1. The Hau River systems. The colors present the water depth. The distribution of sand and
mud bed sediments at the mouth of Bassac Estuary based on Portcoast data from 2009. River water
discharge and suspended sediment concentration (SSC) measured in the period 2009-2015 at My Thuan
(Tien River) and Can Tho (Hau River), supplied by the Vietnam Center of Hydrometeorological Data.
The water level was measured during the 2009 low- and high-flow cruises. The location of the tide
gauge is indicated in Figure 2.
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Hau River mouth is known as a high deposition rate region among the Mekong estuaries. At the
Dinh An mouth, the deposit rate can reach up to 0.04-0.53 m/month (in the flood season) and about
0.15-0.3 m/month (in the dry season). As a result, sediment deposition has occurred not only in the
main channels but also created sandbars. To maintain the necessary depth channel for waterway
transport, a volume of sediment in the channels have to be dredged every year. Several studies
have targeted the sediment dynamics in the Hau River mouth [34], but few studies are based on
measured data and a 3D numerical model to survey ETM formation. This study is based on serial
data measurement (SSC, salinity, and current) at 12 in-situ stations in the flood and dry seasons at the
Hau River area, and a 3D numerical model aims to survey formatting and distribution of the estuarine
turbidity maximum in the Hau River mouth.

2. Regional Settings, Data, and Methods

2.1. Regional Setting

Hau River mouth belongs to the Mekong River delta (MRD; Figure 2) that progrades more than
250 km to the southeast [35-38]. During its development, the character of this region changed from
tide-dominated into a combination of wave- and tide-dominated, and its shape and the orientation of
the coastline have also changed through time [39]. This region is affected by semidiurnal tides and a
spring tidal range of about 3.5 m near the mouth [31,40]. The amplitudes of tide M2 and S2 are up
to 0.9 and 0.5 m, respectively, while diurnal tide K1 and O1 amplitudes are up to 0.7 m and 0.5 m,
respectively [41].

The total water discharge of the Mekong system river is about 500 km? year~!, of which 85% flows
in the flood season and 15% in the dry season [36,42]. Discharges at the Can Tho and My Thuan
stations are almost the same and vary between 25,000 m3 s7! in the flood season (September-October)
and a minimum in the dry season (January to April, typically 2000 m® s71) [31,43]. The suspended
sediments in the distributaries of the Mekong River delta are mostly composed of fine silt, with about
15% clay [30,32,44]. The suspended sediment flux to the coastal area is about 145 x 10° t year™!, and
the average sediment concentration in the river is about 60 mg L~L; in some cases, maximum values
can reach 500 mg L1 in the wet season [45].

On the Hau River, water river discharge is reduced by branching upstream, and seasonal variation
is diminished by the influence of the upstream flow [46,47]. The annual discharge of the Hau River
ranges from 5000 to 12,000 m® s™! at Can Tho Gauge Station (Figure 1). During high flow, freshwater
can extend to the mouth of the Dinh An, whereas during low flow, seawater has been observed to
penetrate about 50 km landward of the mouth [30,32,35,47].

106°10 106°20 106°30
N PeC |47
RoX3 4
CHINA® a o wde ADCPED
I~ < R\ s
VIETNAM “ \ . “ \
- Hanol J
TRAVINH |
N "‘,;"- = 3
NN A o S s T g J
e YA e Ny
1oz %
ADCP1D " oY >
. N v &
SOC TRANG \ .\ lf“?\f,\ ?).vz .=~ ADCP4D
% 2\ - "-C
.+, ADCPID ADCIG
S104, | ADCP3D 09
ADCP2C"* Jos 30
Rate o517+, ADCPIC
0km 10 20 sz,
T 3
'I’R.
Legend: w2 =
W sesiosizonnans  Suspended Sediment Concentration stations
« @ seswsizo204psSalinity and Current Stations 09°]
s = ooy
LV Water lever Stations
ZZ Avcriancre Discharg and Current Cross stations
ow ‘Wave Station
o
15 106"10° 106°20' 106°30° 106°40°

Figure 2. Cont.



Water 2020, 12, 2547

10°30'N

10° 0N

HO CHI MINH

ENTRE

BARIA-VUNG TAU

N (B

7"

4 0f 32

0
% TRAVINH TRAVINH
4/1‘

S

SOCTRANG,

® Y 1 §

Figure 2. Study location of Hau River mouth with locations of the river and sea boundaries of the
model. (a) Study stations and cross-section; (b) parent overall grid and (c) child grid.

The suspended sediment in the Mekong River delta, as well as Hau River, is not flocculated
in the freshwater region but is flocculated in the saline region. Mean floc size d5y was 82 um and
djo and dgg, respectively, 28 and 85 um [32]. These floc characteristics thus resembled those in
the high flow season; particle sizes in the Hau River are >50% fine silt and 15-20% clay [30,32].
Wolanski et al. [32] encountered salt wedge estuarine conditions where ebb flows were stronger than
floods—no along-channel SSC gradient was observed, no turbidity maximum was present, and the
river bed was mostly sandy in the high-flow period. They further found that deposition and erosion
dominated SSC variability, and the system exported sediment to the ocean.

SSC at the mouth varies temporally and vertically. SSC values were always in the range of
enhanced settling (SSC <1.2 g L™!) and never reached values (>5 g L™!) that would be typical of
hindered settling. Seaward of the Hau River mouth, SSC varies by order of magnitude between the
rainy southwest monsoon and windy northeast monsoon [48]. The total suspended sediment discharge
entering the delta is about 145 X 10° t year™!, and the average sediment concentration in the river is
about 0.06 g L~1; maximum values can reach 0.5 g L1 in the wet season [45].

According to Nowacki et al. [49], during high flow, instantaneous water discharge could reach
a maximum of more than 20,000 m3 s~! on the ebb tide and about —18,000 m? s~! on the flood tide,
whereas during low flow, the maximum discharge was about 20,000 m3 s71 on the ebb tide and
about —25,000 m® s~! on the flood tide. Put into the context of previous studies, Dinh An low-flow
discharge was less than 1200 m® s~! [30] during their low-flow study in April 1996 but was similar to
650 m> s~! [50] for a period in April 2005. The agreement with Nguyen et al. [51] for low-flow Dinh
An discharge did not extend to the full Hau River.

At Can Tho, typical SSC ranges from 10 to 60 mg L~!, whereas at the Dinh An mouth, greater
variations in SSC occur in estuarine waters of 0.05-0.25 g L1 [34]. However, near the salinity intrusion
limit, SSC also fluctuates vertically and in time [30]. The peak near-bottom SSC value was 1.4 g L7},
which is still in the range of enhanced settling. In the freshwater region, SSC values were measured in
the 0.1-0.2 g L™! range. Thus, the freshwater region was less turbid than the saline region of the estuary.
Suspended sediment, possibly deposited offshore during previous high-flow periods, was posited to
be transported landward by coastal waters [32]. Sediment is also reimported into the river [49].

2.2. Data

2.2.1. Measured Data

SSC, salinity, and current in the water column were measured on two cruises during the dry
season (9-12 April 2009) and flood season (22-24 August 2009) in the framework of the project of
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Waterway for Heavy-Tonnage Ships to Enter the Hau River at 9 in-situ stations (50, S10, S11, S12, D1,
D2, D3, D4, and D5; see Figure 2). The water samples for SSC were filtered on the ship and analyzed at
the laboratory. The water samples were collected using a Niskin bottle (1 L) at each station in depths of
0.2,0.4, 0.6, and 0.8 H and above the bottom (H is water depth at each station). All data at a station
were measured at the same time.

Six cross-sections were set up to measure flow velocity and water discharge, namely, section
ADCP1 in the Dinh An channel, sections ADCP2 and ADCP3 at the outer Dinh An channel, section
ADCP4 in the Dinh An River mouth, and sections ADCP5 and ADCP6 at the Cung Hau River mouth.
At each section, the acoustic doppler current profiler (ADCP) operated continuously for about 72 h
(one-hour intervals), with the length being 2400 m. Six vessels repeatedly traversed each cross-section
and completed a one-way pass in 15 min and at the same time for two seasons. In addition, two wave
stations were measured at W1 and W2 sites. Three water level stations were measured at LV1, LV2,
and LV3 sites (Figure 2).

Two surveys were performed on the subaqueous delta slope in the framework of the program
Cooperation in Science and Technology between Vietnam and the United States at 3 in-situ stations
(lasting 12 h for each station) in September 2014 (flood season) and April 2015 (dry season) [44].
Specifically, the location of the T1 station was on the top-set at a depth of 8 m, the T2 station was on the
fore-set at a depth of 15 m, and the T3 station was on the bottom-set at a depth of 22 m, with a distance
between the each station of about 2 km. At each station, velocity profiles were measured by a 600-kHz
ADCP configured for a 0.3-m bin size; depth profiles of water temperature, salinity, and turbidity were
measured by a Compact-CTD [44].

2.2.2. Data Used to Set up the Model

Bathymetry and coastline in the study area were taken from topography maps on the scale of
1:50,000 for the coastal zone and 1:25,000 for the estuary regions. The maps were published by the
Department of Survey and Mapping in 2004. Bathymetry offshore was extracted from GEBCO-1/8,
with 30 arc-second interval grids [52].

The bathymetry was supplemented with survey data supplied by Portcoast on 12 June 2009 for
Hau River, Dinh An mouth, and Tran De mouth, with scales of 1:500 and 1:10,000, and combined with
earlier data from elsewhere and C-map offshore data.

This study used the freshwater discharge and SSC measured during the period 20072015 by the
Vietnam Center of Hydrometeorological Data at My Thuan (Tien River) and Can Tho (upstream Hau
River), Nha Be, for setting the upriver boundary condition of the model. At Thi Vai River boundary,
due to the lack of a gauging station, we used the seasonally averaged river discharges and SSC from a
previous project [53] to set up the river boundary conditions in these rivers.

Sea level elevations measured at Tran De, My Thanh, Binh Dai, An Thuan, and Ben Trai stations
(Figure 1) supplied by the Vietnam Center of Hydrometeorological Data were used for model calibration
and validation.

Water temperature and salinity in the World Ocean Atlas [54], with 0.25 degree-grid resolution,
was used for the open-sea boundary transport condition. The meteorological data (wind and air
pressure at 10 m above sea surface at 00:00, 06:00, 12:00, and 18:00 every day) were taken from
Oceanweather (http://www.oceanweather.com/).

2.2.3. Data Processing

Sample volumes were measured and then samples were filtered through predried and
predesiccated 0.45-um nitrocellulose membrane filters. Filters were then redried and reweighed
to determine the change in mass. An ionizer was used during weighing to reduce errors related to static
effects. Mass concentrations were determined by dividing the change in filter mass by the total volume
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filtered. Weights were adjusted according to the apparent concentrations of filtered and distilled water

calibration samples.
Dry suspended sediment (mg)

SSC (mg/L) = )

Sample volume (L)

In which, Dry suspended sediment = Dry sample — Dry filter paper.
2.3. Model

2.3.1. Model Used

The MIKE 21/3 coupled model FM was used to simulate hydrodynamics and suspended sediment
transport in this study. This model was developed by DHI (the Danish Hydraulic Institute), which
includes both 2D and 3D modeling and coupled hydrodynamics, spectral wave, mud transport module,
and morphology with flexible mesh, combined by both triangle elements and quadrilateral elements.
The hydrodynamic module and the spectral wave module were used [55]. The hydrodynamic module
can be used to solve both three-dimensional and two-dimensional problems. In 3D, the model is based
on the numerical solution of the three-dimensional incompressible Reynolds-averaged Navier—Stokes
equations, invoking the assumptions of Boussinesq and hydrostatic pressure. Thus, the model consists
of continuity, momentum, temperature, salinity, and density equations and is closed by a turbulent
closure scheme. In 2D, the model is based on shallow-water equations and the depth-integrated
incompressible Reynolds-averaged Navier-Stokes equation [56].

2.3.2. Model Setup

The parent grid (overall grid) and child grid are created by the Mesh Generator tool in the Mike
model. The model grid is a flexible mesh combined with both triangle elements and quadrilateral
elements, with 15,000 elements (triangle and quadrilateral) and 15,000 nodes. The model frame covers
the region from coastal Vung Tau in the northeast part to near the Ganh Hao coastal area in the
southwest part (Figure 2), along circa 300 km in the northeast-southwest direction and 115 km in the
northwest-southeast direction. In the deep-water area, the horizontal grid size changes from 2000 to
3000 m. In the shallow water area, namely, the coastal zones, the horizontal grid size changes from
50 to 100 m and the long grid size changes from 200 to 3000 m. The child grid covers river mouths
and main river branches created by triangle and quadrilateral elements, with a high-resolution grid
(triangle and/or quadrilateral) and grid-size changes from 6 to 50 m.

The land boundary is the shoreline. The open ocean boundaries consist of North, East, and South.
The boundary water level database at the ocean boundaries of North, East, and South, which measured
sea level near the coast, was analyzed to determine the harmonic constants of eight tidal constituents
(M2, 52, K2, N2, 01, K1, P1, Q1). The tidal harmonic constants imposed offshore were extracted from
FES2014 [57,58]. The wave module was set up by coupling with hydrodynamics and mud transport.
At the open sea boundaries (North, East, and South boundaries), the boundary conditions were
specified for the boundary name, which was specified in the domain. The boundary wave database at
the open sea boundaries of North, East, and South was generated by the Global Wave model [59,60].
The values of water temperature and salinity were set to T = 28 °C and S = 34 psu.

The river boundaries consist of (1) the Mekong River at My Thuan Bridge, (2) the Bassac River at
Can Tho, (3) the Nha Be Port, and (4) the Thi Vai. Input data at Can Tho and My Thuan boundaries
include measured water discharge (Q), averaged SSC values through the cross-section at the My Thuan
bridge, and the cross-section at Can Tho bridge. Input data at Nha Be and Thi Vai were measured Z at
Nha Be station (Ho Chi Minh City) and averaged SSC values range from 0.04-0.14 g L~!. The averaged
water temperature and salinity were imposed at the river boundaries: in Can Tho and My Thuan,
T =275°Cand S = 0; in Nha Be, Thi Vai, and My Thanbh, salinity was measured every hour, varying
in time and constant along the boundary, with values, respectively, of T = 28 °C, S range 0-7 psu,
T =28 °C, Srange 10-24 psu, and T = 29 °C, S range 622 psu.
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The spatial distribution of roughness height coefficients, with values in the range 20-53 mm,
was used to set the bed resistance in this study and bed roughness with values in the range of
0.001-0.002 m [61,62]. The horizontal eddy viscosity considered the Smagorinsky formulation with a
constant value of 0.5. The vertical eddy viscosity specified k-¢ formulation, where the eddy viscosity is
determined as a function of the turbulent kinetic energy (TKE), k, and the dissipation of TKE, ¢. The two
additional transport equations must be solved for TKE and the dissipation of TKE [63]. The solution of
these equations is automatically invoked.

In the MRD, suspended sediment is fine sand/silt or cohesive, flocculating material.
Koehnken et al. [64] reported that 98% of the total suspended sediment load in Can Tho is silt
and clay. Grain sizes are coarser upstream and finer downstream [65]. The median grain sizes ds are
15 pm (upstream, near Can Tho) and 3.9 um in the downstream estuary [32,66]. In the dry season,
measured floc size was 30—40 pm, with about 20-40% of clay content in volume [30]. In the flood
season, the floc size was 40-125 um, with 20-30% clay content in volume [32]. Measured grain sizes
of noncohesive particles in the MRD coastal area range from 29 to 252 pm (mean of 113 um) in the
flood season (9/2013) and from 15 to 262 pm (mean of 103 pm) in the dry season (4/2014) [67]. Recently,
a study of sediment grain size in the Hau River [68] showed that median grain sizes range from 5 to
20 um. Therefore, the sediment grain size dsy was specified by spatial distribution, with values in the
range of 15-63 um used in our modeling.

The settling velocity of fine sediment plays an important role in sediment transport. It is enhanced
by high organic matter [69]. Flocculation of suspended sediment is dependent on organic matter
content and saline [70]. The variation of settling velocity with salinity, modeled by multiplying the
settling velocity with a factor, is C1 and C2, where C1 and C2 are calibration parameters and are,
by default, set to C1 = 0.5 and C2 = -0.33 [70].

The expression of Burt [71] is used for the variation of the settling velocity of flocs (ws) with saline
water (>5 ppt), expressed by ws = wyc? for ¢ < 10 kg/m?.

Flocculation is when the concentration of sediment is high enough for the sediment flocs to
influence each other’s settling velocity [56].

Ws = wo[ CfIOC ]y,' Ws = wo[ﬂ]y; wWs = wo[chindered]y (2)

Psediment Psediment Psediment

where w; is settling velocity of flocs (m/s); C is the volume concentration; C floc 18 the concentration at
which flocculation begins; Cyy,; is the total concentration of sediment; Cyj4ereq is the concentration at
which hindered settling begins; wy is settling velocity coefficients; y is the power constant (1 to 2); p is
the density of the grain material. The relation of ¢ < 10 kg m™ describes the flocculation of particles
based on particle collision. The higher concentration, the higher possibility of the particles flocculating.

For the cohesive sediments, a model for flow and sediment interaction is applied in the Mud
transport module in the approach of Krone [72]. In the Mud transport module, erosion can be described
in two ways depending upon whether the bed is dense and consolidated, following Partheniades’
formulation [73], or soft and partly consolidated, following Parchure and Mehtas’ formulation [74].
In this study, the erosion description is “soft mud” for Layer 1 and “hard mud” for Layer 2. For each
layer, the parameters required to simulate the cohesive sediment transport include critical bed shear
stresses for erosion (which is specified by spatial distribution, varying in the domain; 7., ranged from
0.1 to 0.3 Nm™2 for two layers), deposition (7.4 ranged from 0.06 to 0.08 Nm~2 for Layer 1 and 0.1 to
0.15 Nm~2 for Layer 2), and the particle settling velocity (ws) [75]. In addition, the density of the bed
layer, specified for each layer, is 180 kg m~3 for Layer 1 and 400 kg m~3 for Layer 2.

Fine sand fraction transport was included in the model and used Van Rijn’s formulation [76,77].
The sand transport formulations can be activated in the mud transport module in case a certain
percentage of the bed material is in the fine sand fraction between 63 and 125 um that may be
transported both in suspension and as bed load. The bottom-boundary layer calculation accounts for
the interaction of wave and current over a moveable bed [78-83].
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The model was set up and run for two different periods: the dry season (9-12 April 2009) and the
flood season (20-28 August 2009). The time step was set to 12 s.

2.3.3. Model Validation and Calibration

To calibrate and validate the model, the Nash—Sutcliffe efficiency coefficient E [84] number was
calculated for scenario simulation:

, - 2
N i i
i:l(xmodel - Xmeasurement)

E=1

®)

N (d -X §
i=1\’"‘measurement measurement

where X040 and Xineasurement are simulated and measured, respectively; i is the hourly time step; N is
the number of simulations.

The model MIKE 21/3 Couple FM, calibrated with the stability of the numerical scheme, should
be secure if the CFL (Courant-Friedrich-Levy) number is less than 1 for all modules. For the
Hydrodynamic module, the Courant-Friedrich-Levy (CFL) number for each grid element is defined
as (see [55,56])

A A A
CFLup = (\/g_h+IuI)Et( + <\/g_h+ |V|)Et( +|W|A—; <1 (4)

where h is the total water depth; u, v, and w are the velocity components in the x, y, and z directions,
respectively; g is the gravitational acceleration; Ax, Ay, and Az are the characteristic length scales in the
X-, y-, and z-directions, respectively, for an element and At is the time step interval. The characteristic
length scale, Ax and Ay, is approximated by the minimum edge length for each grid element, and the
water depth and velocity component are evaluated at the element center. Az is the thickness between
sigma layers.

For the transport equations (Salinity, SSC), the CFL number for each grid element is defined as
(see [56])

At At At
FLap = |ul— + [v|— = <1
CFLAD = Iul g + Vs + Wiz < )
For the wave module, the CFL number for each grid element is defined as
At

Cx&“‘r

At

c —‘—i—c At
yAy

“Ac

At
co—| <1 (6)

CFLgy = v

|+

where ¢y, ¢y, ¢5, and cg is the propagation velocity of a wave group in the four-dimensional phase space
X, y, 0, and 0; Ax and Ay are the characteristic length scale in the x- and y-directions for an element;
Ao and A0 are discrete intervals in the direction and frequency spaces; At is the time step interval.
To validate model calculation, water samples and water levels at hydrometeorological stations
of Hau, Co Chien, Ham Luong, and Cua Dai Rivers’ mouths were observed. The calibration and
validation of the model are illustrated in the supplementary material (Figures S1-56). After calibration
(a suitable value of At was selected to keep CFC less than 1), comparisons showed good agreement
between the model results and the measurements, with a Nash—Sutcliffe efficiency coefficient E between
0.8 and 0.9. Current velocity measured at the S11 station in the dry season (Figure S4a) and the flood
season (Figure 54b) were analyzed to provide U and V components, which were compared with
model simulations. The comparison showed an acceptable agreement between the model and the
measurements, with a Nash-Sutcliffe efficiency coefficient E of more than 0.7. For suspended sediment
and salinity calibration, simulated results were temporally and spatially compared to observed data.
To temporally calibrate SSC and salinity, the simulated results were compared to data collected at
S11 (Figure S3) and D4 (Figure S5) stations in the dry and flood seasons in front of the mouth of the
Hau River, also resulting in an acceptable E coefficient of 0.7. Spatially, we focused on a qualitative
comparison between the vertical distributions of observed and modeled sediment concentration
throughout the tidal cycle. In the Mekong River delta, the maximum tidal water level and tidal
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amplitude are increasing, while the tidal phase at the coast is decreasing. In addition, the maximum
water levels are rising faster than the sea level rise because the tides themselves are modified by the sea
level rise. This effect is particularly pronounced for semidiurnal tides and less so for diurnal tides [50].

3. Results
3.1. Temporal Distribution of Salinity, Velocity, and SSC

3.1.1. Station SO

In the dry season, there were salinity changes of 2—6 psu in the flood tide and high and ebb tides.
At low tide, salinity was approximately zero (Figure 3a). The velocity in flood and ebb tides could
reach a maximum at the surface and middle layers (120 cm s~!) and gradually decreased towards the
bottom layer (40 cm s~!). The direction of the current is southeastward at the ebb tide, and this was
upheld for about 8 h. Otherwise, the direction of the current is toward the northeast in the flood tide
for about 5 h (Figure 3c). SSC varied by 0.2-0.3 g L™! in ebb and flood tides and by about 0.1-0.2 g L™
in other tidal stages (Figure 3e).
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Figure 3. Time series plot of the distribution of salinity, currents (velocity, direction), and SSC at Station
50 in the dry season (9-12 April 2009) and flood season (22-25 August 2009): (a) salinity in the dry
season; (b) salinity in the flood season; (c) current in the dry season; (d) current in the flood season;
(e) SSC in the dry season; (f) SSC in the flood season.

In the flood season, very low salinity (<0.2 psu) was identified (Figure 3b). During the ebb tide,
the flow moved from northwest to southeast in about 8 h, with velocity changing from 80 to 100 cm
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s71, and gradually decreased from the surface to the near-bottom (60 cm s~!; Figure 3d); SSC was
fairly homogeneously varied by 0.2-0.35 g L~! (Figure 3f). In the flood tide, the flow moved inland,
with a direction from southeast to northwest, in about 5 h, the velocity changed from 40 to 60 cm g1
(sometimes reaching 70 cm s71). At the near-bottom, velocities changed around 20 cm s71 (Figure 3d).
At high tide, velocities were small (less than 20 cm s~1) and SSC was small as well (less than 0.1 g L1
(Figure 3f).

3.1.2. Station D2

During the dry season, instantaneous water discharge reached a maximum of range of 14,000 to
20,000 m3 s~! on the ebb tide and about —20,000 to —25,000 m? s~! on the flood tide, whereas during
flood season, the maximum discharge was about 25,000 m?3 s™1 on the ebb tide and about —14,000 to
—25,000 m3 s~! on the flood tide (Figure 4).

3 x10¢

=1

4/9/2009
Discharge (m* s')

Discharge (m* 1)

2

(b) —ADCP1 ~=ADCP2 ~=ADCP3

3@ —ADCP1 —+-ADCP2 —ADCP3

Figure 4. Variation of 74 h water discharge measured at ADCP1, ADCP2, and ADCP3 stations during
the dry season (9-12 April 2009) (a) and the flood season (22-25 August 2009) (b).

In the dry season, SSC varied by 0.5-0.7 g L1 (near-bottom) and 0.2-0.4 g L~ (in the above layers)
(Figure 5e). Salinity changed by 4-16 psu and could sometimes reach 18 psu (Figure 5a), a big variation
of salinity by tidal oscillation. Salinity changed by 12-16 psu during the first half of the flood tide,
high tide, and the end half of the ebb tide, whereas in other tidal phase stages, salinity changed by
4-12 psu.

The velocities changed in tidal phases (Figure 5c). In the ebb tide, they varied by 120-240 cm s~
in the above layers and 180-120 cm s~1 at the near-bottom. Same as the S0 station, the direction of
flow during the ebb tide was also southeastward (in about 8 h) and showed a stratification of flow
direction. During the flood tide, they were northwestward and showed a stratification between the
above layers and near-bottom layers. They were also higher in the middle layers (100-140 cm s71),
whereas at the near-surface and bottom, they changed by 100-140 cm s~!. At high and low tides, they
varied by 20-60 cm s71.

In the flood season, with a big river discharge (25,000 m3 s~1), velocities in the ebb tide were quite
significant in the above layer (180-280 cm s71) and the near-bottom layers (about 110-150 cm s7h),
and the flow direction was southeastward and occurred in about 8 h. In contrast, in the flood tide,
the flow direction was northwestward and almost uniform in the water column, and the velocities
were mostly changing from 60 to 80 cm s~ (middle of tidal stage phases) and 40 to 60 cm s™! (in other
tidal phases; Figure 5d).

The salt in the flood season in the survey metric series measured less than 3 psu. SSC’s time in the
flood season was evenly distributed during a tidal cycle (Figure 5f). In the phase of the tide and the first
three periods of the survey, SSC fluctuated between 0.2-0.3 g L™}, and in other periods, was smaller
and only ranged from 0.1-0.2 g L~!. At a footing position, SSC reached the value of 0.3-0.4 g L1
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Figure 5. Time series plot of the distribution of salinity, currents (velocity, direction), and SSC at Station
D2 in the dry season (9-12 April 2009) and the flood season (2225 August 2009): (a) salinity in the dry
season; (b) salinity in the flood season; (¢) current in the dry season; (d) current in the flood season;
(e) SSC in the dry season; (f) SSC in the flood season.

3.1.3. Station S11

In the dry season, water river discharges reached 14,000 to 21,000 m?3 s~! in the ebb tide, whereas
in the flood tide, they were from —18,000 to —20,000 m?3 s71 due to seawater moving inside the river.
During the flood season, the maximum discharge was about 30,000 m?3 s on the ebb tide and about
—14,000 to —20,000 m? s~! on the flood tide (Figure 4).

Flow velocities were weak in stratification and almost uniformed within the water column in
the dry season. They increased from the first flood tide part (20-40 cm s7?) to the last flood tide part
(60-80 cm s71), with flow direction towards the northwest. During the ebb tide, they were higher, with
prevalent southeastward direction, reaching 120-200 cm s~! (above layers) and 2040 cm s~! at the
near-bottom layer (Figure 6¢). In other tidal stages like the high tide or around low tide, flow velocities
varied by 1-30 cm 57!, with mostly no stratification. Salinity was quite high (12-20 psu) in the dry
season due to reduced river discharge. Salinity varied by 1620 psu at high tide and flood tide, whereas
in other tidal phases, it was about 12-16psu (Figure 6a). SSC changed by 0.3-0.4 g L™! (above layers)
and 0.4-0.7 g L™! (near-bottom layers) (Figure 6e). Those values were higher than the value inside the
river and the flood season as well. The higher SSC is explained by the erosion process that is caused by
high flow velocity.
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Figure 6. Time series plot of the distribution of salinity, currents (velocity, direction), and SSC at Station
511 in the dry season (9-12 April 2009) and the flood season (22-25 August 2009): (a) salinity in the dry
season; (b) salinity in the flood season; (c) current in the dry season; (d) current in the flood season;
(e) SSC in the dry season; (f) SSC in the flood season.

7

13

In the flood season, the flow velocities changed by 80-100 cm s~! (sometimes reaching 120 cm s~!)
at the above layers and 2040 cm s~! (near-bottom layers), with flow directions mostly towards the
northwest in the flood tide, whereas in the ebb tide, they increased from the first part of the tidal phase
(120-160 cm s71) to last tidal phase (180-280 cm s71) in the above layers and reached the maximum
values of 120-160 cm s~! at the near-bottom. During the ebb tide, they were mostly in the southeast.
In other tidal stages (high tide, low tide), they were small and had a gap of direction between the above
and lower layers (Figure 6d).

Salinity fluctuations in the flood season (Figure 6b) mainly ranged from 0-10 psu. In the edd
tide, the salinity reached 14 psu, whereas it fluctuated by 0-2 psu most of the flood tide. During ebb
tide, salinity was 3-6 psu for only 3 h. SSC (Figure 6f) tends to correlate with the tides. In the flood
tide, SSC reached 0.2-0.3 g L1 and it reached 0.4 g L1 a few times. At the hight tide, SSC was below
0.2 g L~1. At the base, SSC was the strongest and fluctuated between 0.5 and 0.8 g L1

3.1.4. Station S12

In the dry season, instantaneous water discharge reached a maximum of about 5000 m® s™! on

the ebb tide and about —10,000 m® s~! on the flood tide (Figure 4). In the flood tide, the biggest flow
velocity (about 120 cm s~!) occurred a few times during the ebb tide but only existed in the surface
layer. In the ebb tide, the flow velocities were mostly valued at the range of 40-70 cm s™! at the surface
layer and 20-40 cm s~! at the near-bottom. At the high and low tides, the stratification of velocity was
small; they were uniform in the water column with their fluctuation of 1-20 cm s7L. In the flood tide,
they ranged from 80 to 120 cm s~!in the water layer of 0-5 m (Figure 7c).
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Figure 7. Time series plot of the distribution of salinity, currents (velocity, direction), and SSC at Station
512 in the dry season (9-12 April 2009) and the flood season (2225 August 2009): (a) salinity in the dry
season; (b) salinity in the flood season; (c) current in the dry season; (d) current in the flood season;
(e) SSC in the dry season; (f) SSC in the flood season.

Salinity ranged from 18 to 22 psu in the whole water column in the ebb tide phase, the peak,
and the half-phase of the flood tide, in which it varied by 16-18 psu only at the time between the
high tide and the tidal leg. In general, during the 74 h measurement period, salinity always existed at
16-22 psu in the water layer of 0—4 m (Figure 7a). The SSC was not regulated (Figure 7e), with a value
of 0.4-0.7 g L~! but only 0.2-0.4 g L™! on the surface layer. A few times during the tide, SSC reached a
peak at the bottom layer when the flow velocities were 80-120 cm s~! in the whole water column. As a
result, sedimentation and erosion occurred.

During the flood season, the maximum discharge was about 10,000 m® s~! on both the ebb and
flood tides. The rate of water discharge in both tidal phases was equal in the water layer of 0-3 m,
but the flow rate during the flood phase was double the rate in the ebb phase, with the highest rate up
to 180 cm s~!, descending until 100 cm s~!. At the bottom layer, the flow velocities were quite uniform
with values of 20-40 cm s~!; at the beginning of the tide, the flow could reach 80 cm s~! and descended
from 40-60 cm s™! to 20-40 cm s™! on the bottom floor (Figure 6d). The flow had northwestern (rising)
and southwestern (withdrawal) orientations. At some point, it was possible to see the flow from the
opposite side going towards the opposite direction, showing the flow when the tide had not transferred
the state to the tide (Figure 7d).

SSC tends to correlate with the flow velocity. During the flood tide, at the bottom, SSC reached
0.5-0.8 g L™1. It might have caused a suspension through the influence of the large velocity flows.
In the ebb tide, SSC only ranged 0.3-0.5 g L~! (Figure 7f). However, overall, SSC had the measured
value rank of 0.3-0.8 g L.
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3.2. Tidal Variation of Salinity and SSC in a Long Channel

3.2.1. At High Tide

In the dry season, seawater penetrates deep into the river. At the station SO, salinity measured
0.1-4 psu. At station D2, the measured salinity was 16 psu, and the regions between SO and D2 had
a water block of 5-15 psu during the peak. In contrast, there was a water mass of salt from 16 to 20
psu in the regions between staions D2 to S10; the seawater that carries sediment from the sea had
expanded onto the shore and it repelled the freshwater masses from the river, causing the disturbance,
and provided energy to the stronger active salt wedge that was caused by the processes of erosion
and deposition. The region with a high amount of sediment was extended from station T1 to near the
station SO (SO, 5 km) and the peak value was found from station D2 to S11, with the salt wedge most
active in both the tide cycles.

During the hight tide, the salt wedge appeared in the regions between the stations SO and D2
but was unstable, and it continued to move down to the station D2 during the reign and survived the
sustainable salt wedge (Figure 8a, top panels). The modeled salt in the region between stations D2 and
512 was larger than the observed one (Figure 8a, bottom panels). However, the trend and position
of the salt wedges were quite similar to each other. Thus, the affected variation of salt and the salt
stratification in the dry season were quite large, followed by the process of erosion and the deposition
of stronger operations. Sediments originating from the sea have the opportunity to penetrate deep into
the estuary, causing disturbance, erosion, and deposition here. In the surface layer, SSC ranged from
0.1t0 0.2 g L™}, with the middle floor from 0.2 to 0.4 g L™!; the area exists in the largest turbidity in
the dry season episodes, from stations D3 to S12, with the value of 0.4-0.6 g L~! at the surface and
0.6-1 g L™! on the bottom floor (Figure 9¢, top panels). The modeled results were also similar to the
observed ones (Figure 9c, bottom panels). At stations T1 to T3, SSC was less than 0.02 g L1

During the flood season, large freshwater flows cornered the bottom of the river between stations
D2 and 510. The changing tide limited the flow of penetrating traffic; at the same time, the below-water
mass, with a salinity of 18 psu, entered the shore. In contrast, on the surface, the freshwater layer
persisted and, slowly moving, formed a salt wedge with a width of about 10 km, existing for about 5 h
until the peak of flow was reached. The salt at the wedge fluctuated between 4 to 8 psu (under a salt
wedge, 10-18 psu; on the salt wedge, 0-8 psu; see Figure 8b). At the time of the peak, SSC existed in a
chiseled area with high floating sediment, with a value of 0.4-0.8 g L™}; the highest SSC on the bottom
floor was between stations D2 and S12. At stations T1-T3, SSC was less than 0.02 g Lt (Figure 8d).

According to Wolanski et al. [32], SSC in the regions of stations SO-D2 varied by 0.15-0.3 g L™!.
SSC was deposited by the tide, moving the state, and suspended when the flow rate was more than
0.5 m s~!. There is no large perforated zone in the freshwater area from Can Tho to station D2 in rainy
season conditions. In addition, according to Nowacki et al. [49], at three cross-sections of the Hau
River area (the two sections in the regions of stations S0-D2 and the other section off station S0, about
10 km towards Can Tho), when the salt was at zero, SSC varied by 0.1-0.2 ¢ L™! and reached 0.4 g L~
at the bottom. Thus, at the time of the peak during the flood season, a salt wedge with a length of
about 20 km was formed; above the wedge, the salinity salts ranged 0-8 psu, and, below the wedge,
the salinity was 10-18 psu; SSC of the salt wedge was 0.4-0.8 g L~!. The suspended sediment was
deposited by the tide, strengthening the withdrawal state, and resuspended when the flow rate during
the withdrawal period increased.
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Figure 8. Along-channel salinity and SSC distribution at high tide: (a) salinity in the dry season;
(b) salinity in the flood season; (c) SSC in the dry season; (d) SSC in the flood season.
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Figure 9. Along-channel salinity and SSC distribution at low tide: (a) salinity in the dry season;
(b) salinity in the flood season; (c¢) SSC in the dry season; (d) SSC in the flood season.

3.2.2. At Low Tide

In the dry season, the saltwater mass of 15-20 psu persists in the regions of stations D2-512 during
the whole tidal cycle. The regions of salt changes and the forming salt wedge were located at stations
S0 to S10, with a distance of 35 km. The salinity ranged from 1 to 8 psu at stations S0-D2 and 9 to
14 psu at stations D2-510 (Figure 9a, top and bottom panels). As such, the impacts of salinity variation
and stratification are much more significant than in the flood season. The observed SSC varied by
0.1-0.3 g L~! at the surface layer and 0.4-0.8 g L~! in the lower layers (Figure 9c, bottom panels).
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During the flood season, the high river discharge and ebb tide flow, transporting freshwater to the
coastal area (the freshwater over station 512 was about 2 km in length), causes the start of river—sea
interactions. At stations S0-5S11, salinity was almost zero. A salinity of 2-25 psu was distributed
around stations 511 (bottom layer)-T2 (surface layers), which formed a salty wedge of 20 km (Figure 9c,
top and bottom panels).

In the river, SSC was derived from the coastal zone (station T1), both in the observed and modeled
results. The largest SSC was contributed by the bottom of stations S11 and S12. SSC was 0.4-0.8 g L™
at the bottom, 0.3-04 g L~! in the middle, and 0.1-0.2 g L' in the other layers.

3.3. Tidal Variation of Salinity and SSC

The spatial distribution of salt and SSC times at high and low tides in the dry and flood seasons is
calculated based on the 3D model. The model has been calibrated and validated based on the survey
data. The distribution results of the salt and SSC on the surface and bottom layers, over two seasons,
are shown in Figures 10 and 11.
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Figure 10. Spatial distribution of salinity (psu) and SSC (g L™!) at high tide; (a,b) salinity in the dry
and flood seasons in the surface layer; (c,d) SSC in the dry and flood seasons in the surface layer;
(e,f) salinity in the dry and flood seasons in the bottom layer; (g,h) SSC in the dry and flood seasons in
the bottom layer. Color scale is the same as in Figure 8.

108
107

106 \ %’/
105 \

(®)

104

10314

102
x 10* 62 x 10* 62 64 66 68 70

02 1
x 10% 62 70 x 10* 62

Figure 11. Cont.



Water 2020, 12, 2547 19 of 32

108

107

106 \
105

®

104

103

102
x 10* 62 64 66 68 70

//

02 / !
4 102
x 104 62 64 66 68 70 <10 62 o4 66 68 7

Figure 11. Spatial distribution of salinity (psu) and SSC (g L™!) at low tide; (a,b) salinity in the dry
and flood seasons in the surface layer; (c,d) SSC in the dry and flood seasons in the surface layer;
(e,f) salinity in the dry and flood seasons in the bottom layer; (g,h) SSC in the dry and flood seasons in
the bottom layer. Color scale is the same as in Figure 8.

3.3.1. High Tide

At the surface layer, seawater in the flood season can run to D2 station with a salinity of 4-19 psu.
Meanwhile, salinity was higher outside station 512 (2029 psu). The high salinity zones have been
compressed due to the strong freshwater from the river (Figure 10b). Otherwise, in the dry season,
salinity reached 20-29 psu at the surface and occurred over station D2. Seawater with a salinity
of 4-19 psu appeared at station SO (Figure 10a). With a small SSC in the dry season and seawater
invading the river mouth, this formats the salt wedge and ETMs with a length of 50 km from station SO
(Figure 10c). Compared to the observed data, the modeled results were more valuable; the peak of
salinity could be 20-29 psu at the surface (and over station D2 as well). The lower salinity (2-19 psu)
zone invaded station D2 and about 50 km inside the river (Figure 10a). An ETM of about 50 km,
with SSC varying 0.2-0.4 g L7!, existed in the regions; the largest in the positions between stations
D2-512 (approx. 5 km) had the modeled SSC 0of 0.1-0.2 g Lt (Figure 10c).

At the bottom layer, seawater penetrated for longer into the river, with a salinity of 20-29 psu at
station 510, whereas the water with a salinity of 4-19 psu penetrated about 5 km, very close to station
D2 (Figure 10f). This phenomenon caused strong stratified salt; the seawater of the middle layers
invaded for longer inside the river than at the surface, forming the salt wedge and facilitating the SSC
aggregation and deposition. This trend was also evident in the middle layers during the dry season:
seawater with a salinity of 8-20 psu penetrated over station SO and seawater of 29 psu appeared at the
estuary, close to station D2 (Figure 10e). During the flood season, SSC was varied from 0.6 to 0.8 g L™
at station S11 and was about 5 km from station D2 (Figure 10h). In the dry season, SSC (0.5-0.7 g L)
was widely distributed between stations S0O-D2 and station S12 (Figure 10g). The SSC distribution
outside the continent tends to go inland, whereas the flood season tends to be the opposite. For the
middle layer, SSC in the flood season was higher than in the dry season in the area of stations S11-512
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but was less than in the dry season in the regions of stations S0-D2. SSC was 0.3-0.6 g L™ in the
estuary and less than 0.02 g L~! outside the river mouth [44].

3.3.2. Low Tide

At the surface layer, the highest SSC during the flood season reached 0.5 g L~! and was gathered in
the estuaries area. The high-value SSC range was concentrated at depths of 5 m towards the mouth of
the river. Otherwise, SSC rarely exceeded 0.02 g L~! (Figure 11d) [44]. SSC varied strongly depending
on the tidal oscillation. The large tidal amplitude and high river water flow causes a relatively strong
tidal velocity at the time of the tide and strongly impacts the transport of SSC offshore. In addition,
the seawater was pushed out outside station S10 and the regions with a salinity of 2-20 psu were
distributed around 15 km toward the shore. The water layer with a salinity of 8-27 psu was pushed
far beyond the ridge (Figure 11b). In the dry season, the small river discharge (less than 1/3 in the
flood season) and maximum tidal amplitude (over 4.2 m) facilitates the seawater penetration of the
estuary (Figure 11a). The limitation of river discharge caused a significant decline in SSC in the dry
season compared to the flood season. The modeled SSC was 0.2-0.3 g L™}, and the largest was 0.4 g L~}
(Figure 11c).

The salt stratigraphy and the invading seawater show in the bottom layer. This forms the salt
wedge during this tidal phase. The water with a salinity of 8-22 psu had penetrated the estuary at
station 510, about 10 km off (Figure 11f). Meanwhile, in the dry season, seawater with a salinity
of 22 psu penetrated the estuary to station D2 (Figure 11le). In the river, the seawater (5-15 psu)
predominated and penetrated station S0. The simulation results of SSC in the bottom layer were much
higher than in the middle and surface layers. The value was up to 0.8 g L™! and located in the estuary.
The causes of the high SSC at the bottom layer were (1) sea-river interaction, as forming the salt wedge
facilitates the aggregating and settling down process [49], (2) the process of motivation in areas eroded
the bottom to promote the resuspension of the sedimentary bottom, which contribute to the formation
of large areas of perforated water [30,44]. During the dry season, when the tide descends, the salt
wedge persisted in regions 50 km long, resulting in an advantage for sediment and deposition in
stratification conditions. In addition, the influence of hydrodynamic processes such as wave actions
on the tidal current in the bottom layer causes erosion and bottom sedimentary. This phenomenon
increases SSC (0.4-0.8 g L™1), although it would be lower than in the flood season (Figure 11g,h).

4. Discussion

4.1. Time Series of the Distribution of Salinity and SSC at Stations Over the Year

The 3D numerical models with a combination of hydrodynamics (wave and suspended sediment
transport) were applied to simulate the seasonal present-day interannual variation of water and
suspended sediment transport processes (flood and dry seasons over the year in 2009) in the Mekong
Delta. Comparisons with limited observations showed that the three-dimensional coupled model
captured the spatial patterns and temporal variability of water elevation, current components, salinity,
and SSC reasonably well.

The temporal distribution of SSC in the months of 2009 was analyzed at stations S0, D2, S11,
512, and T1 (Figure 12). At station SO, no salinity or salt wedge was present during the measurement
and simulation processes (one year, Figure 13). The SSC value at the surface and middle layers was
0.2-0.3 g L~! and reached 0.35 g L ™! near the bed in the dry season (from January to July; Figure 12),
which was somewhat lower than the estimation of Wolanski et al. [30,32] and Nowacki et al. [49].
During the flood season (from July to November), SSC at the surface and middle layers were the
greatest, with 0.5 ¢ L™!, and ranged 0.5-0.6 g L~! near the bed, which was somewhat similar to the
estimate from the data collection of Wolanski et al. [32] and Nowacki et al. [49].

In contrast to station SO, the salty wedge was present during the dry season (November to June)
at station D2. The flow velocity was greater than at station S0. Salinity ranged between 4 and 12 psu
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(Figure 14), and SSC was 0.2-0.4 g L™! in the surface layer and 0.3-0.6 g L™! in the middle layer and
near the bed (Figure 12). During the flood season (July to November), no salinity was present at this
station (Figure 14). Flow velocity was strongest, and SSC was 0.3-0.5 g L™! at the surface and middle
layers and near the bed; SSC reached 0.6 g L™! during the strongest flow (Figure 12). SSC outside the
salt wedge, correlated with flow velocity, was higher on ebb tides [49]. Monthly surface SSCs from
satellite data were higher in July to March (sometimes exceeding 0.1 g L™1); this was related to the
sources from the inland during the flood season and resuspension during the northeast monsoon [40].
The greatest SSC was measured at the areas located in between the shoreline and the seaward limit of
the subaqueous delta, with greater values occurring near-bed [85].

At stations S11, 512, and T1, the distribution of salinity (Figures 15-17) indicates the minimum
SSC in the surface layer over the year was 0.1-0.2 g L™! (Figure 12, top panels), which is somewhat
similar the estimation of Loisel et al. [40]. The SSC magnitudes and patterns provide valuable insight
into sediment delivery pathways. During the high-discharge season, plume SSC was less than those
measured in the river (at Can Tho) and Dinh An mouth [34]; SSC reached 1 g L~! near the bed at station
S12 and the largest SSC (>1 g L™!) was at station S11 during the strongest bed shear velocity, whereas
SSC at station T1 (near the fore-set) was less than 0.3 g L1 (Figure 12, bottom panels). All these stations
are on the shallow clinoform; the Mekong clinoform is distinguished among large river deltas in that
the transition between the broad, flat top-set and the steeper fore-set lies at a depth of only 4-6 m [44].
In high runoff, sediment settles from the flume and the ebb current helps deliver it to the fore-set,
whereas return flow under the plume might limit subsequent seaward dispersal. In low runoff, flood
current and dominant landward current limit cross-shelf dispersal, and sediment is resuspended by
waves and currents [44]. The shallow depth (<5 m) of the subaqueous delta top-set [86] suggests that
even moderate waves could resuspend sediment there. Thus, on the shallow clinoform, sediment is not
only stored on the top-set during the high discharge season but also generally retained on the top-set
during low discharge season. This effect was observed in the Dinh An river in April, the low-discharge
season [30,34,49].
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Figure 12. Time series of the distribution of SSC (g L‘l) at stations S0, D2, S11, S12, and T1. Surface
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Figure 14. Time series of the distribution of salinity (psu) at station D2.
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Figure 17. Time series of the distribution of salinity (psu) at station T1.
4.2. General Patterns of ETMs at Hau River Mouth

Based on the measured data, Wolanski et al. [30,32] proposed a conceptual model of the seasonal
variation of pathways of fine sediment in the Mekong River delta. Sediment is discharged during the
previous flood season, deposited on the shelf, and is transported back into the river mouth during the
next dry season. The net sediment flux in the flood season causes most of the sediment deposits in
the shallow coastal water (<20 km off the coast), approximately the seaward boundary in the region
of freshwater influence [33]. Otherwise, in the dry season, under the influences of stronger wind
and waves, sediment would be transported back to the estuary and deposited inside of the river
mouth. The maximum turbidity zones were established inside the estuary in the dry season [32]. In
the Mekong River delta, SSCs were mainly expected to be transported as wash load within the river
flow. SSC from the river exceeds 0.2 g L™!; the free settling regime and low settling velocity, arrival
into the river mouths, the combined effects of the saline gradient, and the tidal mixing of fluvial and
oceanic waters enhance flocculation and induce water stratification [29].

In this study, the regions were identified and the results were analyzed from the 74 h of continuous
data (measuring 5 floors at the same time) at the time of the peak and tidal footing during the dry
season (9-12 April 2009) and the flood season (22-25 August 2009) at stations S0, D2, S11, 512, and
T1. One cross-section of stations S0-T3, passing through D2, S11, S12, T1, and T2, was reflected upon.
The modeled and observed SSCs in this cross-section were analyzed monthly in the surface and bottom
layers (Figures 18 and 19). Two main origins were proposed to explain the mechanism of forming
estuarine turbidity maximum in the Hau River mouth.
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The first mechanism involves the process of suspended sediment from the river when interacting
with seawater, speeding up the flocculation. When combined with the asymmetry of the tidal current,
this could create the region with ETM moving in/out with the tidal current going up and down,
and when surface flow velocity goes towards the sea, the bottom baroclinic flow has a decisive role
in deposition/erosion, causing the maximum SSC. During the flood season, the salt wedge near the
river mouth, at the peak of the tide, would be pushing towards the direction of sea when the tides ebb,
with a scope of 20 km (Figure 20, bottom panels). In the dry season, there is estuary disturbance as
well, with a salt wedge forming, but this is relatively weak or does not exist, depending on the time of
the tide (Figure 20, top panels).
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Figure 20. Conceptual model of the estuarine turbidity maximum in the Hau river mouth: dry season
(top panels) and flood season (bottom panels).

The second mechanism is related to the dynamic controls on shallow clinoform in the Mekong
Delta; SSC fluctuates under the influence of flow velocities and tides. When the tidal currents are high
in the river mouth and subaqueous delta, SSC increases and then decreases from the near-bottom to
the surface. This transporting trend is the deposition process of the tide due to the shift from ebb to
flood phases or conversely, and then being resuspended when the flow velocity increases during the
tidal phase. The trend of tidal currents from the ebb tidal phase to the rising tidal phase occurs very
fast, whereas the change between the two tidal phases takes 3 h. It leads to an asymmetry of the tidal
ellipses and causes sediment transport from the subaqueous delta platform (top-set) into the Hau River
mouth. In the flood season, sediment from the river is transported to the sea (30 km from the mouth of
the river) and is limited by the flood tidal flow that goes subsequently seaward and deposition on the
subaqueous delta, transported northward. During the dry season, sediment beds in the subaqueous
delta (top-set) are resuspended and transported landward to dominant estuaries [44].



Water 2020, 12, 2547 28 of 32

5. Conclusions

By applying MIKE 21/3 coupled model FM to simulate the tidal, seasonal, and interannual
variations of the water and suspended sediment transport processes in the Mekong River delta,
the results demonstrate that the salt wedges in the Hau River mouth exist year-round, but their position
and length vary depending on the hydrographic season, tidal phase, and the strong change in space
and time. In the flood season, their length is short, about 15 to 25 km, and the longest is in the
ebb-tidal phase, and the shortest is in the flood-tide distributed from the estuary to the subaqueous
delta. In contrast, in the dry season, their length is about 50 km in the ebb-tidal phase, and it reduces in
the flood tide. In addition, ETM in the mouth of the Hau River exists year-round and is maintained
due to the barocline effect of salinity and the sedimentation in the brackish water. The ETM position is
almost the same as salt wedges in both spatial and temporal terms. Due to the impacts of waves and
tidal currents, SSCs in the dry season are higher than in the rainy season, and forming ETMs in the dry
season is on a large scale than in the flood season.

The interaction of river dynamics and the fluctuations of water levels form deposition areas
at estuaries, and the hydrodynamic conditions in the subaqueous delta are affected by sediment
transport, which rules erosion-deposition. The accumulation of sediment in the subaqueous delta,
submerged in the flood season, is only temporary when there is a large supply of sediment from the
continental [32,33]. In the dry season, under the influence of dynamic processes in the condition of
sediment deficiency, sediment redistribution takes place, forming the characteristics of the bottom
variation [30,44].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/9/2547/
s1. Figure S1: Comparison between simulations and measurements of the water elevation in flood season
(15-30 September 2009). (a) Tran De (Hau river mouth); (b) Ben Trai (Co Chien river mouth); (c) An Thuan
(Ham Luong river mouth); (d) Binh Dai (Cua Dai river mouth). Figure S2: Comparison between simulations and
measurements of the discharge in flood season (1628 September 2009) at Dinh An, Co Chien, Ham Luong and
Cua Dai river mouths. Figure S3: Comparison between simulations and measurements of the SSC at S12 station in
the surface, middle and bottom layers. (a) dry season (9-12 April 2009); (b) flood season (22-25 August 2009).
Figure S4: Comparison between simulations and measurements of the current components at S11 station in flood
season (20-28 August 2009). (a) surface layer; (b) bottom layer. Figure S5: Comparison between simulations and
measurements of the salinity at D4 station in the surface and bottom layers. (a) dry season (9-12 April 2009);
(b) flood season (22-25 August 2009). Figure S6. Comparison between simulations and measurements of the
current components at S12 station in dry season (9-12 April 2009). (a) surface layer; (b) bottom layer.
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