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Abstract: The hydro- and morphodynamic processes within the Vietnamese Mekong Delta are heavily
impacted by human activity, which in turn affects the livelihood of millions of people. The main
drivers that could impact future developments within the delta are local stressors like hydropower
development and sand mining, but also global challenges like climate change and relative sea
level rise. Within this study, a hydro-morphodynamic model was developed, which focused on a
stretch of the Tien River and was nested into a well-calibrated model of the delta’s hydrodynamics.
Multiple scenarios were developed in order to assess the projected impacts of the different drivers
on the river’s morphodynamics. Simulations were carried out for a baseline scenario (2000-2010)
and for a set of plausible scenarios for a future period (2050-2060). The results for the baseline
scenario indicate that the Tien River is already subject to substantial erosion under present-day
conditions. For the future period, hydropower development has the highest impact on the local
erosion and deposition budget, thus amplifying erosional processes, followed by an increase in sand
mining activity and climate change-related variations in discharge. The results also indicate that
relative sea level rise only has a minimal impact on the local morphodynamics of this river stretch,
while erosional tendencies are slowed by a complete prohibition of sand mining activity. In the future,
an unfavourable combination of drivers could increase the local imbalance between erosion and
deposition by up to 89%, while the bed level could be incised by an additional 146%.

Keywords: Mekong; numerical modelling; climate change; sea level rise; dam impacts; sand mining;
river morphology

1. Introduction

The Vietnamese Mekong Delta (VMD), which is home to approximately 18 million people, is essential
to the food security of Southeast Asia. Due to a mean delta elevation of 0.8 m [1], the low-lying delta is
particularly vulnerable to direct human intervention such as hydropower dam operation [2,3] and sand
mining [4-6] as well as global challenges like climate change-induced relative sea level rise (RSLR) [1,7,8].

Recently, the construction and operation of hydropower infrastructure within the Mekong River
Basin (MRB) has led to a significant reduction of sediment supply to the delta region. At the beginning
of this century, approximately 35 to 45Mt/yr of sediment, which represents approximately 25 to
32% of the total basin-wide sediment load, was trapped within the MRB caused by the operation of
hydropower dams [9]. As of September 2017, 44 hydropower dams were under construction within the
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MRB, with 212 additional dams having been commissioned [10]. Should all dams be built, the sediment
supply to the South China Sea could be reduced by more than —95% [2,3]. In addition to a reduction
in sediment supply, the construction and operation of hydropower dams within the MRB alter the
monsoon-driven hydrological regime [11-14] and hinder fish migration [15].

Another important driver of changes in the local sediment supply and the morphological evolution
of the Mekong River is unsustainable sand mining, which has recently gained attention within the
scientific community [4-6,16,17]. Current estimates of sand extraction within the VMD are of the
order of 7.7 to 28.0 M m? /yr [4-6,16], equivalent to 14.3 to 52.1 M t/yr (assuming a dry density of
1.86t/m?). Recent findings indicate that annual volumes of sand extraction could be even higher
due to informal mining activity [6]. Impacts on hydrology, sediment transport, biodiversity and
groundwater levels have been reported [18-20], indicating the manifold consequences of sand mining
on the local environment. The sediment starvation within the VMD, resulting from the cumulative
effects of hydropower infrastructure and sand mining, has also led to riverbank erosion [21,22],
recessing coastlines [23-25] and the loss of coastal vegetation [26].

The local impacts of human activity are aggravated by global challenges like climate change and
relative sea level rise (RSLR). Climate change is expected to alter the hydrology of the Mekong River,
though the possible range of impacts on the river’s flow regime is highly uncertain [27,28]. RSLR
describes the cumulative effects of eustatic sea level rise, i.e., variations in the volume of the global
oceans, and vertical motions of land with respect to the sea-surface. Local rates of eustatic sea level rise
in the waters off the VMD are approximately 2 to 4 mm/yr [29], while average rates of land subsidence
are of the order of 11 to 16 mm/yr [30,31]. Delta aggradation rates of around 0.3 to 1.8 mm/yr [32] are
therefore too small to counter the effects of RSLR. Accordingly, the flood hazard is significant as up to
41% of the delta’s area would be below the sea level in case of a RSLR of 0.5m [1]. An increase in RSLR
will also alter the flow regime and sediment dynamics within the VMD [3,11]. Furthermore, higher sea
levels will move the salinity intrusion within the Mekong’s channels further upstream [33].

The main objective of this study is to investigate the impacts of different drivers on future
morphodynamic changes within the VMD, based on a set of reasonable scenarios of likely human
activity and global changes. The effects of hydropower dam operation, sand mining, climate change
and RSLR on the bed level evolution of the Mekong River are examined in detail. For this purpose,
a high-resolution numerical model, which covers approximately 18 km of the Tien River branch,
was set up. Nested into a large-scale delta model [3,32], the Tien River model gives insights into the
relationships between the local sediment transport as well as hydro- and morphological processes.
The model enables the quantifying of local morphological changes for possible future pathways of delta
development, thus providing new and valuable information for strategic planning within the VMD.

2. Materials and Methods

2.1. Regional Setting

The Mekong River has a length of approximately 4900 km. Along its course from the source on
the Tibetan Plateau to the river mouth at the South China Sea, the Mekong River crosses six countries
(China, Myanmar, Thailand, Laos, Cambodia and Vietnam). The Western North Pacific and Indian
monsoon lead to a pronounced wet season (June—October) within the MRB. Sediment transport and
morphodynamic processes within the VMD are dominated by the amplified hydrodynamic forcing
during the wet season [34,35]. Within the delta region, the Mekong River is divided into two main
branches: the Tien River and Hau River.

This study focuses on a stretch of approximately 18 km of the Tien River branch, which was
surveyed during the dry and wet season of 2018 [6] and provided valuable datasets for the set-up
and validation of a high-resolution numerical model of the river’s hydro- and morphodynamics.
The study area is located between the city of Sa Dec and the bifurcation spot of the Tien River and
the Co Chien River near Vinh Long (see Figure1). Tides within the area exhibit a mixed, mainly
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semi-diurnal character. Due to the interaction of tides and riverine discharge, currents within the
study area are bidirectional, i.e., directed upstream during high tide and downstream during low tide.
During the wet season, the monsoon-induced amplification in riverine discharge leads to currents
being almost exclusively directed towards the ocean. Within the study area, water levels, discharges
and suspended sediment concentrations (SSCs) are continuously measured at the hydrological station
of My Thuan. Monthly mean discharges vary between approximately 1800 to 13,400 m3/s [35].
The annual sediment flux of about 21.3 M t/yr [35] is dominated by cohesive sediments, with sand
only contributing approximately 3.8 M t/yr [36]. Bed load transport only marginally contributes to the
total sediment flux (<1%) [6]. Bed aggregates within the study area mainly consist of fine to medium
sands [6,37]. Mud content increases towards shallow areas with low flow velocities, while coarser
bed aggregates are found at locations where deep scour holes have formed. The morphological
activity within the investigated Tien River section is known to be high. Recent findings indicate that
hydropower dam operation and sand mining have triggered bank erosion and the incision of the
river’s channel in recent years [6].
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Figure 1. Location of the study area within the Vietnamese Mekong Delta (VMD). (a) Map of the VMD.
Red box indicates the location of the study area, which is shown in more detail in panel (b). (b) Model
domain, including bathymetry as well as positions of riverbanks, acoustic Doppler current profiler
(ADCP) transects and sand mining sites MS01 to MS03. Riverbanks were extracted from historical
Landsat-7 imagery using the modified normalised difference water index (MNDWI) [38]. Landsat-7
images courtesy of the United States Geological Survey (USGS), downloaded from the USGS EROS
Centre (https:/ /earthexplorer.usgs.gov). Sand mining sites were separated from the surrounding
bathymetry using the approach in [6]. Blue box indicates river section between river kilometre marker
(RKM) 8 to 11, which is shown in more detail in panel (c). (c) Detailed view of model domain between
RKM 8 to 11.
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2.2. Measured Data

To acquire datasets for the set-up and validation of a hydro-morphodynamic model of the study
area, field surveys were conducted during the dry and wet seasons of 2018. Vessel-based surveys were
carried out from 24 April to 19 May and 24 September to 10 October 2018, respectively. The bathymetry
was surveyed via a multibeam echosounder (MBES) of type Reson SeaBat 7125 AUV, resulting in a
high-resolution digital elevation model (DEM) of the river bed with a cell size of 1 X 1 m. Bathymetry
data was later merged with an existing light detection and ranging (LiDAR) DEM of local topography
data with a resolution of 5 x 5m, which was provided by the Ministry of Natural Resources and
Environment, Vietnam (MONRE). The local Hon Dau vertical datum was used as a height reference
system. Water levels were measured via OTT Hydrolab HL4 multiparameter probes (CTDs) near the
cities of Vinh Long and Sa Dec. Furthermore, an ADCP (Teledyne Workhorse Rio Grande 600 kHz)
was used to monitor flow velocities and discharges along predefined transects. After the completion
of the surveys, continuous measurements of water levels and discharges for the whole year of 2018,
which were measured at the hydrological station of My Thuan, were provided by the Southern
Regional Hydro-Meteorological Center, Viethnam (SRHMC). In order to also gain insight into the local
bed aggregates, exemplary bed sediment samples were taken to derive grain-size distributions.

2.3. Model Set-Up

Using the software Delft3D [39], a numerical model of Tien River hydro-morphodynamics was
set up to investigate the evolution of the local morphology. Based on a finite difference scheme,
Delft3D solves the Reynolds-averaged Navier—-Stokes equations on a staggered grid. A detailed
description of the used formulations and implementation can be found in [39,40].

The domain of the numerical model has a horizontal grid resolution of approximately 25 x 50 m
and covers a stretch of the Tien River of approximately 18 km. Bathymetry and topography data were
interpolated onto the numerical grid. Closed model boundaries were implemented around 100 m
landward from the current land-water interface, which was extracted from Landsat satellite images
using the MNDWI [38]. Open boundaries were defined near the city of Sa Dec, downstream of the My
Thuan bridge and at the confluence of the Mekong River with the Lap Vo Canal. Smaller distributaries
within the model domain were neglected due to their low discharge. Due to the location of the open
boundaries, the spatial extent of the model is slightly smaller than the study area described in [6].
Observed water levels and discharges were used to generate Riemann boundaries as hydrodynamic
forcing along the open boundaries. For the model validation, observations from the 2018 dry and wet
season were used as input, while hydrodynamic forcing was extracted from a quasi-2D hydrodynamic
model of the whole VMD [3,32] for scenario simulations.

The majority of bed sediment samples revealed median grain diameters D5 in the range of 150 to
300 pm, in agreement with previous studies [37]. Larger particle sizes were only found in the vicinity
of deep scour holes with maximum depths of up to 50 m, which have formed within the meandering
riverbends. Thus, two representative sand fractions S1 (275 pm) and 52 (175 um) were chosen for
simulations. Sediment transport of sand fractions was modelled with the van Rijn TR2004 equation [41].
Due to the fine nature of suspended sediments within the Mekong River [42,43], an additional cohesive
sediment fraction M1 (<63 pm) was used. The Partheniades—Krone formulations [44,45] were applied
for the simulation of cohesive sediments. In order to make deposition a function of concentration
and settling velocity [46], the critical shear stress for deposition 7.4 was set to 1000 N/m?. Being in
agreement with the works in [47-49], the critical shear stress for erosion Tcre was set to 0.2 N/ m?2. Based
on previous numerical studies of the Mekong River, the settling velocity for fresh water w, f was chosen
to be 0.05 mm /s [47-50]. According to Stokes’ Law, this settling velocity corresponds to a median grain
diameter of approximately 7 um. The settling velocity for saline water could be neglected, as salinity
does not intrude into the study area. The constant erosion rate M was set to 2 x 107> kg/(m?s).
For validation runs, equilibrium concentrations were used to reconstruct sediment input along the
open boundaries. Measurements of sediment concentrations per fraction were unavailable for the full
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duration of these runs. For scenario simulations, SSCs for all fractions were specified as boundary
forcing. Therefore, SSCs for the mud fraction were directly extracted from a large-scale delta model for
all scenarios [3,32]. For the baseline scenario, equilibrium concentrations of sand fractions were first
stored along the boundaries. Based on these equilibrium concentrations, relative changes in the SSCs
of the sand fractions for all scenarios were applied equivalent to relative changes in the mud fraction.

The bottom roughness within the river channel was specified by using spatially varying Manning
(n) coefficients. Using the river’s geometry and bed sediment samples as input, the application of the
Brownlie bed roughness predictor [51] led to Manning coefficients in the range of 0.016 to 0.028s/m!/3.
Based on previous findings [11], the bottom roughness for floodplains, i.e., areas above the mean water

level, was set to 0.035s/m!/3.

2.4. Bed Layer Model

Due to the limited number of available samples of bed aggregates, a bed composition generation
(BCG) run [52] was needed to generate a coherent initial bed sediment distribution for morphodynamic
simulations. At the beginning of the BCG run, the three sediment fractions (51, S2 and M1) were
uniformly distributed across the whole model domain. To generate an initial bed sediment distribution
in agreement with the start of the wet season, representative boundary conditions for the end of the dry
season (April to May 2018) were used as model forcing. The simulation was run with a morphological
acceleration factor fyorpac [53,54] of 100. Bed level updates were switched-off, thus only enabling
a redistribution of the available sediment fractions for the fixed present-day bathymetry. When the
sediment distribution in the bed remained nearly constant, a stable condition was reached. For this
stable state, the amount of each fraction in the upper bed layer was extracted. The results of the BCG
run are in good agreement with analysed bed sediment samples for the 2018 dry season (see Figure 2),
showing the validity of the BCG approach for this study.

Ensuing morphodynamic runs with bed updating were carried out with a stratified bed layer
model [52],i.e., an active transport layer on top of a limited number of buffering underlayers. The active
layer is supplied with sediment from the underlayers in case of erosion, while sediment is stored in
the underlayers in case of deposition. Correspondingly, the active layer, which defines the bed level,
will rise or fall. Following the recommended approach of scaling the thickness of the active layer to the
height of local bedforms [55], the transport layer thickness was chosen to be 0.75 m, being in agreement
with dune heights within the study area. Additionally, 25 underlayers with a respective thickness of
1m were implemented in the model, according to the local availability of deltaic sediments [17,56].
The sediment distribution for all layers was based on the results of the BCG run.

To prevent unrealistic channel incision, the transverse bed slope parameter («},,,) was set to 50.
To include the effect of bank erosion within the Delft3D model, the factor 6.4 was set to 0.5. Thus, dry
cells along the land-water interface will be assigned 50% of the erosion of adjacent wet cells.

2.5. Model Validation

Simulations were initially run in three-dimensional configuration with 20 vertical sigma layers
to validate the hydrodynamics within the model. The simulation results for this configuration were
compared to measured ADCP profiles. Velocities were measured along transects A-B, C-D and E-F
(see Figure 1) at different times during the 2018 dry season. Simulated and measured velocities were
evaluated according to the relative error vector (REV) [57] to quantify the performance of the model.
The REV is calculated as follows:

_ <\/(”meas — Ugalc)? + (Vmeas — Vcalc)?)
REV'= <\/<umeas + Umeas)2> M

where 1,1 and v, are the simulated flow velocities in horizontal x- and y-direction, while #meas and
Umeas are the corresponding measured flow velocities. Angle brackets indicate the spatial averaging

of mentioned parameters. A perfect model has a REV of 0. Table 1 provides a classification of model
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performance with a REV >0. According to the obtained REV values in the range between 0.19 to
0.37, the simulated flow velocities during low tide show good agreement compared to measurements
(Figure 3). Similar model quality is also observed during high tide, with REV values of the order
of 0.15 to 0.33 (Figure4). Thus, the overall model performance for hydrodynamic simulations is
considered good.

Median grain-size, D, [1m]
<25 50 75 100 125 150 175 200 225

Dy [um]
100 200

T
(e)7]

T T T 3 T L* T T T

W\\%—# ) ”~ 5_\\

YRR . - & :

N ’ﬂ\
Seer® WGS84-UTABN \

1.138

© . -
‘(2. L Rlve:rbank (2017/01/29) Eaisting [105 m] Il Observation -
- W Sediment samples Northing [10° m] Il Simulation
| 1 I | I | I I 1
o
T T T =/
Medium sand (S7)
© (Dg, =275um)
b o
- 1 (&)
_/A 2
© R = - @©
oL S e
- —_— i b
| | (b) o
T T T
Fine sand (S2)
49
2 (Dg, =175pm) ©

1.136

40 50
Sediment fraction in bed layer [%]

o
@
@
2]
he o
- N
o
g -
-
-
o

5.84 5.86 5.88 5.90 5.92 5.94 5.96 5.98 6.00

Figure 2. Bed sediment distribution at the end of the bed composition generation (BCG) run, including
positions of riverbanks and selected bed sediment samples. Riverbanks were extracted from historical
Landsat-7 imagery using the MNDWTI [38]. Landsat-7 images courtesy of the USGS, downloaded from
the USGS EROS Centre (https:/ /earthexplorer.usgs.gov). (a) Median grain-size within the upper bed
layer at the end of the BCG run. (b) Amount of sediment fraction S1 (medium sand) in the upper bed
layer at the end of the BCG run. (c) Amount of fraction S2 (fine sand) in the upper bed layer at the
end of the BCG run. (d) Amount of fraction M1 (mud) in the upper bed layer at the end of the BCG
run. (e) Comparison of median grain-sizes between the numerical model and selected bed sediment
samples. Locations of the samples are shown in panel (a).
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Figure 3. Comparison of measured and simulated currents along ADCP transects A-B, C-D and
E-F during low tide for selected times of the 2018 dry season. (a) Measured flow velocities along
transect A-B for 15 May 2018, 02:56 AM (UTC). (b) Simulated flow velocities along transect A-B
and corresponding REV value for 15 May 2018, 02:56 AM (UTC). (c) Measured flow velocities along
transect C-D for 18 May 2018, 04:06 AM (UTC). (d) Simulated flow velocities along transect C-D
and corresponding REV value for 18 May 2018, 04:06 AM (UTC). (e) Measured flow velocities along
transect E-F for 18 May 2018, 04:51 AM (UTC). (f) Simulated flow velocities along transect E-F and
corresponding REV value for 18 May 2018, 04:51 AM (UTC). Negative velocities indicate flows in
upstream direction, while positive velocities indicate flows in downstream direction.

As two- and three-dimensional simulations showed negligible differences in morphological
changes, the model was run in depth-averaged mode for morphodynamic simulations. To assess the
model performance for morphodynamic simulations, the adjusted Brier skill score (BSSp) [58] was
used. The BSSp assesses anomalies in the model prediction and in measurements as follows:

((B—X)%) — (¥ = X)?)
((B—X)?) —2(¢?)

where B is the initial bathymetry at the start of a simulation, Y is the predicted bathymetry at the end of

BSSp =

)

a simulation, X is the corresponding measured bathymetry at the same time and ¢ is the measurement
error. Due to the accuracy of the performed MBES measurements, a measurement error of 0.10 m was
used for the calculation of the BSSp. The classification for the BSSp is shown in Table 1. In order to
quantify the model quality for morphodynamic processes, the evolution of the sand mining sites MS01
to MS03 (see Figure 1) was simulated from 10 May to 10 October 2018. In contrast to other sand mining
sites within the study area, these locations were surveyed in detail during both the 2018 dry and wet
season, thus enabling the comparison of their observed morphological evolution to model results.
According to BSSp values of 0.62 and 0.44 (see Figure 5c¢,f), the model performance can be considered
good for reproducing the refilling process at mining sites MS01 and MS02. Based on a BSSp of 0.06
(see Figure 5i), the model shows poor performance simulating the morphological evolution of mining
site MS03. However, the model performance for this location is likely affected by neglecting dredging
activity during the model validation, as information about the operation of dredgers between May to
October 2018 was lacking. The measured validation data indicates that continuous dredging activity



Water 2020, 12, 2204 8 of 21

was disturbing the refilling process at mining site MS03, leading to discrepancies between model
results and observations. Accordingly, the overall model performance for morphodynamic processes
is also considered good.

Table 1. Error classification for relative error vector (REV) and adjusted Brier skill score (BSSp)
according to the works in [57,58].

Classification REV BSSp
Excellent <0.20 0.80-1.00
Good 0.20-0.40 0.30-0.80
Reasonable 0.40-0.70  0.15-0.30
Poor 0.70-1.00  0.00-0.15
Bad >1.00 <0.00
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Figure 4. Comparison of measured and simulated currents along ADCP transects A-B, C-D and
E-F during high tide for selected times of the 2018 dry season. (a) Measured flow velocities along
transect A-B for 15 May 2018, 10:24 AM (UTC). (b) Simulated flow velocities along transect A-B
and corresponding REV value for 15 May 2018, 10:24 AM (UTC). (c) Measured flow velocities along
transect C-D for 17 May 2018, 11:52 PM (UTC). (d) Simulated flow velocities along transect C-D
and corresponding REV value for 17 May 2018, 11:52 PM (UTC). (e) Measured flow velocities along
transect E-F for 18 May 2018, 00:20 AM (UTC). (f) Simulated flow velocities along transect E-F and
corresponding REV value for 18 May 2018, 00:20 AM (UTC). Negative velocities indicate flows in
upstream direction, while positive velocities indicate flows in downstream direction.
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Figure 5. Comparison of measured and simulated morphological evolution at mining sites MS01 to
MS03 from May to October 2018, including exact positions of these sand mining sites. Sand mining sites
were separated from the surrounding bathymetry using the approach in [6]. (a) Measured bathymetry
at mining site M S01 in early May 2018. (b) Observed morphological evolution at mining site MS01 from
May to October 2018. (c) Simulated morphological evolution at mining site MS01 from May to October
2018 and corresponding BSSp value. (d) Measured bathymetry at mining site MS02 in early May 2018.
(e) Observed morphological evolution at mining site MS02 from May to October 2018. (f) Simulated
morphological evolution at mining site MS02 from May to October 2018 and corresponding BSSp
value. (g) Measured bathymetry at mining site MS03 in early May 2018. (h) Observed morphological
evolution at mining site MS03 from May to October 2018. (i) Simulated morphological evolution at
mining site MS03 from May to October 2018 and corresponding BSSp value.

2.6. Scenario Development

To assess the impact of plausible developments within the VMD on the morphodynamic processes
within the Tien River, a baseline scenario and 23 future scenarios for local human activity and challenges
on the global scale have been defined. The future scenarios are based on the combination of four different
drivers and include variations in sediment supply and discharge caused by hydropower infrastructure
(D), sand mining activity (M), variations in discharge associated with climate change (Q) and RSLR
(5). It must be noted that two separate drivers were chosen to investigate the overall impact of climate
change. Driver Q describes the climate change impact in the MRB and the associated effects on discharge
and sediment flux at Kratie (Cambodia). Driver S describes the impact of climate change-related RSLR,
which affects the lower boundary of the delta at the South China Sea. For all scenarios, hydrodynamic
boundary conditions and time-series of SSCs were extracted along the open boundaries of the Delft3D
model from a well-established quasi-2D hydrodynamic model of the whole delta [3,32]. The baseline
period (2000-2010) was used as a reference, while the period 2050-2060 was used for the future scenarios.
Applying the hydrograph shape with the highest probability within the VMD (see in [3] for details),
simulations concentrated on the wet season between 16 July to 10 December. Additionally, different
dredging strategies were directly applied to the bed level of the validated Tien River model.
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For the future period, only the upper bound of a plausible range of changes was investigated for
drivers D, Q and S, while a lower and upper bound were defined for sand mining. The upper bounds
for D, Q and S were chosen in accordance with the work in [3]. The choice of upper bounds highlights
maximum possible changes and ensures that the dominant drivers for the future morphological
evolution of the study area can clearly be identified. Furthermore, the effects of the interaction of
multiple drivers are amplified. The additional lower bound for sand mining highlights a possible
future pathway that could help to mitigate the impacts of other drivers.

To analyse the impacts of hydropower development, both the discharge and sediment load were
adapted for the upstream boundary of the delta model, which is located at Kratie. An upper bound
for plausible changes in sediment load was defined by rescaling the maximum trapping efficiency of
hydropower dams from [2] to the baseline period, resulting in a reduction of SSCs by approximately
—95%. The upper bound of changes in the hydrograph was directly taken from [27], based on the
assumption of 136 hydropower dams being operational within the MRB.

In order to investigate the impact of sand mining, different volumes of sand extraction were
used for the baseline and future scenarios. For the baseline scenario, the recently observed volume
of annual local sand mining activity by [6] was directly transferred to the domain of the Tien River
model. Due to the slightly smaller study area, this resulted in a total extraction volume of 3.59 Mm?3 /yr.
In accordance with the work in [6], this volume was distributed proportionally across all sand mining
sites, which were identified during the 2018 dry and wet season (see Figure 6). Estimates of recent
sand mining activity within the VMD indicate that extracted volumes have tripled or even quadrupled
in recent decades [6,16]. As the impact of sand mining has gained more attention lately, even leading
to the complete prohibition in some provinces, a similar increase of this magnitude seems unrealistic
for the future period. Thus, a sand mining volume of 7.18 M m? /yr was defined as the upper bound,
representing a doubling of present-day extraction rates (scenario M,). A complete prohibition of sand
mining activity was used as lower bound (scenario M_).

To estimate the impact of climate change within the MRB, the hydrograph at the upstream
boundary of the delta model was modified. For this driver, the upper bound by the authors of [27]
was used. Within that study, average surface temperatures and monthly total precipitations from
five general circulation models (GCMs) were used as input for a hydrological model of the MRB,
while considering two different emission scenarios (IPCC SRES Alb and B1). Changes in discharge
were mainly driven by the precipitations projected by the different GCMs.

In order to assess the impact of RSLR, the water level was increased by 0.63m along the
downstream boundary of the delta model, representing the upper end of local RSLR projections
for the period 2046-2065. This upper limit combines the effects of deltaic aggradation and subsidence
as well as eustatic sea level rise. Table 2 shows the notations, which are used for the different drivers.
Additionally, the relative changes in discharge and SSCs at the open boundaries of the Tien River
model as well as variations in the extraction volume, which are associated with the different drivers,
are also summarised. The notation of the scenarios is a combination of the individual driver notation
listed in Table 2.

Table 2. Notations used for single drivers and associated relative changes in discharges (Qpc), sediment
concentrations (SSCspc) and sand extraction volumes (VEyy, ). Discharges and sediment concentrations
were calculated along the model’s boundaries by averaging hourly values over the duration of the
simulation period. Percentages indicate changes in relation to the baseline scenario.

Drivers Notation Qsc SSCsgc VExtr.
Baseline - 12,577m3/s 1485g/m3 3.59Mm?3/yr
Hydropower dams D —8% —95% 0%
Increase in sand mining M, 0% 0% +100%
Decrease in sand mining M_ 0% 0% —100%
Climate change Q +22% +12% 0%

RSLR S —5% —2% 0%
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Figure 6. Pattern of cumulative erosion (red) and deposition (blue) at the end of the baseline
scenario, including positions of riverbanks, the river’s thalweg, implemented sand mining sites
and hydraulic structures. Riverbanks were extracted from historical Landsat-7 imagery using the
MNDWI [38]. Landsat-7 images courtesy of the USGS, downloaded from the USGS EROS Centre
(https:/ /earthexplorer.usgs.gov). Sand mining sites were separated from the surrounding bathymetry
using the approach in [6].

3. Results

In order to quantify the impacts of different drivers shown in Table 2 on the morphology of the
study area, the resulting erosion and deposition patterns, tendencies of bed level incision and balances
between erosion and deposition volumes were analysed in relation to the baseline scenario. Erosion and
deposition patterns can be directly used to illustrate the formation and migration of riverine channels,
test the effectiveness of hydraulic structures or to identify erosion-prone areas (e.g., riverbank erosion).
In order to show how different scenarios amplify channel deepening, relative bed level changes were
averaged across each cross section of the numerical model and subsequently projected onto a virtual
RKM system (see Figure 1). Bed level changes, which are associated with the implementation of sand
mining sites, were included in this calculation. To quantify the balance between erosion and deposition
for all scenarios, the domain-wide volumes for erosion and deposition were calculated at the end of a
simulation. Sand mining volumes were included in this calculation. For each scenario, the balance
between erosion and deposition is given by the ratio of erosion volume to deposition volume (Rero/dep)-
To gain better understanding of the results, the baseline scenario is presented first, followed by the
impacts of single drivers and the cumulative impacts of multiple drivers.

3.1. Baseline Scenario

At the end of the baseline scenario, approximately 49% of the study area is subject to erosion,
while 41% of the domain represents deposition (Figure 6). Areas with absolute bed level changes of
less than £ 0.05 m were deemed insignificant and thus excluded from this calculation. At the end of
the baseline period, the mean bed level changes are of the order of —0.13 m, illustrating a gradual
incision of the river’s channel. This is in agreement with the domain-wide erosion volume (7.20 M m?)
exceeding the deposition volume (4.60 Mm?) by a factor of 1.57, indicating that the focus area can
generally be characterised as an erosional environment. Deposition occurs near the river’s thalweg,
with sediment being transported from shallower to deeper parts of the channel. In addition, the pattern
displays the deposition of sediments in the vicinity of submerged groynes, which were installed in
recent years to prevent continuous erosion of riverbanks [6]. High morphological activity can also be
observed near the location of the My Thuan Bridge, where scouring processes have formed a deep
pool. Furthermore, it becomes apparent that the refilling process at sand mining sites is hindered by
continuous dredging activity, which was implemented for the baseline scenario.
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3.2. Impact of Hydropower Development (Scenario D)

Figures 7 and 8 show how single drivers impact the erosion and deposition patterns in relation
to the baseline scenario. Compared to the baseline, additional cumulative erosion represents areas
experiencing more erosion as well as areas with less deposition. Equivalently, additional cumulative
deposition combines areas that show less erosion or more deposition in relation to the baseline scenario.
Hydropower development and the associated reduction of sediment supply and flood discharge lead
to additional erosion within 58% of the study area, against only 9% of additional deposition and
around 33% of insignificant bed level changes (Figure 7a). Additional erosion is prominent near the
riverbanks, likely caused by a lack in the supply of fine sediments that normally would be deposited
there. The tendency of bed level incision is amplified almost everywhere within the focus area for
this scenario. In relation to the baseline scenario, the mean relative bed level changes are of the order
of —0.08 m, equivalent to bed level incision increasing by approximately 62% (Figure 9). Moreover,
the imbalance between erosion and deposition volumes within the study area also increases by around
43% (Rero/dep, D =2.25), caused by changes in the erosion and deposition volumes by 5% and —27%,
respectively (Figure 10). It becomes apparent that these changes are non-proportional to a reduction
of sediment supply by —95%, which was implemented as input along the open boundaries for this
scenario. This illustrates how the morphological evolution of the river is only partly governed by the
upstream and downstream supply of sediment. Local conditions like the availability of sediments along
the riverbed, their mobilisation and redistribution also play a significant role in the morphological
processes within the domain. Furthermore, the hydropower development also decreases the flood
discharge during the wet season (see Table 2). The altered hydrodynamics reduce the flow velocities
and bed shear stresses, leading to less pronounced bed level changes.

3.3. Impact of Sand Mining (Scenarios M, and M_)

Compared to the baseline scenario, a doubling of the local sand extraction volume leads to
additional erosion within 9% of the study area, while only 1% of the river experiences additional
deposition (Figure 8a). As expected, the variability in bed level changes is highest between RKM 7 to
15, corresponding to locations where sand mining activity was implemented. On average, the bed
level incision exceeds the baseline scenario by —0.07 m, which is equivalent to an increase in channel
deepening by approximately 54% (Figure 9). For this scenario, the total erosion volume increases by
16%, while the deposition volume is reduced by —6%, thus amplifying the prevailing imbalance in the
local sediment budget (Rero/dep, M, =1.93) (Figure 10). Inverse to an increase in sand mining activity,
with a complete prohibition of local sand mining activity, 1% of the study area exhibits additional
erosion, against 9% of additional deposition (Figure 8b). This scenario clearly has a positive effect
on the local morphology, as illustrated by a mean rise of the bed level by around 0.07 m, therefore
decreasing channel incision by approximately —54% (Figure 9). Simultaneously, the ratio of erosion and
deposition volumes reduces to a value of 1.23, accompanied by a decrease in erosion volume by —11%
and an increase in deposition volume by 13% (Figure 10). However, bed level changes are insignificant
within most of the domain (~90%) for this upper and lower bound of future sand extraction. Changes
in the erosion and deposition patterns are negligible a couple of kilometres upstream and downstream
from locations of sand mining activity. For both scenarios, the sum of relative changes in the erosion
and deposition volumes is of the same order as the respective changes in the amount of sand mining.
This implies that sand mining does not necessarily cause regional losses of sediment beyond extracted
volumes, but triggers a redistribution of local sediments in the vicinity of sand mining locations.
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Figure 7. Patterns of additional cumulative erosion (red) and deposition (blue) in relation to the
baseline scenario, including positions of riverbanks, the river’s thalweg, implemented sand mining
sites and hydraulic structures. Riverbanks were extracted from historical Landsat-7 imagery using
the MNDWI [38]. Landsat-7 images courtesy of the USGS, downloaded from the USGS EROS Centre
(https:/ /earthexplorer.usgs.gov). Sand mining sites were separated from the surrounding bathymetry
using the approach in [6]. (a) Impact of hydropower development (scenario D) on the erosion and
deposition pattern. (b) Impact of climate change-related increase in discharge (scenario Q) on the
erosion and deposition pattern. (c¢) Impact of RSLR (scenario S) on the erosion and deposition pattern.
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Figure 8. Patterns of additional cumulative erosion (red) and deposition (blue) in relation to the
baseline scenario, including positions of riverbanks, the river’s thalweg, implemented sand mining
sites and hydraulic structures. Riverbanks were extracted from historical Landsat-7 imagery using
the MNDWI [38]. Landsat-7 images courtesy of the USGS, downloaded from the USGS EROS Centre
(https:/ /earthexplorer.usgs.gov). Sand mining sites were separated from the surrounding bathymetry
using the approach in [6]. (a) Impact of increased sand mining activity (scenario M, ) on the erosion
and deposition pattern. (b) Impact of decreased sand mining activity (scenario M_) on the erosion and
deposition pattern.
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Figure 9. Mean bed level changes in relation to the baseline scenario. (a) Cross-sectional averages of
bed level changes along the RKM system (see Figure 1a), indicating river sections of additional erosion
(red) and deposition (blue) in relation to the baseline scenario. (b) Domain-wide averages of bed level
changes in relation to the baseline scenario. Scenarios were sorted according to impact (from most
additional deposition to most additional erosion). The notation of the scenarios is a combination of the
individual driver notation listed in Table 2.
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Figure 10. Domain-wide changes in total erosion and deposition volumes in relation to the baseline
scenario as well as ratios between erosion and deposition volumes. Scenarios were sorted according to
impact (from lowest to highest imbalance between erosion and deposition volumes). The notation of
the scenarios is a combination of the individual driver notation listed in Table 2.

3.4. Impact of Climate Change (Scenario Q)

A climate change-induced increase in discharge leads to additional erosion for 49% of the study
area, against 23% of additional deposition and approximately 25% of insignificant changes in relation
to the baseline scenario (Figure 7b). Compared to other single drivers, this scenario shows the highest
variability in bed level changes. The transport of sediment from shallower to deeper parts of the
channel is amplified, likely leading to a gradual meandering of the river’s channel. Bed level changes
are particularly prominent near RKM 0 and 14, where deep scour holes have formed. Additionally,
the refilling at sand mining locations is clearly accelerated for this scenario. On average, the bed level
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incision is increased by approximately 31%, which equals a mean bed level change of —0.04 m (Figure 9).
In relation to the baseline scenario, the imbalance between erosion and deposition volumes is even
slightly reduced (Rero/dep, @ = 1.48) (Figure 10). A rise in the erosion volume by 45% is accompanied by
an increase in deposition volume by 54%. Observed morphological changes relative to the baseline
scenario are associated with an altered hydrodynamic forcing. The increased discharge induces higher
flow velocities and bed shear stresses, thus mobilising and transporting more sediment from the
riverbed. However, as indicated by the reduced imbalance of the local sediment budget, the amplified
erosion is compensated by higher sediment supply from upstream (see Table 2) and a locally confined
redistribution of sediments.

3.5. Impact of Sea Level Rise (Scenario S)

For the RSLR scenario, 19% of the study area exhibits additional erosion, against 33% of additional
deposition and approximately 48% of insignificant changes (Figure 7c). Additional erosion mainly
occurs near the riverbanks, while additional deposition mostly affects the central part of the river’s
channel. Sections of amplified channel deepening and sections of additional deposition are nearly in
balance (Figure 9). In relation to the baseline scenario, the bed level even rises by 0.01 m on average,
equivalent to a decrease in channel deepening by around —8%. The impact of RSLR on the ratio
of erosion and deposition volumes within the study area is only minimal (Rero/dep,s =1.58), as the
erosion and deposition volumes are simultaneously reduced by —8% (Figure 10). Areas, which were
barely elevated above the mean water level during the baseline scenario, are more frequently or
even permanently inundated during the RSLR scenario. Those additional areas of shallow water
likely favour the local settling of mud. Nevertheless, the overall transport of sediment is reduced in
comparison to the baseline scenario (Table 2). Higher water levels due to RSLR decrease the local flow
velocities and bed shear stresses in a similar manner as the hydropower impact scenario.

3.6. Cumulative Impacts of Multiple Drivers in Developed Scenarios

Across all scenarios, the incision patterns are very irregular. Compared to the baseline scenario,
mean relative bed level changes vary between 0.08 and —0.19 m (Figure 9). The cumulative impact
of multiple drivers can significantly exceed the impact of single drivers. The largest channel incision
is associated with a combination of the impacts of hydropower development, a doubling of sand
mining activity and a climate change-related increase in discharge (scenario DM, Q). For this scenario,
the channel deepening is increased by up to 146%. The total erosion volume across all scenarios
varies between 5.78 and 11.87 M m3, while the deposition volume varies between 2.83 and 7.82M m3.
Even though some scenarios reduce the imbalance between erosion and deposition, none of the
scenarios lead to a balanced environment, i.e., a ratio of Rero/dep ~ 1. In relation to the baseline scenario,
the imbalance between erosion and deposition volume is increased by up to 89% (Rero/dep, DM, s =2.97)
in the case that the impacts of hydropower development, increased sand mining and RSLR are
combined (scenario DM..S) (Figure 10). This scenario is associated with an increase in erosion volume
by 17%, accompanied by a decrease in deposition volume by —38%. It must be highlighted that the sum
of changes in the erosion and deposition volumes for this scenario exceeds the cumulative volumetric
changes of the involved single drivers. Caused by the interaction of multiple drivers, nonlinear
processes likely amplify the impact on the local morphology. Furthermore, it becomes apparent that a
complete prohibition of sand mining activity can counterbalance the impact of other drivers such as
hydropower development (see scenarios D and DM _), indicated by a significantly lower imbalance
between the respective erosion and deposition volumes (Rero/dep, D =2-25 and Rero/dep, pM_ = 1.71).

4. Discussion

In this study, the impacts of different scenarios with an inherent set and combination of
drivers on the future morphological development of the VMD were quantified, exemplified by an
18 km stretch of the Tien River. Drivers included reductions in sediment supply and discharge
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associated with hydropower development, sand mining activity, a climate change-related increase
in discharge and RSLR. While existing numerical studies on the impacts of future scenarios on the
VMD mainly concentrate on the river’s future sediment dynamics [3,49], hydrology [11,27,59] and
salinity intrusion [33,60,61], only recently has the response of the river’s morphology gained attention
within the scientific community [49]. Previous findings mainly concentrated on long-term erosion and
deposition patterns within the estuaries and coastal zone of the VMD, neglecting impacts of climate
change and RSLR, thus only focusing on three future scenarios [49]. In contrast, a high-resolution
Delft3D model of the Tien River was used within this study to investigate a total of 23 possible future
scenarios, including the impacts of climate change and RSLR. Besides erosion and deposition patterns,
the results highlight tendencies for additional bed level incision and changes in the local erosion and
deposition volumes. The findings in this study thus expand the existing knowledge in many aspects.

Based on boundary forcing for the baseline period, a mean bed level incision of approximately
—0.13m was observed. This simulation only focused on the wet season, as the local sediment
transport is an order of magnitude higher during the wet season [6,35], compared to the dry season.
Morphodynamic processes within the area are therefore mainly driven by the increased hydrodynamic
forcing and sediment transport during the wet season. Accordingly, disregarding the dry season
should only have a minimal impact on the overall results in general and on the actual rates of annual
bed level incision in particular. This result is in good agreement with previous findings indicating
a channel deepening of —0.13 to —0.50m/yr [16,62]. Most investigated scenarios will increase the
imbalance between the local erosion and deposition volumes, thus amplifying the trend of channel
incision. Results show that hydropower development is the main driver for future erosional processes,
followed by sand mining. This is in agreement with recent observations, which have linked rapid
present-day bed level changes within the VMD mainly to the construction and operation of hydropower
dams [16,62] and sand mining [5,6,16,17]. Furthermore, the results also indicate that drivers such
as hydropower development can not only lead to significant morphological changes on the scale of
decades [49], but also on a much smaller time scale (<1 year).

The possible consequences of these findings on the environment within the VMD are far-reaching.
Bed level incision within the VMD was recently directly linked to salinity intrusion and an amplification
of the tidal signal [16] as well as riverbank erosion [6,17]. Furthermore, river deepening is also known
to trigger the import of mud into estuarine channels [63]. An increasing imbalance in the sediment
budget of the Mekong River will also likely accelerate existing coastal erosion [23-25] and the loss of
mangrove forests [26]. As the average thickness of alluvial sands is just approximately 28 m within the
Lower Mekong [17], the delta region could run out of sand resources rather sooner than later, calling
the delta’s stability into question. A net loss of sediments will also affect the local ecology, groundwater
levels and sediment composition [18-20]. Furthermore, indirect effects on the local agriculture and
fishery sectors are likely [32,64].

Finally, one has to consider that the investigated scenarios almost exclusively represent the upper
bound of plausible future developments within the VMD. Impacts thus could be lower if strategic
planning limits the impact of hydropower infrastructure [65], necessary regulations are put into place
to reduce the local sand mining activity [6,17] and global emissions are reduced [29]. Regarding the
results of the sand mining scenarios, it must also be noted that only local sand mining activity is
considered explicitly. A possible reduction in sediment supply to the study region as a consequence of
upstream sand extraction was not included. Even though this effect of upstream sand mining is likely
just minimal, it should only amplify rather than attenuate observed trends. Accordingly, the impact of
sand mining on the local morphology could be higher than presented here.

5. Conclusions and Outlook

Based on in situ data, which was measured during the 2018 dry and wet seasons,
a hydro-morphodynamic model was set up and validated, focusing on a stretch of the Tien River
within the VMD. The model was nested into a well-calibrated hydrodynamic model of the whole
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VMD [3,32], in order to generate boundary forcing for plausible future developments within the
delta region. Mainly focusing on the upper bound of possible changes, the impacts of hydropower
development, sand mining activity, climate change-related variations in discharge and RSLR on the
local morphodynamics were analysed. The main findings are as follows.

e  The study area must already be characterised as an erosional environment under present-day
conditions, as indicated by the local imbalance between erosion and deposition and mean bed
level changes.

*  Based on tendencies for additional bed level incision and the local imbalance between erosion and
deposition, hydropower development has the highest impact of all investigated drivers, followed
by an increase in sand mining activity and a climate change-related increase in riverine discharge.
A complete prohibition of local sand mining activity can counter the impact of other drivers on
the local morphological processes, while the overall impact of RSLR is almost negligible.

¢ Nonlinear processes, which are caused by the interaction of multiple drivers, will likely
lead to negative feedback effects on the evolution of the local bathymetry, thus amplifying
prevailing erosional tendencies. The combination of hydropower development, increased sand
mining and RSLR will lead to the largest imbalance in the local erosion and deposition budget
(Rero/dep, DM,s =2.97). In relation to the baseline scenario, bed level incision can be amplified by
up to 146%, caused by the cumulative effects of hydropower development, increased sand mining
activity and a climate change-related increase in discharge.

The results highlight the need for a more sustainable future development of the VMD. Strategic
hydropower planning on a basin-wide scale is needed to identify pathways that minimise the negative
impacts of hydropower [65]. Furthermore, it is imperative to implement a management plan for local
and basin-wide sand mining activity [6,17]. To prevent unsustainable or even informal practices,
sand mining should be monitored closely. A complete prohibition of sand mining activity could
mitigate the local net loss of sediments and therefore counter the impact of other drivers that amplify
erosional processes.
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Abbreviations

The following abbreviations are used in this manuscript.

ADCP  acoustic Doppler current profiler
BCG bed composition generation
BSSp adjusted Brier skill score

CIDs  multiparameter probes

DEM  digital elevation model

GCMs  general circulation models
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LiDAR light detection and ranging
MBES multibeam echosounder
MNDWI  modified normalised difference water index

MONRE  Ministry of Natural Resources and Environment, Vietnam

MRB Mekong River Basin

REV relative error vector

RKM river kilometre marker

RSLR relative sea level rise

SRHMC  Southern Regional Hydro-Meteorological Center, Vietnam

SSCs suspended sediment concentrations

USGS United States Geological Survey

VMD Vietnamese Mekong Delta
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