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Abstract: Riverbank erosion is a common occurrence in rivers worldwide, leading to
significant impacts on shoreline protection and the lives of people residing in affected areas.
Scientists, experts, and engineers have devoted considerable attention to study this
phenomenon to better understand and predict the damage caused by riverbank failures. In
the paper, we propose a mathematical model that combines bottom erosion and riverbank
failure mechanisms. The model incorporates high-performance GPUs (Graphics Processing
Units) to enhance its computational efficiency and capability. It utilizes a set of equations,
such as the Reynolds equations, sediment transport equations, and bed load continuity
equation, to simulate the dynamics of flow, sediment transport, and changes in the riverbed.
Additionally, the model incorporates the calculation of riverbank failure using the rotational
failure mechanism and determines the factor of safety (FS) to assess the stability of
riverbanks and the bank failure (BW). If the FS value is less than 1, it indicates that the bank
is prone to failure, and such instances are recorded. To evaluate the model's reliability, a
case study is conducted on a specific segment of the Tien River in Sa Dec City, Dong Thap
Province. This model serves as a crucial tool for socioeconomic planning and implementing
effective measures to prevent and mitigate the impacts of riverbank failure in the local area.

Keywords: Bed erosion; Factor of safety; Rotational failure; River instability; Riverbank
failure.

1. Introduction

The morphological development of river systems is the most common issue that occurs
in all rivers around the world. There are numerous studies investigating the evolution of
morphology in river systems that are disrupted by natural and artificial factors such as dam
construction, channel modifications, land use changes, volcanic eruptions, etc. [1-9]. To
adequately describe and predict the geomorphic responses in a fluvial system, four
components of channel change should be considered: direction, magnitude, time rate, and
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spatial extent. Direction refers to the direction of change, such as erosion or deposition, while
magnitude relates to the size or scale of the change. Time rate refers to the speed at which
changes occur, and spatial extent pertains to the area over which changes occur [10-11].
These four components are interdependent and influence each other in complex ways. For
instance, the direction of change can affect the spatial extent, while the magnitude of change
can impact the time rate. Therefore, it is essential to consider all four components together to
develop a comprehensive understanding of channel change in a fluvial system. This
understanding can then be used to make accurate predictions about future changes, such as
the effects of environmental or human-induced disturbances [9-10, 12-14].

The equilibrium concept or relaxed state associated with the tendency for responses to
disturbance explains the complexity of intrinsic and extrinsic mechanisms in the fluvial
systems and their response [12, 15-16]. Therefore, this precludes the development of
empirical or experimental approaches coupled with physical-mathematical modeling, which
are expected to simulate and predict the morphological responses of fluvial systems to
intrinsic and extrinsic disturbances [17].

For the 2D hydrodynamic, sediment transport, and river morphology models, several
widely applied and developed models exist worldwide. Some notable examples include:

MIKE model: Developed by DHI in Denmark, this integrated model offers various tools
and performs well in addressing river erosion problems [18]. Delft model (DELFT2D):
Developed by Deltares in the Netherlands, this model is widely used for hydrodynamic
simulations [19]. TELEMAC model: Initially developed in 1987 by Electricité de France
(EDF) in collaboration with multiple research organizations, this model is widely used for
hydraulic simulations [20]. SMS (Surface Water Modeling System): Developed by the
Waterways Experiment Station (WES) and the Army Corps of Engineers in the United
States, this model combines hydrodynamics and sediment transport simulations [21].
CCHE2D model: Developed by the author [22], this model has the capability to simulate
two-dimensional hydrodynamic characteristics. SUTRENCH-2D model: Developed by the
author [23], this model simulates sediment transport and bed variations under combined flow
conditions. FLUVIAL 12 model: Developed by the author [24], this model is used for river
flow and sediment transport simulations. Besides the mentioned models, there are also other
software packages available, such as USTARS, developed by the author [25], etc. In
addition, there are also several widely used software packages developed and applied in
Vietnam, such as: F28 model: Developed by Le Song Giang, this is a 2D model (similar to
MIKE FLOOD) that combines 1D river flow and 2D floodplain flow. It allows for the
simulation of flow dynamics in both river channels and floodplains [26]; TREM model:
Developed by the author [27], based on the corresponding 2D flow model by Nagata from
Kyoto University, Japan. This model simulates 2D river channel deformation in a
non-orthogonal curvilinear coordinate system, allowing for the determination of velocity
distribution and riverbed changes in both longitudinal and transverse directions;
HYDIST-GPUs model: Developed by the author [28], HYDIST-GPUs is a model capable of
simulating 2D flow, sediment transport, and river morphology changes, etc.

These existing models are based on the principles of dynamic equations and continuity
equations integrated in the vertical direction. However, there are still limitations in the
integration of bank failure calculations within the existing software packages.

A recent approach to studying riverbank failure is using a simple dynamic risk model
with time-varying covariates to develop an early warning model for bank failures, then
testing the out-of-sample predictive accuracy of this model against a simpler model - the
periodic probit model, such as used by US banking regulatory agencies [29]. To understand
the mechanism of sudden riverbank failure, previous studies have attempted to integrate soil
erosion processes and changes in riverbank geometry into the analysis of riverbank stability
[30-31].
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The author [32] developed a mathematical model to calculate simple bank erosion,
which is integrated into the 2D Saint-Venant-Exner morphodynamic model (in the
TELEMAC 2D model). The computational grid is built on a structured triangular grid and a
finite element algorithm. The slope of each element in the grid is compared with the slope of
the bank material. Elements with too steep slopes are determined so that the lost mass above
the axis equals the increased mass below, thus ensuring mass balance. The model
performance is evaluated using data from smoke tube experiments in the laboratory and the
scale model of the Old Rhine.

Furthermore, the author [33] conducted a numerical modeling and field monitoring
integrated study at six specific research sites in the United Kingdom. In this study, stability
analysis was based on the safety factor. Pore water pressure data was calculated at each time
step in the simulation and combined with observed geotechnical data to adjust the
mechanical effects of roots and vegetation cover. Similarly, the author [34] conducted a
stability analysis for the waste dump slope of the WCL Makardhokara-2 open cast mine in
Umred, Nagpur district, Maharashtra, India. In this study, slope stability analysis was
performed using seven specific finite slope stability methods including Morgenstern's
method, Spencer’s method, Sarma’s method, Bishop’s method, Janbu’s method, and the
conventional method using GeoSlope software for the waste dump slope in the
Makardhokara area.

In this study, we propose a simple mathematical model that combines hydrodynamic,
sediment transport, river morphology effects and stability analysis of riverbanks. The
HYDIST-GPUs model incorporates high-performance GPUs (Graphics Processing Units) to
enhance its computational capabilities. It utilizes the Reynolds equations, sediment transport
equations, and bed load continuity equation to simulate various aspects of the river system,
including flow behavior, sediment transport processes, and changes in the riverbed. By
leveraging the power of GPUs, the model can achieve faster and more efficient calculations,
enabling more detailed and accurate simulations of the river dynamics. These equations are
solved numerically to determine the stability tendency and track the behavior of suspended or
deposited materials [28]. Additionally, cross-sections are extracted using the rotational
failure mechanism and the factor of safety (FS) to assess the stability of riverbanks and the
likelihood of failure (RF module). To validate the model's accuracy, a case study is
conducted on a specific segment of the Hau River in Chau Phu district, An Giang Province.
The results obtained from this case study demonstrate a remarkable agreement between the
calculations derived from our model and the observed measurements, indicating the model’s
capability to accurately predict the stability and sediment dynamics of the riverbanks.

2. Materials and Methods

2.1. Study area

The study area is the section of the Tien River passing through Sa Dec city, Dong Thap
province, as illustrated in Figure 1. The section of the Tien River that flows through Sa Dec
city is a typical example of a meandering river, where bank erosion has been occurring
continuously over the past few decades at a rate of up to 30 meters per year, and sometimes
reaching 50 meters per year [6]. The total length of the eroded bank is up to 10 kilometers and
it has eroded more than 3 kilometers into the land. The bank erosion has destroyed many
important structures in Dong Thap province, including roads, hospitals, schools, and
government offices [6].

2.2. Material

The bathymetry data used in the model is derived from the measurements conducted in
2017 and water level (Z), discharge (Q) and suspended sediment (C) at ST5 (from June 6,
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2018, to June 13, 2018) (Figure 1) as part of the project titled “Development of bank erosion
numerical model basing on HPC in connection with hydraulic model and to apply for some
river reaches of the Mekong River” under grant No. NDT.28.KR/17.

The hourly water level measurements (Z) at Cao Lanh station and discharge measurements
(Q) at My Thuan station from 00:00 on May 15, 2014, to 23:00 on December 31, 2017, were
collected from the Southern Region Hydro-Meteorological Centre as boundary conditions

for the model.

The hourly suspended sediment concentration (C) at the boundaries is extracted from the
Mike 11 model of the project titled “Development of bank erosion numerical model basing
on HPC in connection with hydraulic model and to apply for some river reaches of the
Mekong River” under grant No. NDT.28.KR/17.
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Figure 1. The section of the Tien River passes through Sa Dec city, Dong Thap province.

2.3. Method

A simple mathematical model that combines hydrodynamic, sediment transport, river
morphology effects, and stability analysis of riverbanks is the HYDIST-GPUs model, which
includes the integration of the RF module. The HYDIST-GPUs model is based on a set of
equations, including the Reynolds equations, sediment transport equations, and bed load
continuity equation [28].

2.3.1. Governing equations of the HYDIST-GPUs model

Reynolds equations:

du Jdu ou 0S¢  Tsxwind — Tsxw Tphx —

- — _ _ = —g— d - AV? 1
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where the “zero level” is set at the still water surface (Figure 2); u, v are depth-averaged
horizontal velocity components in x, y direction respectively; h is static depth from the still
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water surface to the bed and ¢ is the water level. To simplify the simulation process for the
river, we neglect the Coriolis force f and wind stress (Tsxwind,Tsywind) as Well as wave stress
(Ttsx.w,Tsy,w) IN both X, y directions [28].

A

A ~
v, Water surface

e
st

0
Still water surthc\/ X

Figure 2. Initial static level.

v

Sediment transport equations
Due to two types of suspension: bed load and suspended load, we define the bed load
having a thickness of a and at the elevation of z, hence: -h<z <-h +a.
The suspended load is defined in the water and at the elevation of z, where -h +a<z <.
The minimum experimental value of a can be 0.01 H [35]. So, the depth-averaged mass
balance equation for suspended sediment will be described as follows:
aC aC aC 10 aC 10 aC S
a”v(“&”a—y)—ﬁ&(HKXa—X)+ﬁa—y(HKYa—y)+ﬁ @
where H is the relative depth (m), and defined by static depth h and fluctuation ¢ (Figure
2), H=h + ¢. The quantity S describes deposition or erosion of grain (kg/m?s), and can be
calculated by Van Rijn’s empirical equations [35].
The bed load continuity equation can be described as the following equation.
oh 1 s 9] HK aC 9] HK 0C\ 0qpx = 9qpy
at_l—spl +6x( Xax)+6y< Yay)+ ax T ayl ®)
where dbx, Qby, Standing for the rate of bed load transport in X, y directions (m?/s/m), can
be determined by experimental formula [35].

_ (u,v)
qp = 0.053((S — 1)g)*5dL5T21p 03 N 7 (6)

where gb = (gbx, gby).

3.2.2. Riverbank failure mechanism and factor of safety — RF module

The riverbank failure will be calculated on the rotational failure [36-37]. The
mechanism of sliding motion illustrated in Figure 3 is explained by the fact that bank
materials move to two directions: downward and outward along circular slip surface, and this
is common on cohesive banks with slopes less than 60°. After failure, the upper slope of the
slipped block is typically tilted inward toward the bank. Rotational failures are commonly a
result of scour at the base of the bank and/or high pore-water pressure within the bank
material. Normally, they will occur during rapid drawdown following high flow events.

Scar at the top of bank

_ Inward-sloping step
h)

\ Previous bank profile

Mean water level

Slide
plane

Direction of
movement

Figure 3. Mechanism of rotational failure (from Environment Agency [38]).
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The critical threshold of riverbank stability can be quantified by the FS. An FS < 1 is
indicative of instability and the bank failure. If FS = 1, these forces are exactly balanced. As
FS increases beyond unity, the slope becomes more stable.

To determine FS, it is necessary to calculate the total forces and total moment forces
acting on the sliding mass in both horizontal and vertical directions. The components used to
determine the forces and moment forces include known components and unknown
components. However, there are fewer known components compared to unknown
components. In the model, the following assumptions are accepted:

Neglecting the interaction forces between slices when separating them into individual
slices: The model uses two methods: (i) the Fellenius method (neglecting the interaction
forces between slices E = X = 0) [39]; (ii) the Bishop method (neglecting the vertical
component X = 0) [40].

The interaction path-locus of the point of application of the interaction force: The model
uses the general Janbu method and the simplified Janbu method [41].

The inclination angle of the interaction force: The model uses the Spencer and the
General Limit Equilibrium (GLE) methods [42].

These assumptions are made to simplify the analysis and calculation process. While they
may introduce some limitations, they allow for the estimation of the factor of safety and
provide valuable insights into the stability of the analyzed slope.

The FS includes two independent factor of safety equations; one with respect to moment
equilibrium and the other with respect to horizontal force equilibrium.

When only moment equilibrium (Fm) is satisfied, the factor of safety equation is:

_ Z(C’BR + (N - UB)R tan@) (7)
~ YWx—YNf+YkWe+ Y Dd+ ) Aa
The factor of safety equation with respect to horizontal force equilibrium (Fy) is:

_ X(c'Beosa + (N — uf) tan@ cosa) ®)
~ Y Nsina+ Y kWe — ¥ Dcosw + Y A

where Fn is the moment equilibrium factor of safety; Fr is the force equilibrium factor of
safety; W is the slice weight with width b and height h [kN]; N is the slice base normal force
[kN]; D is the concentrated point load [kN]; kW is the horizontal seismic load acting through
the center of gravity of each slide [KN]; R is the radius of the circular slide (or the arm of the
shear force moves for any shape of the slide) [m]; A is the resultant force of water pressure
acting on the bank [kN]; f is the distance from center of rotation to direction of normal force
N [m]; x is the horizontal distance from center of gravity of each slide to center of rotation or
center of moment [m]; e is the vertical distance from the center of each slide to the center of
rotation or center of moment [m]; d is the perpendicular distance from load line to center of
rotation or center of moment [m]; a is the perpendicular distance from the external water
force to the center of rotation or center of moment [m]; o is the angle of inclination of the
force direction relative to the horizontal (determined in the same direction); a is the angle
between the tangent at the base and the horizontal [degrees]. Sign convention: when the slip
angle is in the same direction as the overall slide of the figure, a is positive and vice versa; @
is the effective angle of friction [degree]; u is the pore-water pressure [kPa]; ¢’ is the effective
cohesion [kPa]; B is the length of the sliding arc of the earth column [m].

The normal force at the base of the soil column is determined by summing the vertical
forces acting on each soil column. To do this, we need to know the weight forces of each soil
column ((9), as well as the other vertical forces acting on them.

W+ (XR . XL) _c Bsina+ufsina tan® + Dsinew

F
N = sinatan@ (9)
cosa + =

Fin

F¢
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where: In the moment factor of safety equation, F is equal to Fn when N is substituted,
indicating the moment resistance. On the other hand, in the force factor of safety equation, F
is equal to Frwhen N is substituted, representing the force resistance.

3.2.3. Simulation process

The integration of the riverbank failure module with the HYDIST-GPUs model, referred
to as HYDIST-GPUs-RF, involves a sequence of steps in the simulation process. The steps
are outlined as follows:

a) Discretization of the riverbank section

The section of the riverbank where there is a risk of erosion (simulated from the model)
will be discretized into smaller segments by cross-sectional perpendicular to the riverbank.
For each cross-section, the model will calculate the safety factor FS to identify the segments
of the bank that are prone to erosion. Figure 4 illustrates the process of discretizing the
riverbank section for the purpose of simulating bank erosion.

AN P

R = a. The river bank for bank failure calculator _~

Cross—section i
b. The cross-sectioni is described
e--q

\

l\ Foot of the river bank

h

Depth (m)

Width b from river bank (m)

Figure 4. The process of discretizing the riverbank section for the purpose of simulating bank erosion.

The density of the cross-sections along the riverbank segment depends on the level of
erosion risk, and in cases where there is low risk of erosion, the cross-sections will be spaced
further apart. After calculating the safety factor of each cross-section, the degree of erosion
will be calculated to determine the extent of bank collapse at that cross-section. The degree of
erosion at any location between two cross-sections in the calculation area will be interpolated
between the two cross-sections (using a linear interpolation method in the model).

b) Simulating the bank failure

After calculating the safety factor FS for each cross—section, if FS > FScritical, then the
bank slope at that cross-section is stable (not eroding), but if FS < FScriticar, then the bank
slope at that cross-section is unstable and will erode. At this point, the direction of the bank
slope will collapse inward with a width of BW. The value of BW (predicted width of bank

collapse) at the i-th cross-section is compared with A (A= /(Ax)% + (Ay)?) to update the
grid cell adjacent to the bank position at cross—section i, if BW < A, then the characteristics of
the bank cell are still preserved, and the hydraulic-erosion model continues to use the old
topography for calculations until BW > A. At this point, the bank cell will collapse and be
converted into a fluid cell in the hydrodynamic flow problem. The comparison between BW
and A is detailed in Table 1.
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Table 1. Cases in which the bank plots are collapsed in the vertical direction i.

Cases The number of cell-bank subsidence
0<BW<A No falling
A<BW <2A 1 cell
2A <BW<3A 2 cells
3A <BW<4A

These cases are the same as above

For the positions of the bank cells located between two calculated cross sections i and
i+1, the model also examines similarly to determine whether to convert those cells into
liquefied cells or keep them as they are using the method above, with BW at each position
determined by linear interpolation from the BW of cross sections i and i+1.

c) Bathymetry update

The section of land that has collapsed will slide down to the foot of the bank, causing
changes in the depth values at this location (the top of the bank, the slope of the bank, and the
foot of the bank). These changes need to be calculated to update the depth map for the next
calculation of the dynamic hydraulics and sedimentation problem. The bank cells and slope
cells will have a decreased bed elevation (increased depth). At the foot of the bank, sediment
will be deposited, causing the bed elevation to increase (decreased depth). The extent of the
bed elevation changes for each cell is calculated such that the volume of soil loss is equal to
the volume of sediment deposited at the foot of the bank. Choose a cross-sectional view to
explain this calculation. The cross-sectional view has been discretized into grid cells with the
same size as the flow field discretization. Figure 5 depicts a cross-sectional view of a
riverbank after discretization, with grid cells of size Ax.

The simulation results will give the parameters of the sliding arc radius and the center
position O, from which the starting and ending points of the sliding arc can be determined to
find the positions of the grid cells that need to be updated for the bottom topography (such as
cells 2 to 6 in Figure 5).

0] R BW

1 |
1 1 The bank !
i The i [ !
5 ; Surface I

I material |
1 . | # and !
| afterriver I riverbank :
| bank ! I I

: | I' are

1 failure 1 1 !
| 1 1 eroded :

Figure 5. Riverbank cross-section before and after subsidence.

d) Fs safety factor

The general calculation scheme for bank erosion in the HYDIST-GPUs-RF model is
presented in detail in Figure 6a, in which the steps for the safety factor in the bank erosion
model are specifically presented in Figure 6b. When Fr, = Fy, the factor of safety is calculated
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as FS = Fm or Fr. The sequence for calculating the safety factor Fs will be programmed using
Python (suitable for GPUs) as the RF module to perform automatic calculations [28]. Then,
the RF module will be integrated with the HYDIST-GPUs model to calculate the
hydrodynamic process.

The diagram below illustrates the calculation process using two methods, Sarma and
GLE. It is easy to see that the only difference between the two methods is the formula for the
relationship between shear force (X) and normal force (E). Shear force and normal force at
each cross—section on both sides will be distinguished by the symbols X, Xr, Er, and Er.

Input data of soil:
Calculate the morphology Soil cohesion ¢ (KN/m?) Select the grid area with the O center
of river Soil inner friction angle ¢ (degree) | . Select center O in grid
Soil density  7(kN/m”) Select R radius

Topographic feature data: Soil slicing
The cross-section topographic —

Y
Extract the cross-section

topography (which has the risk of —
river bank failure) Caleulation the width, depth and slice angle b;, by, o;
b,
B = —
— F cos o .l
— — x; : lever arm W, with O
The calculation of the ability river W, =hby

. ="h;.

bank failure (*)

(Through calculation the factor of

L 4

v ¥
The calculation of the width crack F= (¢ peosa; + (N; — ufi;) tan®. cosay) Fm E(cBiR; + (N; — up;)R;tand)
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Figure 6. (a) HYDIST-GPUs-RF scheme; (b) FS scheme (*).

3. Results

3.1. Theory solution

The simplest form of the Ordinary factor of safety equation in the absence of any
pore-water pressures for a circular slip surface is:

Z[CB + Ntancl)] _ Z Sresistance
2 wsina Y. Smobilized

where c is the cohesion; N is the base normal (Wcos o).

The ordinary factor of safety can be fairly easily computed using a spreadsheet. Using a
spreadsheet is of course not necessary when you have HYDIST-GPUs-RF, but doing a
simple manual analysis periodically is a useful learning exercise.

Consider the simple problem in Figure 7. There are 14 slices numbered from left to right.
The cohesive strength is 5 kPa and the soil friction angle ¢ is 20 degrees.

FS =

(10)
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28 m

Figure 7. Case for hand-calculations.

Table 2 illustrates how the ordinary factor of safety can be easily calculated. The most
difficult part is specifying the slice dimensions.

Table 2. The ordinary factor of safety.

Slice Width  Mid-height ~ Weight Alpha

# (m) (m) (kN) (degrees) Bm)
1 2 2.3 86.9 64.7 4.42
2 2 5.4 217.8 52.9 3.32
3 2 7.2 287 43.7 2.77
4 2 7.8 313.2 35.8 2.46
5 2 8.1 323.3 28.5 2.28
6 2 8 320.9 21.8 2.15
7 2 7.7 307.7 15.4 2.07
8 2 7.1 285.1 9.2 2.03
9 2 6.3 253.7 3 2

10 2 5.3 213.7 -3 2

11 2 4.1 165.1 9.2 2.03
12 2 2.7 107.7 -15.4 2.07
13 2 1.5 60.9 -21.8 2.15
14 2 0.6 233 -28.5 2.28

The factor of safety can be computed to be:
S Y[cB + Ntanp] 1116.75 (11)

Ywsina  947.93
HYDIST-GPUs-RF gives the same factor of safety as shown in Figure 8.

1.18
{

Figure 8. HYDIST-GPUs-RF computed ordinary factor of safety.
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3.2. A case study for riverbank stability and riverbed erosion of Tien River (flowing Sa Dec
city)

The occurrence of river bank erosion in Sa Dec has had severe consequences on bank
protection structures and the lives of the local population. The erosion of riverbanks has
compromised the effectiveness of protective measures, such as levees, revetments, or other
bank defenses, that are crucial for safeguarding the area against the erosive forces of the river
[43-44]. This erosion has resulted in the loss of land, damage to infrastructure, and potential
threats to residential areas and livelihoods. The local community is directly affected by the
negative impacts, including increased vulnerability to flooding, loss of agricultural land, and
potential displacement of residents. Addressing and mitigating the impacts of river bank
erosion in Sa Dec is of utmost importance to protect both the physical infrastructure and the
well-being of the people living in the area.

In 2013, to prevent bank erosion, protect and stabilize the living environment for local
residents, as well as contribute to the socio-economic development of the region, the
provincial People’s Committee built a system of revetments consisting of 7 sections,
stretching about 4.5 kilometers from Cai Doi stream to Ong Tuan stream. The sedimentation
and erosion processes in this area are relatively balanced. The concave bank on the right of
the Tien River belongs to Ward 10 in Sa Dec city and An Hiep commune in Chau Thanh
district, where bank erosion has been particularly strong. Although a system of revetments
had been constructed in Ward 10 - Sa Dec, the distance between the revetments was not
reasonable, so bank erosion still occurred at the foot of the revetments and in the areas
between them. In March 2015, a serious bank erosion incident occurred at revetment section
7, causing many households to be urgently evacuated. Moreover, due to limited funding, only
a section of the revetment system was constructed, while bank erosion in the area behind the
revetment system in An Hiep commune - Chau Thanh district continues to occur
continuously.

3.2.1. Mesh in HYDIST-GPUs

The research area is the section of the Tien River passing through Sa Dec city, divided
into a grid of 484 rows and 629 columns, with a spacing of dx = dy = 20 m (Figure 9).

Number of rows = 484; Number of columns = 629; Total number of grid elements is
304,436 = 484 x 629; Maximum depth of the grid is h = 40.96 m.

Spatial step of the grid in the x-direction is Ax =20 m, in the y-direction is Ay =20 m,
and the time step is At = 2s.

Figure 9. The depth map of the Tien River flowing Sa Dec with a 20—meter spacing.
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3.2.2. Initial conditions and boundaries

For hydraulic model:

(1) Initial conditions: In the model, if we start the calculation from to = 0, the hydraulic
problem is initialized with a steady-state condition throughout the domain. In the case where
the problem is continued from a specific time t = ty, the initial conditions will be the velocity
fields u, v (X, y) at time t1 across the entire computational domain.

(2) Boundary conditions:

Open boundaries: The first open boundary (B1) is determined by the measured water
level value Z at the Cao Lanh station, which is shifted 8 hours ahead in the downstream
direction.

The second open boundary (B2) is determined by the measured discharge value Q at the
My Thuan station.

Both open boundaries are considered from 00:00 on May 15, 2014, to 23:00 on
December 31, 2017.

Land boundaries: un = 0.

For sediment transport model:

(1) Initial conditions:

In the model, if the calculation starts from to = 0, the sediment transport problem is
initialized with a constant background concentration. In the case where the problem is
continued from a specific time t = t, the initial condition will be the sediment concentration
C(x, y) at time t1 throughout the computational domain.

(2) Boundary conditions:

Open boundaries: The suspended sediment concentration (C) at the boundaries is
extracted from the Mike 11 model. However, the right boundary of the model does not utilize
the characteristics of suspended sediment because this is where the water flows out of the
computational domain. At this boundary, the model has used the method of characteristic
lines to track the deposition of suspended sediment along the outflow. Both open boundaries
are calculated from 15:00 on May 15, 2014, to 19:00 on December 31, 2014.

Land boundaries: Z—E = 0, the variable “n” represents the normal direction perpendicular
to the bank.

3.2.3. Calibration and validation

Calibration and validation of the hydraulic model

The results of discharge 50000
and water level calculations Lt
from the model at My Thuan in e , b A
June 2014 compared to the — & 10000 , AR A ,
accurately measured valuesare £ <500
quite good. The NSE and R? 2
values for water level z
calibration are high (0.98 and = -so00
0.96), indicating a good fit. 10000 444 e '
Similarly, the NSE and R? so00
values for discharge 06/01/2014 06/03/2014 06/05/2014 06/08/2014 06/10/2014 06/13/2014 06/15/2014

00:00 10:00 20:00 06:00 16:00 02:00 12:00

calibration are 0.97 and 0.93,
respectively, indicating a good
fit as well. It should be
emphasized that the Sa Dec
section, from the upper to
lower reach, is a relatively

Time

Observation - - - — Simulation

Figure 10. The calibration results of the discharge between the
measured and calculated data from June 1, 2014, to June 15, 2014.
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short section where flow is well-conserved, which contributes to the good flow calibration
results (Figures 10-11).

1.5

Water Level (m)
(=]

R2 =098

s NSE = 0.96
06/01/2014 06/03/2014 06/05/2014 06/08/2014 06/10/2014 06/13/2014 06/15/2014

00:00 10:00 20:00 06:00 16:00 02:00 12:00

Time

Observation — — - — Simulation

Figure 11. The calibration results of the water level between the measured and calculated data from
June 1, 2014, to June 15, 2014,

To validate the hydraulic model, the calibrated parameter set mentioned above is used,
and the calculation time is adjusted. The validation period is from 10:00 on June 6, 2018, to
10:00 on June 13, 2018. The water level and discharge data measured at the ST5
measurement stations during the supplementary survey are utilized (Refer to the location of
ST5in Figure 1).

The computed NSE and R? values at ST5 for water level are 0.9 and 0.89, respectively,
while for discharge, they are 0.89 and 0.85. The comparison results at ST5 from June 6, 2018,
to June 13, 2018, are presented in Figures 12-13.

8000
6000

Discharge (m*/

4000
2000
o

-2000
06/06/2018 06/07/2018 06/08/2018 06/10/2018 06/11/2018 06/12/2018
10:00 16:00 22:00 04:00 10:00 16:00

Time

Observation — - —— Simulation

Figure 12. The comparison results between the measured and computed discharge at station ST5
from June 6, 2018, to June 13, 2018.

2.5

‘Water Level (m)

1 NSE = 0.87
06/06/2018 06/07/2018 06/08/2018 06/10/2018 06/11/2018 06/12/2018
10:00 16:00 22:00 04:00 10:00 16:00
Time
Observation == == Simulation

Figure 13. The comparison results between the measured and computed water level at station ST5
from June 6, 2018, to June 13, 2018.
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Calibration and validation of the sediment transport model

The sediment deposition calibration process was carried out in June 2014. The results
showed that the NSE and R? values for sediment deposition calibration were 0.74 and 0.89,
respectively. Sediment concentration is a common parameter that is difficult to calibrate in
sediment transport models, so the achieved calibration results can be considered quite good.
The comparison between the calculated and measured sediment deposition for the calibration
is presented in Figure 14.

0.12
R? =089

NSE =0.74

0.1

TSS (/1)

0
06/06/2014 06/07/2014 06/08/2014 06/10/2014 06/11/2014 06/12/2014
10:00 16:00 22:00 04:00 10:00 16:00

Time

Observation - --- Simulation

Figure 14. The calibrated results of suspended sediment between measurements and calculations
from June 1, 2014, to June 15, 2014.

The parameter sets for the sediment transport model are extracted as shown in Table 3.

Table 3. The parameters in the sediment transport model.

Parameter Value
Time step (At) 2s
The mean diameter of particles. (D) 0.01 mm
The diameter of particles 90% (Dago) 0.04 mm
2600 kg/m?®
Density (Ps ) J
Dynamic viscosity coefficient (v) 1.01x10® m%/s

The maps of the critical stresses of erosion (te) and the critical stresses of deposition (tq)
in the HYDIST-GPUs model were tested against the Sa Dec region and range from 0.2-0.35
N/m? (te) and 0.03-0.06 N/m? (tq) (Figure 15).

F N/m2 F N/m2

Figure 15. The maps: (a) The critical stresses of deposition tq; (b) The critical stresses of erosion te
in the Sa Dec region.
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The model validation for sediment transport is conducted from 10:00 on June 6, 2018, to
10:00 on June 13, 2018, based on the suspended sediment concentration at the ST5.

After obtaining the characteristic parameters for the sediment transport model for the
entire computational domain, sediment transport calculations are performed until 2018.
Subsequently, the computed suspended sediment concentration results from 10:00 on June 6,
2018, to 10:00 on June 13, 2018, at station ST5 are compared with the measured data. The
NSE and R? values obtained during the validation process are quite good (0.74 for NSE and
0.89 for R?). The comparison results between the computed and measured sediment transport
are presented in Figure 16.

0.12

R? =0.89
NSE =0.74
0.1
0.08
0.06 A

TSS (g/1)

06/06/2018 06/07/2018 06/08/2018 06/10/2018 06/11/2018 06/12/2018
10:00 16:00 22:00 04:00 10:00 16:00

Time

Observation - --- Simulation

Figure 16. The validation results of sediment transport between the measured and computed data
from June 6, 2018, to June 13, 2018.

3.2.4. Calculation of bank failure

The simulation of the bank failure rate of the section of the Tien River flowing through
Sa Dec was carried out in 2015 and 2017. The parameter set of the model was established as
shown in Table 4.

According to the theory of bank erosion, bank failure is expected to occur when FS value
is less than 1. However, based on a study conducted by [45], it was observed that bank
erosion starts to happen when the FS value is greater than 1.119. Therefore, for the specific
case of Sa Dec, the calculations for bank erosion will consider FS values below 1.119 as
indicative of bank erosion occurrence.

Table 4. The parameters of the model for bank erosion in Sa Dec.

Parameter Value
Critical FS 1.119
The maximum distance between 2 points on a cross section (m) 0.23
Parameter settings The number of poin-ts on a calculated cross section 100
The number of sections for the calculated segment 65
Tolerance 0.19
fx Function sin()
The effective cohesion ¢ (kN/m?) 32
Soil parameters The effective angle of friction o (degree) 30

Specific gravity of soil y (kN/m3) 19
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Parameter Value
Simulation The pore—water pressure u (kPa) 15
parameters The horizontal seismic load kW (kN/m) 15

The simulation results from the bank erosion model in Sa Dec also include: the
distribution of the safety factor FS and the width of the corresponding crack width BW for
each longitudinal cross section along the riverbank. The bank erosion results are only
calculated for the curved section of the riverbank on the side of Sa Dec city, with 65 cross
sections as described in Figure 16.

— (m)
. .
™ .

. Cao Lanh city o

400 ~ X 9
N N\ 2
LN -13
V\\ k) -15

NN\ B
"D =y

e b Ry

\ :

200-| \ Ry 3 -2

100 AR 1 Y v T 37
R N P o -39
Sa Dec city 42
-48
-55
0 T T T T T
0 100 200 300 400 500 600

Figure 16. The cross-section of Tien River flowing Sa Dec City.

16 1
14
124
1.0 -
08
0.6 -
04 4

FS value

1 6 11 16 21 26 31 36 11 16 51 56 61

The ordinal number of cross - sections

The value of crack width at cross-sections in Sadec at the end of 2015
(compared to the end of 2014)

BW value (m)

1 6 11 16 21 26 31 36 11 16 51 56 61

The ordinal number of cross - sections

~~~~~~ FS Critical value
— — — - FS trend along the shoreline
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Figure 17. Simulation results of FS and BW coefficients along the riverbank of Sa Dec section in 2015.
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The calculation results in 2015 showed that: in the curved section from cross section 19
to cross section 51, the result of FS = 0.18 + 1.11 was less than the limit safety factor (limit
FS = 1.119) (Figure 17). The sections before and after the curved section were more stable
(with FS greater than the limit FS), with calculated FS ranging from 1.12 to 1.58 (Figure 17).
In this section, although 7 rock revetments had been built (with a distance of about 50m
between two revetments), the erosion process still occurred between two revetments.

The trend of variation of FS and BW along the curved section were also opposite to each
other (Figure 18), at cross section 34 (the most curved section of the river), the BW in 2015
reached a value of 20m corresponding to a very low value of FS. Some selected cross
sections (26, 34, and 44) in Figure 18 were extracted for further analysis.

Cross-section 21 Cross-sec tion 26 Cross-section 34 Cross-section 44
5 .10 -8 s -30 25 .20 15 .10 5 0 8 10 15 20 25 30 035 20 15 40 5 0 5 10 1§ 20 25 30 -3 228 20 413 210 -5 0 5 10 1% 20 25 30
— o = o ' | o v T
\ )
) A) )
] | 5 A | «
vl \ [
v v \
v ' v
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. .\
b | \
15 1 1 . 15
\ | \
\ 1
- \ -3 | - By
£ \ Ea | E Ea \
\ = = \
1 \ i - i : $ \
= \ & | 2 | £ .25 \
\ 1 | \
| \
\-I 30 \ \ 30 i
| L 1 il \
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Figure 18. The results of bank erosion at sections 21, 26, 34 and 44 in 2015.
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Figure 19. The results of FS and BW coefficients along the riverbank of Sa Dec section in 2017.
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By 2017, the riverbank on the Sa Dec side showed a relatively similar trend to that of
2015, with intermittent erosion. The sections after the curved section exhibited higher
stability, with FS values exceeding the critical FS. The calculated FS values in these sections
ranged from 1.12 to 1.56. However, the sections before the curved section was less stable, as
indicated by the FS. Both the FS values before the curved section and in the curved section
are less than 1.119. Figure 19 presents the calculation results of FS and BW along the Sa Dec
riverbank in 2017. The results indicated that the riverbanks are less stable. Specifically, the
section in communes 3,4 Sa Dec (the sections before the curved section) had an FS value
lower than 1.119, indicating a high risk of bank failure. The calculation results for the BW at

cross-section 26 was approximately 4.14 m, at cross-section 34 was 9.78 m, and at
cross-section 44 was 12.6 m (Figure 20).

Cross-section 21 Cross-section 26 Cross-section 34 Cross-section 44
5 3 230 .28 .2 4 5 5

Depth ()
Depth (m)
Depth (m)

Depth (m)

- 1 5
Width (m) Width (m} Width (m) Widih (m)
BW failure =0 BW failure= 4,13 BW failure = .78 BW failure = 12,60

Slope: 0.69 Slope: 035 Slope: 0.30 Shope: 0.24

—— cross section before failure

—= Cross section after failure

Figure 20. The results of bank erosion at sections 21 and 26 (a) 34 and 44 (b) in 2017.
4. Discussions

The statistics of the slope coefficient and crack width of the cross sections in the two
calculation years are presented in Table 5.

Table 5. Statistics of slope coefficient and crack width of cross sections in 2015 and 2017 at some
cross-sections (21, 26, 34 and 44).

Cross-sections 21 26 34 44
Years 2015 2017 2015 2017 2015 2017 2015 2017
Slopes 075 069 032 035 0115 03 024 0.24

Failure Width (BW m) 0 0 71 414 205 978 126 126

According to the calculation results, it is observed that the potential for bank failure
occurs before and in the curved arc sections. The high potential for bank failure occurred
between cross-section 34 and cross-section 44, with corresponding BW of 15.5 mand 12.6 m
in 2015. By 2017, the BW at these two cross-sections corresponded to 9.78 m and 12.6 m.

The calculated BW at cross-sections 21, 26, 34, and 44 in 2017 was lower than in 2015.
At cross-section 26, the bank erosion potential in 2015 was 7.1 m, but by 2017, it decreased
to 4.14 m. However, the cross-sections before the curved section show significantly greater
signed of instability compared to 2015. These calculated results align well with the

forecasted results from the study by Dinh Cong San for commune 3,4, Sa Dec (erosion
ranging from 5-8 m) [46].
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The Sa Dec riverbank started to erode when the slope of the bank was relatively steep
(the slope coefficient of the bank was quite small) as recorded in Table 5, where cross-section
21 was not eroded (FS coefficient here was about 1.11, and the maximum slope coefficient of
the bank was accepted at 0.69. Compared to the bank slope coefficient in Tan Chau, the
maximum slope of the bank here was steeper. This is also consistent with reality because the
cohesion force of the soil in Sa Dec (32 kN/m?) is larger than that in Tan Chau (24 KN/m?). In
the Sa Dec bank survey, it was found that the vegetation cover was more extensive than on
the An Giang bank opposite to Chinh Sach islet. In the model, the cohesion factor of the soil
due to plant roots was also included in the cohesion force. The results from the
HYDIST-GPUs-RF model for the Tien River section flowing through Sa Dec City indicate
that the section with the most significant erosion is located in An Hiep Commune [28]. This
is relatively accurate compared to the result obtained from the calculation of the bank line
change using remote sensing [6]. The maximum distance between the bank line before and
after 10 years (2009-2019) is 279 meters [47].

5. Conclusions

The simulations from the HYDIST-GPUs-RF model are quite consistent with those from
the GEOSLOPE software. Slope stability calculations are very detailed and carried out for
each cross-section. To save time and effort, the slope calculation is not performed for the
entire length of the riverbank. Based on the calculation results of the dynamic hydraulic
model, each small section of the bank that is at risk of erosion (i.e. those sections with
significant depth loss based on the calculation) will be identified, and only those sections will
be included in the HYDIST-GPUs-RF model for slope simulation and then the bathymetry
will be updated. However, currently, the sections are not automatically cut. These limitations
are expected to be addressed and improved in future developments.

The model was tested on some sections of the Tien River passing through Tan Chau
Town in An Giang Province and Sa Dec City. The results of the simulated river morphology
in different years are quite consistent with the actual morphology of the area (based on the
comparison with remote sensing analysis and observations). The results show that for the
geological structure of this section of the Tien River, the stability level of the bank
corresponded to a limit factor of safety of 1.119. The model is not only applicable for
calculating river morphology in the Mekong Delta region but can also be used to calculate the
morphology and erosion of any other river section in Vietnam. However, the parameters in
the model need to be adjusted to fit each region. The calculation results also depend heavily
on the reliability of the input data. Therefore, to successfully apply the HYDIST-GPUs
model in calculating river morphology, the first important step is to conduct a thorough
survey, collect long-term (multi-year) and supplementary measurement data for the region.
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Abstract: In this study, the main aim is to apply SMCE (Spatial Multi-Criteria Evaluation)
and Flow-R models to predict flow landslide susceptibility and hazard in Tam Chung
commune, Thanh Hoa province (Vietnam). For this, nine factor maps including slope, relief
amplitude, elevation, drainage density, engineering geology, groundwater availability, land
cover, lineament density, and weathering crust type were collected and prepared for
generation of landslide susceptibility map using the weights generated from the SMCE
model. Flow-R model was then used to forecast potential hazards related to the movement
of flow landslide material. Landslde inventory collected from field survey was used to
validate the landslide susceptibility and hazard maps. Results of this study showed that the
susceptibility map, generated by applying the SMCE model, showed a high level of
accuracy. By integrating detailed field surveys with the Flow-R model, the study identifies
areas with low susceptibility to landslides but high vulnerability to material displacement.
This study is helpful and supportive for better landslide hazard management in the study
area, and facilitating informed decision-making in disaster prevention and mitigation.

Keywords: Flow landslide; Landslide susceptibility; Landslide hazard; SMCE model;
Flow-R model.

1. Introduction

Landslides are prevalent natural disasters in mountainous regions, causing significant
damage to human lives, infrastructure, properties, the environment, and socio-economic
activities. According to United Nations statistics, since the beginning of the 21% century,
landslide disasters have claimed the lives of over 50,000 people and caused property damage
amounting to billions of dollars [1].

Landslides can occur in most mountainous and hilly regions, resulting from a
combination of natural conditions such as geology, topography, and morphology, as well as
human activities that alter the landscape, including the construction of buildings, roads, and
mineral extraction. However, the occurrence of landslides is often associated with external
triggers, with rainfall being the most common activating factor worldwide, including in
Vietnam [2-4]. Moreover, a heavy rainfall event can trigger multiple landslide events
simultaneously at different locations. With the influence of climate change, the frequency of
intense rainfall events is projected to increase, leading to a higher occurrence rate and more
severe intensity of landslide disasters [5—7].
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Based on the characteristics of the movement, landslides can be classified into different
types such as fall, topple, slide, lateral spread, and flow [8]. Among these types, predicting
the potential hazards associated with flow landslides presents significant challenges due to
their high velocity, unpredictability, large volume, and destructive potential. Flow landslides
involve the movement of saturated or semi-fluid material down a slope and can be further
classified into debris flows, mudflows, and earthflows, depending on the composition of the
flowing material. The complex and dynamic behavior of flow landslides leads to rapid and
nonlinear responses to triggering factors, resulting in unpredictable paths and magnitudes.
Therefore, when implementing measures for prevention, mitigation, and settlement planning
in areas prone to flow landslides, the identification of landslide susceptibility alone is
insufficient. It is also crucial to forecast potential hazards in advance [9]. Landslide
susceptibility refers to the relative probability of future landsliding, primarily determined by
the inherent characteristics of a specific location, while landslide hazard represents the
potential occurrence of landslides within a designated area, encompassing both source areas
and runout zones [10].

Globally, as well as in Vietnam, landslide susceptibility maps are typically generated at
small or medium scales with the objective of identifying areas that are prone to landslides for
urban planning purposes and focused detailed investigations [11-15]. These maps are
commonly constructed using various methods, such as statistical approaches (e.g., WoE -
Weight of Evidence, FR- Frequency Ratio) or expert-based methods (e.g., AHP - Analytic
Hierarchy Process, SMCE). Each method has its own advantages, and there is no universally
recognized standard method due to the difficulty in comparing different methods with
different datasets [16]. However, in situations where data are incomplete or insufficiently
detailed, the use of expert opinions is often considered more effective [17].

To forecast potential hazards from flow landslides, numerial models such as LS-RAPID,
DAN3D, and Debris 2D are commonly utilized [18-22]. These models have been found to
provide high accuracy results but are typically suitable for small-scale applications, such as
slopes or small catchments, due to their demanding data, time, and economic requirements.
The Flow-R model, on the other hand, is an empirical GIS-based model that has been
successfully applied in simulating flow landslide events in various locations worldwide [23—
24]. It is one of the few models capable of forecasting flow landslide hazards on a broader
scale (e.g., commune, district) without the need for detailed data such as soil analysis,
geophysical measurements, etc.

The mountainous provinces of Vietnam are characterized by diverse geological features,
steep topography, and high rainfall intensity, resulting in numerous landslide-prone areas.
However, economic constraints limit the feasibility of conducting detailed surveys and
applying complex material flow simulation models to all highly susceptible landslide zones.
This is especially true in sparsely populated areas where warning about the potential impact
of material flow is essential but employing complex models may exceed the budget allocated
for relocating households. Therefore, in order to effectively support the work of warning and
assessing the impact of material flow in the mountainous provinces of Vietnam, it is essential
to develop a surveying process and apply appropriate models to provide forecasts of hazards
in prioritized regions (residential areas and areas with frequent human activities).

This study introduces a procedure for predicting areas susceptible to and affected by flow
landslides, applied, and tested in the Tam Chung commune - a mountainous region prone to
flow landslides. The approach combines field surveys with the application of the SMCE and
Flow-R models. Initially, susceptibility maps at a medium scale are generated using the
SMCE model to identify susceptible areas of landslide occurrence. Subsequently, vulnerable
areas deemed relevant to residential and human activities are further investigated in detail
and analyzed using the Flow-R model to forecast the flow landslide hazards arising from
flow landslide materials.
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2. Methodological steps

The proposed procedure for investigating and forecasting high susceptibility areas and
potential hazards by flow landslides is illustrated in Figure 1. The procedure involves the
following primary steps:

- Data collection and compilation: Gathering and analyzing information on the current
status of landslides, as well as relevant data and diagrams of factors influencing the landslide
occurrence.

- Field investigation: Surveying locations where debris flow has occurred and
constructing small- or medium-scale landslide inventory maps. ldentifying common
characteristics of past landslide events to determine the associated factors in the study area,
to generate spatial factor maps (input for SMCE model) at a small- or medium-scale.

- Applying the SMCE model to construct the landslide susceptibility map (at small- or
medium-scale).

Data collection

y

Field survey (small or medium scales)

l !

ﬁ Landslide inventory map l Landslide factor maps

SMCE model application

.

Landslide susceptibility map (small or medium scales)

Detailed investigations in high-susceptibility and important areas

¥

Occurred flow landslides

— Flow-R model
~__calibration

TN e
Y |

Flow-R model application

i

Potential flow landslide hazards

Figure 1. Process diagram of the combined application of field investigation and SMCE and Flow-
R models to forecast flow landslide hazards.

To carry out the task of delineating landslide susceptibility areas, the authors propose
the adoption of the Spatial Multi-Criteria Evaluation (SMCE) method [25]. The SMCE
method is an extension of the AHP coupled with statistical methods. It facilitates multi-
criteria analysis (multi-standard evaluation) within a spatial model [26]. This method
overcomes the limitations of quantitative evaluation methods that require a large amount of
available and detailed data, as well as a comprehensive inventory dataset of landslides.

In the SMCE model, factors contributing to landslide occurrence are represented as
spatial maps and evaluated based on expert knowledge [27]. The input data for the method
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consist of a set of component maps that serve as representative spatial criteria classified into
groups, standardized, and assigned weights. The component map layers are considered
primary “criteria”, and the attributes of each component map layer are secondary “criteria”.
The sensitivity to landslides of each “criteria” is expressed by weight values, denoted as W.
The weight values of W are constrained within the range of 0 to 1, where the total weight
value of all primary “criteria” (component map layers) or the total weight value of all
secondary “criteria” within each primary “criteria” (attribute layers within each component
map layer) equals 1. More detailed information regarding the SCME model can be found in
reference [25].

The output data consists of a “composite index map” that represents the simulation
results within the model, with areas classified into different landslide susceptibility index
(LSI) groups [25].

- Verification and calibration of the susceptibility map with the landslide inventory map.

The susceptibility map derived from the SMCE method will be compared to the existing
landslide inventory map in order to evaluate its accuracy. The application of the SMCE model
needs to be performed and calibrated until the best verification results are obtained.

- Detailed investigations in high-susceptibility and important areas.

Based on the results of applying the SMCE model, detailed investigations are required
for areas with high or very high landslide susceptibility. Depending on the available
manpower, budget, and time constraints of each locality, the detailed investigation can be
conducted in all high- susceptibility areas or prioritized in significant areas (e.g., densely
populated areas, infrastructure, transportation). The objectives of this detailed investigation
are: (1) to identify the locations where flow landslides have occurred and (2) to delineate the
areas with high potential for future flow landslide occurrences.

- Application of the Flow-R model in the identified flow landslide locations for
calibration and determination of model parameters.

The Flow-R model, an acronym for “Flow path assessment of gravitational hazards at a
regional scale” [28], is built on the Matlab platform and primarily aims to simulate the flow
propagation of materials in a 2D space based on empirical methods. The input data required
for the Flow-R model predominantly comprise terrain-related maps, such as slope, curvature,
and flow accumulation. The algorithms and parameters for flow direction, inertia, and friction
loss used in the Flow-R model are determined through calibration with past flow landslide
events within the same region or under similar conditions. More detailed information
regarding the Flow-R model can be found in reference [28-29].

- Application of the Flow-R software (with calibrated parameters) to forecast the
potential hazards associated with material flow in areas identified as susceptible to flow
landslides.

3. Study area and data collection

Tam Chung commune is situated in Muong Lat district and is characterized as a highland
area encompassing a natural land expanse of approximately 123.89 km?2. Geographically, it
is bounded by coordinates ranging from 20°29°54” to 20°39°12” latitude North and from
104°34°02” to 104°41°58” longitude East. The administrative borders of Tam Chung
commune are shared with Muong Ly commune to the east, Ten Tan commune to the west,
Nhi Son commune and Muong Lat town to the south, and Tan Xuan commune (Moc Chau-
Son La) and Hua Phan district (Laos) to the north. As of the statistical records until 2019, the
commune is home to a total population of 4,070 individuals residing in 852 households,
resulting in an average population density of approximately 13 people/km? [30].
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Figure 2. The location of Tam Chung commune and the landslide inventory.

The topography of Tam Chung commune is highly diverse and complex. It mainly
consists of interconnected high mountains forming mountain ranges, which are divided by
streams, creating distinct regions. The overall terrain has a basin-like shape sloping in three
directions: northeast, northwest, and southeast. The average absolute elevation ranges from
650-700 m, with steep slopes averaging from 25° to 35° and some areas exceeding 35°. The
lowest point is located in the area near the mouth of the Ma river in the southeast of the
commune, with an absolute elevation of approximately 135 m, while the highest point is in
the mountainous region in the northwest of the commune, with an absolute elevation of
approximately 1,574 m. The average annual rainfall in Tam Chung commune is 1,266 mm,
with the highest recorded rainfall at 1,969 mm and the lowest recorded rainfall at 1,014 mm.
However, the majority of rainfall is concentrated during the rainy season from April to
October, with heavy rain events typically occurring in July and August.

Geohazards, particularly landslides, are observed in most of the villages within Tam
Chung commune, with the highest occurrence in Suoi Long, on followed by Poong, Lat, Pom
Khuong, Cha Lan, and Sai Khao. Flow landslides are a common type of landslide in the area,
often occurring on naturally eroded slopes, predominantly in areas of reforestation and
agricultural land.

Based on the data collected from the 2019 landslide field investigation conducted by the
State-Funded Landslide Project (SFLP) “Investigation, Assessment, and Zoning of Landslide
Hazard in the Mountainous Provinces of Vietnam” and the Google Earth satellite imagery
interpretation results, the research team identified 296 landslide occurrences within the Tam
Chung commune. The field surveys revealed that the highest concentration of landslide
occurrences is observed in areas characterized by natural slope gradients ranging from 25.74°
to 42.26°, elevations varying between 135 and 608.98 meters, cross-section cutting densities
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ranging from 1.93 to 4.16 km/km?, and deep section cutting densities ranging from 144.88 to
442.15 m/km?. Certain locations exhibited a pattern of recurrent landslides, particularly
during periods of heavy rainfall, which have been documented in recent years. The
corresponding landslide inventory is presented in Figure 2.

455000 460000 465000 455000 460000 465000 455000 460000 465000

Slope (°) 2 Amplitude of relief (m/km?)g L] Elevation (m) 3
EN0-1525 ‘@‘ 1 144,88 - 336.66 » -@» 1 135 - 383.27 ‘®'
15.26 - 25.74 s 336,67 - 442.15 s [777383.28 - 608.98 s
25.75-3368 T 44216-54763 608.99 - 840.33
(773369 -42.26 7547.64-704.26 1840.34 - 1,082.97
% 4227 - 81.03 g g 1 704.27 - 959.98 g § 151082.98 - 1573.89 §
H] §

2275000
2275000
227500
27%00
2215000
2275000

2270000
270000
2270000
2270000
2270000
2270000

[ High
31-4.16 [ Very high
77 417-543

W 544-805

2280000
2286000
2280000

2280000
2280000

2278000
2273000
2275000
275000
2275000

2270000
2276000
2270000
275000
2270000

465000 456000 460000 465000

& Lineament density
. @' 1 Very low

s Low
Medium
High
g § N Very high

Landcover
[__IPlant forest
[ Perennial plant
(71 River and lakes

) Weathering crust type
&P - FAFSA
- FSA
. FSASAF

KBTVPH
g § - SA
§ SAF

W SAF-SA

() Mixed plants
Bushes and gil}
W Change

275000
278000
2275000
2275000
275000
2275000

270000
2275000
2270000
2270000

Figure 3. The landslide factor maps in Tam Chung commune.

The analysis and evaluation of the factors influencing landslide susceptibility in the Tam
Chung commune, including the determination of their weights, were conducted by
summarizing the assessment opinions of three groups: field survey personnel, landslide
research experts, and model implementation personnel. Nine factors have been identified as
crucial in the formation of landslides within the Tam Chung commune: slope, relief
amplitude, elevation, drainage density, engineering geology, groundwater availability, land
cover, lineament density, and weathering crust type. Therefore, these nine landslide factor
maps have been selected as the primary input data for the SMCE model to assess and zoning
landslide susceptibility areas. Therefore, mentioned maps were obtained from the SFLP
project, utilizing scales of 1:10,000 and 1:50,000, and featuring a precise resolution of 20
meters (Figure 3).
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The criteria weights (W) of each landslide factor map and their attributes are summarized
in the “criteria tree” depicted in Figure 4.
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Figure 4. Criteria tree for criteria weight (W), showing the influence on landslide occurrence of nine
factors.

4. Results and discussion

4.1. SMCE model application

By analyzing the natural distribution (Jenks natural breaks classification method [31]) of
the Landslide Susceptibility Index (LSI) across all pixels on the susceptibility index map,
four threshold values have been established. These thresholds are used to classify the area of
the Tam Chung commune into five distinct zones, each representing different levels of
susceptibility: very low, low, moderate, high, and very high (Table 1).

Table 1. LSI thresholds for generating landslide susceptibility map in Tam Chung commune.

Landslide susceptibility index (LSI) Landslide susceptibility class

0-0.0872 Very Low
0.0873-0.1158 Low
0.1159-0.1432 Moderate
0.1433-0.1802 High
0.1803-0.2975 Very High

- The zone exhibiting a significantly high susceptibility to landslides covers an estimated
area of 24.23 km?, accounting for approximately 15% of the total natural area. This area of
heightened susceptibility is primarily concentrated in the northwestern portion of Lat village,
Tam Chong village, and the eastern region of Hin Phang village.

- The high susceptibility zone spans an area of approximately 30.22 km?, accounting for
approximately 29% of the total natural area. This zone is characterized by a scattered and
interspersed distribution, often adjacent to areas exhibiting a very high susceptibility to
landslides.

- The zone characterized by moderate susceptibility to landslides covers an area of
approximately 44.74 km?, representing approximately 36% of the total natural area. It is
primarily concentrated in the eastern and southeastern regions of Tam Chung commune,
while the remaining portion is scattered across areas with low-lying topography.
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- The low susceptibility and very low susceptibility zones cover an approximate area of
24.54 km?, comprising approximately 20% of the total natural area. These zones are primarily
concentrated along the floodplains of the Lat stream, specifically in Pong Ngoai village.

455000 460000 465_000
Landslide susceptlblllty ‘
W ;
W Very low |
Low
Medium
3 High 3
g1 Very high E
9 P Jt‘!'\“ y L"
' P\ f“' AL TR
5 N
Km
455000 460000 465000

Figure 5. The landslide susceptibility map was constructed using the SMCE model.

The comparison between the landslide susceptibility zoning results obtained using the
SMCE method and the findings from the field investigation (Table 2) reveals a high level of
conformity and reliability. The majority of observed landslides occurred in areas identified
as high and very high susceptibility zones (78%) and no landslide events were reported in
locations designated as very low susceptibility.

Although the SMCE model heavily relies on expert opinions, it has successfully
addressed the requirement for extensive data collection to identify high susceptibility
landslide areas. However, a notable observation from comparing the landslide susceptibility
map with the landslide inventory map is that a significant number of landslides (67 landslide
locations or 22%) occurred in areas assessed as having moderate to low susceptibility. Upon
further investigation, these landslides were predominantly small-scale events, occurring
along roads and within residential areas. Two main factors could explain this issue: the terrain
data used in this study was not updated to reflect rapid changes in reality (construction
activities), and the resolution of the data (20 m) was not detailed enough to capture small-
scale slopes.
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Table 2. The results of the landslide susceptibility classification using the SMCE method were
compared with the landslide inventory map.

Landslide Predicted landslide susceptibility classes Observed landslides
susceptibility class Area (km?) Percentage (%) Number Percentage (%)
Very Low 2.81 2% 0 0%
Low 21.73 18% 12 4%
Moderate 44,74 36% 55 18%
High 30.72 29% 84 29%
Very High 24.23 15% 145 49%

4.2. Flow-R model application

To calibrate the algorithms and parameters of Flow-R for suitability in the Tam Chung
commune area, two locations that experienced flow landslide events in August 2018 were
chosen for calibration. Location 1 corresponds to the Tam Chung Ethnic Secondary School
in Lat village (as depicted in Figure 6), while Location 2 is situated in Suoi Long village
(Figure 7). The flow landslide that occurred at Location 1 resulted in significant devastation
to several structures within the school premises, leading to an estimated economic loss
exceeding 6 billion VND. Initially, the landslide encompassed three distinct sliding masses,
spanning a total area of approximately 6 hectares, and affecting an additional area of
approximately 16 hectares. The debris involved in the flow consisted of a mixture of
boulders, gravel, soil, sand, and water, which cascaded from the source areas towards the
secondary school and the residential zone of Lat village, covering a distance of approximately
1.2 km.

Figure 6. (a) The initial area (blue area); (b) The observed hazard (blue) and the simulation result
(yellow to red) in location 1 by the Flow-R model.

Although the flow landslide at Location 2 did not cause damage to infrastructures, it
severely affected agricultural land, rendering it unsuitable for cultivation. The initial area of
the flow landslide 2 was estimated to be around 2.5 hectares, with a total impacted area of
approximately 10 hectares. The materials involved in the flow, including boulders, gravel,
soil, sand, and water, followed the stream course and crossed the National Highway 16,
extending a distance of about 2 km.

The results of applying the Flow-R model to the two locations 1, 2 were compared with
the actual field conditions and presented in Figure 6 and Figure 7. The blue areas represent
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the initial parts of landslides (determined based on field surveys and remote sensing analysis),
while the yellow to red areas indicate the results from the Flow-R software, with increasing
probabilities of being affected by landslide materials. Regarding flow direction and length,
the implementation of the Flow-R model in the two calibrated areas exhibited a notable
resemblance to the field observations. Furthermore, the accuracy of the predicted hazard
areas was relatively high, with 93% and 79.5% of the actual hazard areas (in location 1 and
location 2, respectively) overlapping with the simulated hazard areas.

Figure 7. (a) The initial area (blue area); (b) The observed hazard (blue) and the simulation result
(yellow to red) in location 2 by the Flow-R model.

Based on the results obtained from the SMCE model for landslide susceptibility zoning,
focused investigations and surveys were conducted in areas exhibiting high susceptibility and
posing potential risks to the population and public infrastructure. A total of 17 areas prone to
flow landslides were identified, primarily concentrated in Suoi Long, Lat, Pieng Lan, and
Pong Ngoai villages. Subsequently, these areas were subjected to the calibrated Flow-R
model to predict the potential extent of material impact in the event of flow landslide
occurrences. The results of applying the Flow—R model to these areas are presented in Fig.
8, where increasing probabilities of being affected by flowing material are represented by
varying shades from yellow to red. The predicted material flows were found to potentially
travel significant distances, ranging from 0.7 km to over 2 km, posing a significant threat to
residential areas and potentially causing extensive damages.

The Flow-R model is employed for simulating the spatial extent of flow landslides and
exhibits remarkable simulation capabilities. It stands out among global software programs by
allowing material impact forecasting without the need for detailed geotechnical parameter
determination, thereby eliminating the requirement for soil and rock sampling and analysis.
The primary advantage of the Flow-R software lies in its suitability for large-scale areas, such
as entire watersheds, with basic input data requirements. However, due to its reliance on basic
input data, the Flow-R model can only provide preliminary predictions regarding the areas
susceptible to material impact, without being able to forecast the velocity or thickness of the
material.

The calibration results of the model reveal that certain discrepancies in the primary flow
directions between the simulated and actual conditions can be attributed to the inaccuracies
in representing the terrain in the digital elevation model (DEM) data. According to [23], the
performance of the Flow-R model is highly dependent on the accuracy of the DEM. The use
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of a DEM with a resolution of approximately 10 m (or finer) yields the best results, whereas
employing a DEM with a resolution of around 25 m significantly reduces accuracy. Due to
data limitations in this study, the authors were unable to experiment with more detailed
DEMs for comparison. However, it is recommended to apply the Flow-R model using a
maximum DEM resolution of 20m.

455000 460000 465000

The probability of
being influenced

lVery high

High

2280000
2280000

PRANG

B i i
- B =

2275000
2275000

2270000
2270000

455000 460000 465000

Figure 8. The potential hazards are identified through the application of the Flow-R model in Tam
Chung commune.

Another limitation that may affect the simulation results of the Flow-R model is its
inability to account for the presence of structures such as bridges, underground culverts, and
buildings. The failure to represent the flow of materials beneath bridges or within
underground culverts results in an overestimation of material flow in the surrounding areas
compared to reality. Conversely, the absence of structures such as buildings leads to an
underestimation or lack of prediction of material flow in the vicinity.

The results from applying the proposed procedure to Tam Chung commune clearly
demonstrate the necessity of combining the SMCE and Flow-R models for forecasting flow
landslide susceptibility and hazards. The application of the SMCE model has greatly assisted
in identifying numerous landslide-prone areas, enabling focused detailed investigations.
However, on-site surveys and the application of the Flow-R model have been limited to
residential or inhabited areas, saving significant costs and time.

Residential areas tend to concentrate in flat areas, which are generally evaluated as
having low or moderate landslide susceptibility. Consequently, residents and local authorities
may become complacent and may not implement appropriate prevention measures. The
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results from the Flow-R model have highlighted the importance of simulating the flow of
landslide materials to forecast potential hazard areas. With their extended reach and spread,
the predicted flow materials from the 17 flow landslides have the potential to directly impact
residential areas and transportation routes.

5. Conclusion

This study presents a comprehensive approach that integrates field surveys and the
application of the SMCE and Flow-R models to forecast the potential extent of material
impact during flow landslide occurrences. The use of the SMCE model at small to medium
scales optimizes resource allocation by identifying priority areas for detailed investigations.
This approach minimizes the time and cost associated with extensive field surveys and allows
for targeted data collection in high-susceptibility areas. At larger scales, field surveys and the
application of the Flow-R model are subsequently conducted to predict areas susceptible to
material displacement.

The proposed procedure is successfully applied and validated in the Tam Chung
commune, Muong Lat district, Thanh Hoa province, demonstrating its high reliability.
Through field surveys and the application of the Flow-R model, several areas are identified
with low landslide susceptibility but high susceptibility to material displacement. Thus, for
geohazard events with prolonged impacts, such as flow landslides, the application of material
flow simulation models is crucial for effective prevention and damage mitigation.

In areas already mapped with landslide susceptibility zoning, detailed investigations and
the implementation of the Flow-R model can be conducted to delineate areas at risk of
material displacement. For larger areas characterized by diverse geological conditions, the
Flow-R model should be supplemented with additional geological maps. In areas of high
significance, characterized by dense populations and critical infrastructure, the application of
more precise models, such as detailed 3D models of the terrain, analysis of soil samples to
determine geotechnical parameters, and geophysical surveys to estimate material thickness,
should be considered.

Based on the forecasted displacement trends of sliding materials, local authorities should
adopt a combination of structural and non-structural measures to minimize potential damage.
Non-structural measures include raising awareness among the population, proactively
evacuating residents in high-susceptibility areas during heavy rainfall and adjusting urban
planning and infrastructure in the region. Proposed structural measures for densely populated
areas include initiating landslide mass movements in a preemptive manner, constructing
material barriers along the flow path of flow landslides, altering the direction of material
flow, and reinforcing structures within the hazardous zone.

By integrating statistical analysis, expert knowledge, and model application, despite the
existence of certain limitations in the results, this study contributes valuable insights into the
assessment and zoning of landslide hazardss. The findings enhance the understanding and
management of landslide hazards in the Tam Chung commune, facilitating informed
decision—making for disaster prevention and mitigation efforts. These research findings will
be integrated into a shared inter-sectoral database, serving the early warning system for
geohazrds in the mountainous provinces of Vietnam in general, and specifically in Thanh
Hoa province [32]. Furthermore, the presented results will serve as a scientific basis for the
development of technical regulations and the management of geohazard investigative
operations in Vietnam [33].
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Abstract: The coastal current plays a vital role in the transportation of sediment near the
shoreline, significantly impacting the distribution of sediment grain sizes and shoreline
transformations. This study focuses on examining the near-shore coastal current along the
Soc Trang Province coast in Vietnam, considering the combined influences of waves,
winds, and tides by utilizing a model in curvilinear coordinate system. Rigorous
calibration and validation of the model are conducted using data obtained from
measurement stations, revealing a consistent correlation between the observed data and
simulated results. The direction of the coastal current, governed by the interplay of waves
and winds, exhibits variation according to the monsoon season. During the northeast
monsoon, the flow velocity is notably influenced, surpassing the impact of the southwest
monsoon. In the northeast monsoon season, the tidal currents from the northeast to
southwest align with the wave-induced current, resulting in an amplified coastal current
during both spring tide (3-5%) and neap tide (2-5%). Conversely, in the southwest
monsoon season, the tidal currents and wave-induced current move in opposing directions,
leading to a reduction in coastal current velocities during high tide (3-4%) and low tide (3-
4.5%). On the other hand, the impact of wind-induced current is negligible due to the
small and low-lying nature of these areas, thereby minimizing the influence of wind on the
overall flow dynamics.

Keywords: Coastal current; Hydraulic model; Tidal current; Wave induced current; Wind
induced current.

1. Introduction

The near-shore estuary and coastal environment exhibit intricate natural processes
influenced by tides, waves, currents, saline water, and their interplay. Investigating the
coastal current within such areas serves as a foundational step for future studies involving
sediment transport, shoreline accretion and erosion, coastal protection strategies, port and
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harbor design, navigation, flood prediction, coastal erosion mitigation, and changes in the
continental shelf seabed. By understanding the dynamics of coastal currents, we gain
valuable insights into the complex mechanisms shaping these environments, enabling us to
make informed decisions and develop effective solutions for coastal management and
sustainable development [1-2]. Furthermore, the coastal current significantly influences the
process of saline intrusion, particularly in the context of climate change and rising sea
levels [3]. As the current is influenced by a combination of factors including waves, wind,
and tides, many studies on coastal currents tend to concentrate on examining one of these
factors individually.

In recent years, hydraulic models like TELEMAC have been extensively utilized for
studying hydraulic features in rivers, estuaries, coastal areas, and oceans [4-5]. Numerical
simulations using these models have proven to be highly valuable and cost—effective tools
for enhancing our understanding of these phenomena. Research in this field often involves
the use of shallow water equations (SWE) or the application of the finite-volume primitive
equation Community Ocean Model (FVCOM) [6]. The SWE, initially proposed by Saint-
Venant in 1871 to simulate flow in open channels [7-8], has been widely employed for
describing shallow water flows. It can be derived as a simplification of the Navier—Stokes
equation through vertical dimension averaging [9]. Two-dimensional numerical models
commonly used for near-shore hydrodynamics include the CCHE2D hydraulic model,
developed by Jia and Wang in 1999 [10]; However, the shear stress terms at the water
surface were not considered in the 2001 version of this model [11]. The CCHE2D model,
created by Mississippi State University, aims to simulate hydraulic transmission, water
quality, sediment transport, and riverbed fluctuations [12]. Another notable model is
TELEMAC, developed in 1987 by the French National Hydraulic and Environment
Laboratory (http://www.opentelemac.org/). TELEMAC is a powerful integrated modeling
tool capable of handling 1D, 2D, and 3D flows. The model employs flexible meshing and
finite—element numerical schemes. Modules such as TELEMAC2D/3D and SISYPHE are
used to simulate flow, sediment transport, and bottom evolution [5]. A widely used
commercial software, MIKE 21, was developed by the Danish Hydraulic Institute (DHI) for
simulating various flow features in creeks, rivers, lakes, estuaries, bays, and coastal areas
[13]. The software comes in two versions: classic and flexible mesh (FM). The FM version
utilizes a triangulated and unstructured mesh, offering improved resolution within the study
domain [14]. Moreover, the MIKE 21C model employs curvilinear finite difference grids to
predict hydraulic and morphological changes in two dimensions, optimizing results near
land boundaries [15]. Most current modeling approaches employ structured curvilinear
systems or unstructured triangular assemblies for mesh generation. While the unstructured
approach provides greater flexibility in shape, the resulting model outputs may be less
accurate due to the stretching of triangular grid cells in the current direction [16-17]. In
contrast, curvilinear grid cells provide more accurate model outputs by closely aligning
with land boundaries, especially in areas with complex bathymetry. When curvilinear
coordinates are used, the velocity in the & direction (a coordinate direction in the curvilinear
system) resulting from complex bathymetry is fully accounted for within the model through
the Cartesian coordinate system. Hence, simulation results based on curvilinear coordinates
tend to be superior to those based on the Cartesian coordinate system in areas with complex
bathymetry [18-20].

Soc Trang, a coastal province located in the Mekong Delta, covers an area of 3311.87
km? and is home to approximately 1.3 million residents. Situated in the estuary region of
the Hau River, a major tributary of the Mekong River, the northeastern part of the province
is bounded by the Hau River, while the southeastern region is adjacent to the sea [21]. The
study area experiences a tropical monsoon climate characterized by two distinct seasons:
the flood season (May to October) and the drought season (November to April). River flow
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and tidal currents exert a significant influence on the area, with the tides being of mixed
semidiurnal and diurnal nature and displaying pronounced diurnal inequality [22—-23]. The
Tra Vinh - Soc Trang coast in the Mekong Delta is characterized by the presence of a tidal
beach with multiple intertidal bars, shaped by the interaction of waves and tides [24]. While
the coastal current in Soc Trang Province is only minimally influenced by wind-affected
and wave-induced currents, these factors play a crucial role in shaping sediment transport
patterns and the geomorphological evolution of the coastline [24]. Hydraulic processes at
the river mouths are heavily influenced by both river discharges and monsoons [24-25].
The study of [25] has demonstrated that the direction of suspended sediment movement
depends on the prevailing monsoon direction. The coastal estuarine area in the Mekong
Delta has undergone complex changes in its hydraulic regime due to climate change and
upstream development [26]. The coast of Soc Trang has been extensively studied regarding
the contribution of natural hydrodynamic sediment redistribution and erosion caused by
human activities [25, 27-30]. Notably, a three-dimensional hydrodynamic redistribution
model has been proposed to account for sediment movement from land, rivers, and other
sources. This model incorporates calibration based on a combination of observations,
laboratory experiments, and satellite analysis. The study by [27] provides a brief illustration
of wind-induced and wave-induced currents in the area. However, in-depth studies on the
impacts of factors such as waves, wind, and tides on coastal current are still limited. With
the strong occurrence of erosion (instead of deposition as before) and the influence of
climate change, evaluating the effects of each factor is a prerequisite for studying sediment
transport along the coast, the dynamics of erosion and deposition, as well as coastal
management at the local area.

This study utilized a numerical model to simulate the coastal current in the Soc Trang
area, considering the influential factors of wind and tides on waves. The model employed in
this study was developed by [31] and is based on the depth-integrated 2D Reynolds
equation in Cartesian coordinates. This model serves as a fundamental tool for assessing
and managing coastal protection and risk reduction measures in the region. By
implementing a curved coordinate system, the numerical model effectively minimizes
errors in areas with complex shorelines. Additionally, the use of an open-source model
facilitates the enhancement of monitoring and early warning systems, as it allows for
convenient code implementation and further development.

2. Materials and Methods

2.1. Study area

To mitigate the impact of boundary condition errors, the study area was expanded to
encompass the sea area stretching from Vung Tau to Ganh Hao in Vietnam. The
geographical coordinates of this expanded area range from 302993 to 1085665 east and
797766 to 1328835 north (Figure 1a). This extended study area includes the coastal region
of Soc Trang Province along with neighboring provinces. It spans approximately 300 km in
length and has a width of approximately 160 km, extending from the shoreline into the sea.

2.2. Data collection

The topographic data used in this study were obtained from the East Sea’s topography
in 2010, collected and extracted by the Southern Institute of Water Resources Science,
Vietnam (SIWRR). A calculating grid was constructed using an orthogonal curved grid
format, comprising 130x155 cells. The grid size varied between 150 meters and 300
meters, with dx and dy representing the cell dimensions (Figure 1) [31].

The tidal harmonic constants, including the amplitudes and phases of each tidal
constituent, were obtained from the DTU10 Global Tide Model. The data used had a
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resolution of 0.125° x 0.125° and were extracted specifically for the three open boundaries
at sea, namely the left, right, and sea boundaries, as depicted in Figure 1.
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(a) (b)
Figure 1. Study area.

To validate the model, hourly water level data from the Vung Tau, Con Dao, and My
Thanh stations were collected from the Southern Regional Hydrometeorological Station in
2017. These water level measurements were utilized to verify the accuracy of the model's
predictions, in detailed: the water levels from 1:00 am on 01 January 2017 to 1:00 am on
February 28, 2017, at Con Dao, from 10:00 am on January 15, 2017, to 10:00 pm on
February 14, 2017 at My Thanh station, and from 1:00 a.m. on January 1, 2017, to 10:00
p.m. on February 28, 2017 at Vung Tau station.

Wind data: Wind velocity with a spatial resolution of 0.5 degrees and temporal
resolution of 3 hours were collected from https://cds.climate.copernicus.eu /from 0:00 am
on 01 January 2017 to 23 December 2017.

Wave data: Sxx, Sxy, Syy stress fields were simulated from the Mike 21SW model from
0:00 am on 01 January 2017 to 23 December 2017, extracted from [32].

2.3. Numerical model description

The governing equations in the curvilinear coordinates (HyCCM Model) are
constructed based on the Reynolds equation depth-integrated 2D in Cartesian coordinates
[31]. In the 2D model, the vertical velocity component is so small that it is ignored, and the
pressure is approximated as the hydrostatic pressure distribution. In previous studies, the
nonlinear, Coriolis, friction bed components have been solved in curvilinear coordinate
systems. In this study, the two components of wave and wind friction are constructed in a
curvilinear coordinate system, as described in Equation 1 [31].

p, +gHJ _1(9224/5 - 9124/17) =¥,
q, +gHJ 71(9114,17 - glzé,g) =Y, (1)
JH, +p,+q,=0
where &, n are space coordinates (m).
V=YW tW +¥s1 W
Pry=Yut¥t¥ + YsoatPw, (2)
where t =t is time (s); p = JUH is the & component of velocity; g = JVH is the n
component of velocity; H = h + ¢; ¢ is the fluctuation of the water surface (m); h is the
static depth from the still water surface to the bed (m); w,and ¥, are the & and n

components of nonlinear [31]; ¥, and ¥, are the £ and n components of friction bed
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[31]; w,,, and ¥, are the & and n components of Coriolis [31]; ¥, and ¥,,, the & and n
components of wind friction, are calculated as Equations 4-5.

1
lI"Sl = [;C1093|W|(nyn - Wan)] (4)
1
Vg, = [gclopa|W|(WxX§ - WyYE)] )
with C;,=(0.75+0.067|W|).10~> (6)

where W is wind velocity (m/s); p, is the density of air above the sea surface [kg/m®];

W and W, are the x and y components of wind velocity (m/s), respectively; v,,,, and ¥,,,
the & and n components of wave friction, are calculated as Equation 7 and Equation 8.

Yy = — [% (Slg(ynyn — YnXy) + Stn(VeXn = ¥eVn) + San(xeyn — XeXn) + Sze(Xnxy — Xqyy) +

(Szzgzz - Szng12))] (7)

Pwo = = [% (S15(vnxs = yaye) + Sun(vevs — vexe) + San (xexe = xg¥e) + Sag(xqye -

xnXg) + (Szn811 — SZEgIZ))] 8

S1 =Sy Sz = Sxy = Syx; S3 =S, are the x and y components of effective shear
stress.

U and V are defined as the “contravariant” base vectors of the curvilinear coordinate
system.

The system of Eq. 1 is solved using the alternating direction implicit (ADI) method on
the C-Arakawa grid. The mesh nodes are located on the boundary where the velocity
component is perpendicular to the boundary. In the algorithm, the water level is simulated
using the implicit diagram, employing the semi-implicit “gradient” method. On the other
hand, the nonlinear component is solved using an explicit diagram. This combination of
implicit and explicit schemes helps in efficiently and accurately modeling the water level
and accounting for the nonlinearities in the system [31].

yxo

2.4. Model setup

Open boundaries
Water level: water level £ of 8 tidal constitutions K1, O1, P1, Q1, M2, Sz, N2 and K> at
three open boundaries at sea (left, right and sea boundaries as Figure 1) are calculated from
sigma (o), amplitude (A), phase (g°) and period (t), as illustrated in Equation 9:
£ =Axcos(ot—g’) 9)

Sigma (o) and period (t) are defined in [31], while the amplitude and phase of each
tidal constitution are extracted from the DTU10 Global Tide Model at three open
boundaries at sea.

River boundaries in estuaries (R1, Rz, R3, R4, Rs, Re, and Ry as Figure 1) are discharged
and extracted from [33-34].

The stress fields Sxx, Sxy, and Syy in 2017 are simulated from the Mike 21SW model and
extracted from [32].

Wind data: Wind velocity with a resolution of 0.5 degrees, Wx, Wy wind data are
obtained from there-analyzed wind data of https://cds.climate. copernicus.eu/ in 2017.

Land boundary: un = 0, where n stands for the normal direction.

Initial conditions: the velocity components p and g are zero, and sea level is zero.

The scenarios: four scenarios are simulated in the study:

Cases with wind induced current: these cases simulate only the flow under the influence
of wind (use only wind boundaries).

Cases with wave induced current: these cases simulate only the flow under the influence
of waves (use only wave boundaries).
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Cases with tidal currents: these cases simulate only the flow under the influence of tidal
current (use only tidal boundaries).

Coastal current: these cases simulate the flow under the influence of wind, waves, river
flow and tidal currents.

The flow chart is illustrated as Figure 2.

. P —— '
Tidal current —

Figure 2. Flow chart of study structure.
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2.5. Evaluation criteria

In this study, the Nash-Sutcliffe efficiency coefficient (NSE), the coefficient of
determination (R?) and root mean squared error (RMSE) are required to measure model
performance.

The Nash-Sutcliffe efficiency coefficient (NSE)

The Nash-Sutcliffe efficiency coefficient (NSE) ranges between —oo and 1. NSE = 1
indicates a perfect match between the observed and predicted results [35]. NSE is computed
as shown in Equation 1:

n(0-P)°
E?=1(Oi_ 6)2 (10)
where 0; is the i observation for the constituent being evaluated; P, is the i simulated
value for the constituent being evaluated; O is the mean of observed data for the constituent
being evaluated; and n is the total number of observations.

The coefficient of determination (R?)

For the coefficient of determination, R? ranges between 0 and 1 and describes the
proportion of the variance in the measured data, with higher values indicating less error
variance [36]. R? is computed as shown in Equation 11:

NSE=1—[
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2
RZ = [ i, 0i- O)(Pi—P)
[ZR1(04- 072 31, (71 PY?

where 0 is the i observation for the constituent being evaluated; P, is the i simulated
value for the constituent being evaluated; O is the mean of observed data for the constituent
being evaluated; P is the mean of simulation data for the constituent being evaluated; and n
is the total number of observations.

Root mean squared error (RMSE)

RMSE values smaller than 0.05 are considered a good fit, values from 0.05 to 0.08 are
considered a fair model fit, and values greater than 0.10 are considered a poor fit [38].

RMSE = \/ﬁz{;l (P, — 0;)2 (12)

where Oj is the i'" observation for the constituent being evaluated; P; is the i™" simulated
value for the constituent being evaluated; and n is the total number of observations.

(11)

3. Results

3.1. Model verification

In the area, the water levels
at Con Dao from 1:00 am on 01
January 2017 to 1:00 am on
February 28, 2017, at My
Thanh station from 10:00 am

Waterlevel (m)
NN = O O O K M
8 838888%3¥883

g8 ]
on January 15, 2017, to 10:00 sooh $
pm on February 14, 2017, and S g
at Vung Tau station from 1:00 @

a.m. on January 1, 2017, to 2

10:00 p.m. on February 28, o [N} TN 18 1 I}
2017, are used to verify the £ .3 MEEREMRIR Mol ,u ik

model. Three criteria for model % °® b R R R

performance evaluation include ~ ~ 1w k.

NSE, R? and RMSE. v

18:00

The water level simulations g
at the three stations show a high
agreement between the )
observed and simulated data in =
terms of phase and amplitude. :

The water level comparison
between the observations and
simulations at Con Dao is better
than the results at the My B
Thanh and Vung Tau stations,

with R? = 0.85, NSE = 0.83 and
RMSE = 0.011 (Figure 3a). (o
While the comparison result

m My- Thanh is a fair model Figure 3. Water level comparison between observation and simulation
fit, with R? = 0.78, NSE =  at Con Dao (a), My Thanh (b) and Vung Tau (c).

0.65 and RMSE = 0.053

(Figure 3b), these values in Vung Tau are lower, at R? = 0.73, NSE = 0.63 and RMSE =
0.061 (Figure 3c). The lower water level simulation compared to observations may be
caused by the baroclinic effects that were not set up in the model.
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The discrepancy in amplitude can be attributed to the water level data obtained from
the model for the eight tidal constituents Ki, O1, P1, Q1, M2, Sz, N2 and Kz. While there is a
difference in amplitude between the model's data and the observed data, the phase of the
water level demonstrates strong consistency. This indicates that these eight tidal
constituents exert significant influence in the study area, despite the slight variation in their
amplitudes.

After model verification, the roughness coefficient exhibits variability with depth,
ranging from 0.026 to 0.058 (m?/s) as illustrated in Figure 4. The roughness coefficient
serves as a measure of the resistance to flow caused by the irregularities of the channel bed
and banks. In this case, the coefficient values demonstrate a range of roughness
characteristics across different depths within the study area.
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Figure 4. The roughness coefficient map.
3.2. Simulation results of the seasonal flow of the northeast and southwest monsoons

3.2.1. Case with wind induced current

During the northeast monsoon season (November to early March 2017), the simulation
results indicate the presence of wind-induced current along the coast, predominantly
flowing in a northeast direction. The current velocity in the Soc Trang coastal area is
relatively higher and larger compared to other areas, reaching approximately 2.5 cm/s. In
contrast, the near-shore area experiences lower current velocities due to the influence of
topography and increased bottom friction.

In the Hau Estuaries area, the influence of the northeast wind on the flow is minimal
due to the small size and low-lying nature of these areas. The flow velocity in area (a)
(Dinh An Estuary) ranges from approximately 0.45 to 0.85 cm/s, while in area (b) (Tran De
Estuary), it varies from 0.46 to 0.94 cm/s. Comparatively, the near-shore area (c) exhibits
the highest flow velocities among the three areas, ranging from 1.22 to 1.64 cml/s.
Additionally, the water level fluctuations in the area gradually increase in the direction of
the wind.
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Figure 5. (a) Simulation results of wind induced current in the northeast monsoon season at 15:00
on 25 February 2017; (b) Simulation results of wind induced current in the southwest monsoon
season at 9:00 on 26 September 2017.

During the southwest monsoon season (June to early October 2017), the simulation
results show a wind-induced current in the study area flowing along the shore in a
southwest direction (Figure 5b). The overall flow velocity in the region is relatively small
compared to the northeast monsoon season. In the Soc Trang coastal area, the current flow
velocity is approximately 2 cm/s (Figure 5b), while in the coastal area, it is slightly smaller.

In the estuary area, the influence of the southwest wind is limited. The flow velocity in
area (a) ranges from approximately 0.4 to 0.74 cm/s, in area (b) from 0.42 to 0.82 cm/s, and
in area (c) from 1.1 to 1.53 cm/s (Figure 5b). These velocities indicate relatively lower flow
rates compared to the coastal and near-shore areas.
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3.2.2. Case with wave induced current

The simulation results show the presence of wave-induced currents along the shore in
the northeast direction. These currents are formed in the breaking wave zone, where the
waves approaching the coastal area undergo dumping and uneven distribution due to
shallow water depths and inhomogeneous bottom topography (with water depth being only
approximately 1.3 times the wave height). This uneven distribution of waves creates
different wave stress fields, and when a wave breaks, the wave energy transforms into a
force that moves the water mass, generating shoreline currents.
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Figure 6. (a) Simulation results of wave induced current in the northeast monsoon season at 15:00
on 25 February 2017; (b) Simulation results of wave effects in the southwest monsoon season at
9:00 on 26 September 2017.
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The wave induced current, although relatively small compared to other factors, plays a
role in the distribution of suspended sediment in the area. When considering only the flow
influenced by waves, the wave-induced current has a width of approximately 6-7 m parallel
to the shoreline, primarily located in the breaking wave zone. Specifically, around Con
Dao, the width of the wave-induced current is only 3-4 m. The maximum velocity in the
near-shore area is around 3.2-5 cm/s in area (c). However, the velocity in the Hau River
estuary is significantly smaller. In the Dinh An Estuary (area (2)), the velocity ranges from
0.75-1.5 cm/s, while in the Tran De Estuary (area (b)), it is slightly higher, ranging from
0.78-1.9 cm/s (Figure 6a). The narrow topography and large bottom friction in the river
mouth areas minimize the influence of waves on the flow dynamics.

During the southwest monsoon season (July to early October 2017), the simulation
results show that the wave-induced current in the area primarily flows in the southwest
direction. However, the wave-induced current in the southwest monsoon season is
generally weaker than that in the northeast monsoon season.

At the mouth of the Hau River, there are vortices with insignificant velocity,
approximately 0.2 cm/s in area A. The maximum velocity of the wave-induced current is
only 3.6 cm/s in the coastal section of Soc Trang Province (area (c)). Compared to the
northeast monsoon season, the coastal current has a lower velocity during the southwest
monsoon (Figure 6b). There is no significant difference in the simulation results of the flow
velocity in the Dinh An and Tran De estuaries, with ranges of 0.5-1.2 cm/s and 0.52-1.3
cm/s, respectively (in areas (a) and (b) in Figure 6b).

Overall, the simulation results demonstrate that the offshore velocity is small, but as
the waves approach the breaking wave area, the velocity increases. The maximum velocity
is reached at the breaking point and then decreases abruptly as the waves approach the
shore. The wave direction in the area, influenced by the monsoon seasons, plays a
significant role. During the northeast monsoon, the wave direction is northeasterly, while
during the southwest monsoon, it is southwesterly. These directional changes are consistent
with previous studies on the South China Sea area [24, 39-41]. To fully consider the
contribution of coastal currents to regional flows, it is essential to consider the overall
influence of wind-wave factors, river currents, and tidal currents.

3.2.3. Case with tidal currents

In the study area, the tidal currents generally follow the direction of tidal currents in the
East Sea. The dominant tide in the area is irregular semidiurnal, and the tidal range, which
is the difference between high tide and low tide, ranges from 2 m to 4 m during the day [24,
42]. The flow velocities during the spring tide and neap tide phases were extracted at 13:00
and 19:00 on 15 February 2017, respectively.

During the spring tide phase (Figure 7a), the tidal current flows in the northeast
direction from the East Sea towards the estuaries. The highest velocity, reaching nearly 1
m/s, is observed at the river mouth, while the overall velocity in the region is lower. The
tidal current velocity close to the shore is negligible. In the Dinh An estuary (area (a)), the
tidal current velocities range from 0.54 m/s to 0.96 m/s, while in the Tran De estuary (area
(b)), they range from 0.4 m/s to 0.92 m/s. Comparatively, the study findings differ from
[23], which analyzed the mean water surface slope and showed higher velocities in the
Dinh An channel compared to the Tran De channel.

During the neap tide phase (Figure 7b), the difference between the tidal current
velocities in the estuary and coastal area becomes more pronounced compared to the spring
tide phase. The tidal current velocity in the Dinh An estuary ranges from 0.44 m/s to 0.92
m/s, and in the Tran De estuary, it ranges from 0.35 m/s to 0.9 m/s, which is approximately
triple the velocity observed in the coastal area (0.2 m/s).
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These results indicate that tidal current velocities vary with tidal phases, with higher
velocities during spring tide and lower velocities during neap tide. The estuaries experience
stronger tidal currents compared to the coastal area, with the Dinh An estuary generally

exhibiting higher velocities than the Tran De estuary.
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Figure 7. (a) Simulation results of the tidal current at spring tide at 13:00 on 15 February 2017; (b)
Simulation results of the tidal current at neap tide at 19:00 on 15 February 2017.
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Figure 8. Water level comparison between astronomical tide and simulation at Vung Tau.

When comparing the results with the astronomical tide forecast at Vung Tau,
considering only the influence of tides, the findings show a close match between the
astronomical tide and the calculated results from the model, with R? = 0.93, NSE = 0.91
and RMSE = 0.008 (Figure 8). The calculation of these results is explained by the fact that
the input data of the model include the extraction of the amplitude and phase of each tidal
component from the DTU10 Global Tide Model.

3.2.4. Coastal current

During the northeast monsoon season, the coastal current in the study area is primarily
influenced by tidal currents. The tidal currents flow from the northeast, which is the same
direction as the wave induced current. This alignment leads to an increase in the coastal
current during both the spring tide and neap tide phases.

During the spring tide phase (Figure 9a), the coastal current experiences an
approximate increase of 3-5%. Similarly, during the neap tide phase (Figure 9b), the coastal
current sees an increase of approximately 2-5%. These increases in coastal current are
attributed to the combined effects of tidal currents and wave induced currents. The
influence of wind on the study area is considered insignificant in comparison.

The maximum velocity recorded in the Dinh An Estuary during the spring tide phase is
1.08 m/s, and during the neap tide phase, it is 1.12 m/s (areas (a) and (b) in Figure 9a and
9b). In the Tran De Estuary, the maximum velocity is slightly lower, measuring 0.92 m/s
during the spring tide phase and 0.94 m/s during the neap tide phase (areas (a) and (b) in
Figures 9a, 9b).

Therefore, in the northeast monsoon season, the coastal current in the study area is
primarily driven by tidal currents, with some contribution from wave induced currents,
while wind has minimal influence on the coastal current dynamics. The velocity of the neap
tide in these estuaries is higher than that of the spring tide due to river discharge. The
discharge in the Dinh An Estuary is 33.48 m%/s in the spring tide and is -33.79 m%/s in the
neap tide, while that in the Tran De Estuary is 20.63 m®/s in the spring tide and is -21.85
m®/s in the neap tide (Symbol “-” means flow direction in the neap tide).

Similarly, during the southwest monsoon season, the tidal current that flows from
northeast to southwest has the opposite direction to the wave induced current (from
southwest to northeast), leading to a decrease in the combined current at spring tide (3-4%)
(Figure 9c) and at neap tide (3-4.5%) (Figure 9d).
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During the spring tide phase, the tidal current from the East Sea (belong to South China
Sea) flows toward the Mekong estuaries, creating two main tidal trends: tidal currents from
the southwest and tidal currents from the northeast. When reaching the mouth of the Hau
River, the northeast tidal current is phased earlier, resulting in a tendency for the flow to
have a northeast direction when the tide rises in the southwest monsoon season. The eddies
in the Hau estuary are caused by the interference of tidal currents and currents in the river.
The maximum velocity in the Dinh An Estuary is 1.1 m/s in the spring tide phase, which is
higher than that in Tran De Estuary, at 0.9 m/s (34.59 m%/s of discharge in Dinh An Estuary
and 20.56 m3/s of discharge in Tran De Estuary) (Figure 9c).

During the neap tide phase, the value of coastal current velocity at locations in the
southwest monsoon is mostly smaller than the flow in the northeast monsoon at the spring
tide. However, there are some locations near the mouth of the Dinh An River where the
value of the flow in the southwest monsoon is higher; during this season, the flood water
from the river is greater, with peaks in late summer (August-September) [39]. The
maximum velocity in the Dinh An Estuary is 1.14 m/s, which is higher than that in the Tran
De Estuary, at 0.94 m/s (-34.76 m®/s of discharge in the Dinh An Estuary and -21.83 m®/s
of discharge in the Tran De Estuary) (Figure 9d).

The coastal current results from the dominance of the wind, wave, river flow and tidal
currents of the northeast monsoon, as the flow in the southwest monsoon is much weaker
than that in the northeast monsoon. In the estuary, the river flow still dominates; the
discharge from upstream greatly affects its flow velocity.
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Figure 9. Simulation results of the coastal current in: (a) the northeast monsoon season at spring
tide phase at 13:00 on 15 February 2017; (b) the northeast monsoon season at neap tide phase at
19:00 on 15 February 2017; (c) the southwest monsoon season at spring tide phase at 14:00 on 20
September 2017; (d) the southwest monsoon season at neap tide phase at 20:00 on 20 September
2017.
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To compare the influence of wave, wind and tide factors in the study area, three
positions S1, S2 and S3 are extracted to consider the velocity value, these three positions
are described as in Table 1.

Table 1. The extraction sites.

No Name Lattitute Longtitute
1 S1 9°09'05.80"N 105°55'31.87"E
2 S2 9°13'35.21"N 106°09'27.98"E
3 S3 9°25'09.94"N 106°13'19.50"E

According to the statistical results from Figure 10 and Figure 11, because the wave
induced current and the wind induced current in the Northeast monsoon has a Southwest -
Northeast direction, coinciding with the spring and neap tides during the Northeast
monsoon, so the coastal current velocity increases. Meanwhile, because the wave induced
current and the wind induced current in the Southwest monsoon have a Northeast-
Southwest direction, in contrast with the spring and neap tides during the Southwest
monsoon, the flow velocity decreases. The influence of waves and winds deep into the
estuary is negligible.

This result is quite similar to the simulation results of currents under the influence of
waves and tides in both direction and magnitude in the study of [27].
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mS1 0.036 0.012 0.24 0.26 0.26 0.27
mS2 0.022 0.01 0.23 0.245 0.25 0.25
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Figure 10. Coastal current velocity of each single element and total flow during the Northeast
monsoon season at the extraction sites.
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Figure 11. Coastal current velocity of each single element and total flow during the Southwest
monsoon season at the extraction sites.
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4. Conclusion

The coastal currents in the study area are influenced by various factors, including wind,
waves, and tides. During the northeast monsoon season, wind induced currents flow along
the coast in the northeast direction, with the highest velocity of 2.5 cm/s observed in the
Soc Trang coastal area. In the southwest monsoon season, the wind induced currents flow
along the shore in the southwest direction, but with lower velocities compared to the
northeast monsoon season. Wave induced currents are also influenced by the wind seasons,
flowing from the northeast to the southwest and into the West Sea during the northeast
monsoon, and from the southwest to the northeast during the southwest monsoon. The
velocities of wave induced currents are generally higher in the northeast monsoon season.
However, tidal currents dominate the coastal currents, with significantly higher velocities
than wind and wave induced currents. During the spring tide phase, tidal currents reach
their maximum velocities, nearly 1 m/s at the river mouth, while remaining relatively
smaller in the overall region. In the Dinh An estuary, tidal current velocities range from
0.54 to 0.96 m/s, and in the Tran De estuary, they range from 0.4 to 0.92 m/s. During the
neap tide phase, the velocity difference between the river mouth and surrounding areas is
even more pronounced. Tidal currents close to the shore have negligible velocities.

Regarding the coastal current, in the northeast monsoon season, the tidal currents from
the northeast-southwest are in the same direction as the wave induced current, leading to an
increase in the coastal current during spring tide (3-5%) and at neap tide (2-5%). In the
southwest monsoon season, the direction is the opposite for tidal current and wave induced
current; as a result, the velocities of the coastal current decrease at high tide (3-4%) and low
tide (3-4.5%). The influence of winds deep in the estuary (Tran De and Dinh An estuaries)
is negligible because these areas are small and low-lying, which reduces the influence of
wind on the flow.

However, this study has not yet assessed the influence of wave induced currents on
sediment transport along the coast, which is also a research direction for the future. In this
study, some uncertainties that may affect the calculated results are the boundary conditions
at the sea, which only consider the eight major tidal constituents.

Author Contributions: Conceptualization, T.T.K., N.T.B.; methodology, T.T.K., N.V.P.,
N.T.B., N.K.P.; software, T.T.K., N.D.Q.H., P.T.M.D., P.A.T.; validation, P.T.M.D.;
formal analysis, T.T.K., P.T.M.D., N.D.Q.H.; investigation, N.T.B., N.K.P; resources,
N.T.B.; data curation, N.D.Q.H., N.T.B.; writing—original draft preparation, T.T.K., N.T.B.;
writing—-review and editing, T.T.K., N.T.B.; visualization, N.V.P., N.D.Q.H.; supervision,
N.K.P., N.T.B.; project administration, N.K.P.; funding acquisition, N.K.P.

Acknowledgments: We would like to thank Ho Chi Minh City University of Technology
(HCMUT), VNU-HCM for their donations of time and facilities for this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tran, D.A.; Hoang, L.P.; Bui, M.D.; Rutschmann, P. Simulating future flows and
salinity intrusion using combined one-and two-dimensional hydrodynamic modelling
the case of Hau River, Vietnamese Mekong delta. Water 2018, 10(7), 897.

2. Stansby, P.K. Coastal hydrodynamics-present and future. J. Hydraul. Res. 2013, 51(4),
341-350.

3. Chang, S.W. et al. Does sea-level rise have an impact on saltwater intrusion? Adv.
Water. Resour. 2011, 34(10), 1283-1291.

4. Galland, J.; Goutal, C.N.; Hervouet, J.M. TELEMAC: A new numerical model for
solving shallow water equations. Adv. Water. Resour. 1991, 14(3), 138-148.

5. Hervouet, J.M. TELEMAC modelling system: an overview. Hydrol. Processes 2000,
14(13), 2209-2210.



J. Hydro-Meteorol. 2023, 16, 38-55; doi:10.36335/VNJHM.2023(16).38-55 54

6.

©w oo

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Zangiabadi, E. et al. Computational fluid dynamics and visualisation of coastal flows
in tidal channels supporting ocean energy development. Energies 2015, 8(6), 5997—
6012.

de Saint-Venant, B.A.J.C. Théorie du Mouvement Non Permanent des Eaux, avec
Application aux Crues de Rivieres et a I'Introduction des Marées dans leur Lit.
Comptes Rendus des séances de I'Académie des Sciences, 1871, pp. 147-154.
Castro-Orgaz, O.; Hager, W.H. Shallow water hydraulics. Springer, 2019.

Ersoy, M.; Lakkis, O.; Townsend, P. A Saint-Venant model for overland flows with
precipitation and recharge. Math. Comput. Appl. 2020, 26(1), 1.

Jia, Y.; Wang, S.S. Numerical model for channel flow and morphological change
studies. J. Hydraul. Eng. 1999, 125(9), 924-933.

Jia, Y.; Wang, S.S. CCHE2D: Two-dimensional hydrodynamic and sediment transport
model for unsteady open channel flows over loose bed. National Center for
Computational Hydroscience Engineering, Technical Report No. NCCHE-TR-1, 2001.
Thakur, B. et al. Exploring CCHE2D and its sediment modelling capabilities. in World
Environmental and Water Resources Congress 2018: Hydraulics and Waterways,
Water Distribution Systems Analysis, and Smart Water. American Society of Civil
Engineers Reston, VA, 2018.

Kadam, P.; Sen, D. Flood inundation simulation in Ajoy River using MIKE-FLOOD.
ISH J. Hydraul. Eng. 2012, 18(2), 129-141.

Nigussie, T.A.; Altunkaynak, A. Modeling the effect of urbanization on flood risk in
Ayamama Watershed, Istanbul, Turkey, using the MIKE 21 FM model. Nat. Hazard.
2019, 99(2), 1031-1047.

Sarker, S. Essence of MIKE 21C (FDM Numerical Scheme): Application on the River
Morphology of Bangladesh. Open J. Modell. Simul. 2022, 10(2), 88-117.

Bomers, A.; Schielen, R.M.J.; Hulscher, S.J. The influence of grid shape and grid size
on hydraulic river modelling performance. Environ. Fluid. Mech. 2019, 19(5), 1273—
1294.

Baker, T.J. Discretization of the Navier Stokes equations and mesh induced errors.
Mississippi State Univ. Mississippi State, MS (United States): United State, 1996.

Liu, X.; Ma, J.; Xu, S.; Wang, B. On the generation of coastline-following grids for
ocean models-trade-off between orthogonality and alignment to coastlines. Ocean.
Dyn. 2017, 67, 1095-1104.

Morianou, G.G.; Kourgialas, N.N.; Karatzas, G.P.; Nikolaidis, N.P. Assessing hydro-
morphological changes in Mediterranean stream using curvilinear grid modeling
approach-climate change impacts. Earth. Sci. Inf. 2018, 11(2), 205-216.

Yousefi, K.; Veron, F. Boundary layer formulations in orthogonal curvilinear
coordinates for flow over wind—generated surface waves. J. Fluid Mech. 2020, 888,
All

Truong, Q.C.; Nguyen, T.H.; Tatsumi, K.; Pham, V.T.; Tri, V.P.D. A Land-Use
Change Model to Support Land-Use Planning in the Mekong Delta (MEKOLUC).
Land 2022, 11(2), 297.

Tran, D.A.; Tsujimura, M.; Vo, L.P.; Nguyen, V.T.; Kambuku, D.; Dang, T.D.
Hydrogeochemical characteristics of a multi-layered coastal aquifer system in the
Mekong Delta, Vietnam. Environ. Geoche. Health 2020, 42(2), 661-680.

Xing, F.; Meselhe, E.A.; Allison, M.A.; Weathers I1l, H.D. Analysis and numerical
modeling of the flow and sand dynamics in the lower Song Hau channel, Mekong
Delta. Cont. Shelf Res. 2017, 147, 62—77.

Tamura, T.; Horaguchi, K.; Saito, Y.; Nguyen, V.L.; Tateishi, M.; Ta, T.K.O;
Nanayama, F.; Watanabe, K. Monsoon-influenced variations in morphology and
sediment of a mesotidal beach on the Mekong River delta coast. Geomorphology 2010,
116(1-2), 11-23.

Thanh, V.Q. et al. Sediment transport and morphodynamical modeling on the estuaries
and coastal zone of the Vietnamese Mekong Delta. Cont. Shelf. Res. 2019, 186, 64—76.



J. Hydro-Meteorol. 2023, 16, 38-55; doi:10.36335/VNJHM.2023(16).38-55 55

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bayrak, M.M.; Marks, D.; Hauser, L.T. Disentangling the concepts of global climate
change, adaptation, and human mobility: A political-ecological exploration in
Vietnam’s Mekong Delta. Clim. Dev. 2022, 14(10), 1-10.

Marchesiello, P.; Nguyen, N.M.; Gratiot, N.; Loisel, H.; Anthony, E.J.; Dinh, C.S,;
Nguyen, T.; Almar, R.; Kestenare, E. Erosion of the coastal Mekong delta: Assessing
natural against man induced processes. Cont. Shelf. Res. 2019, 181, 72-89.

Thanh, V.Q.; Reyns, J.; Wackerman, C.; Eidam, E.F.; Roelvink, D. Modelling
suspended sediment dynamics on the subaqueous delta of the Mekong River. Cont.
Shelf. Res. 2017, 147, 213-230.

Nguyen, N.M.; San, D.C.; Nguyen, K.D.; Pham, Q.B.; Gagnon, A.S.; Mai, S.T.; Anh,
D.T. Region of freshwater influence (ROFI) and its impact on sediment transport in the
lower Mekong Delta coastal zone of Vietnam. Environ. Monit. Assess. 2022, 194(7),
1-15.

Mai, N.P.; Thang, T.D.; Kantoush, S.; Sumi, T.; Binh, D.V.; Trung, L.V. The
processes of saltwater intrusion into Hau River. Proceeding of the International
Conference on Asian and Pacific Coasts. APAC 2019, pp. 1477-1483.

Kim, T.T.; Long, N.K.T.; Hong, N.T.T.; Phung, N.K.; Bay, N.T. Mapping the residual
tidal ellipse from Vung Tau-Bac Lieu, Viet Nam by using a numerical model in
curvilinear coordinate. VN J. Hydrometeorol. 2021, 8, 50-63.

Kim, T.T.; Nguyen, T.T.P.; Hoang, H.K.; Nguyen, T.T.H.; Nguyen, T.N.M.; Phung,
D.T.M. Mapping erosion-accretion risk maps in the coastal area of Soc Trang. VN Sci.
Tech. Dev. J. 2021, 5(S12), SI64-S174.

Kim, T.T.; Bay, N.T.; Ky, P.N.; Nguyen, M.T.T.; Tra, N.N.Q. Bottom morphology in
hau estuaries under influences of sediment reduction and climate variation. VN Sci.
Tech. Dev. J. 2021, 4(SI1), SI84-S194.

Thuy, N.T.D. et al. Modelling Accresion and Erosion Processes in the Bassac and
Mekong Rivers of the Vietnamese Mekong Delta. Proceeding of the APAC 20109:
Proceedings of the 10™ International Conference on Asian and Pacific Coasts.
Springer, Hanoi, Vietnam, APAC 2019, pp. 1431-1437.

Nash, J.E.; Sutcliffe, J.V. River flow forecasting through conceptual models part I—A
discussion of principles. J. Hydrol. 1970, 10(3), 282—-290.

Moriasi, D.N.; Arnold, J.G.; Van Liew, M.W.; Bingner, R.L.; Harmel, R.D.; Veith,
T.L. Model evaluation guidelines for systematic quantification of accuracy in
watershed simulations. Trans ASABE. 2007, 50(3), 885-900.

Steiger, J.H. Statistically based tests for the number of common factors. in the annual
meeting of the Psychometric Society. lowa City, 1A. 1980.

Browne, M.W.; Cudeck, R. Alternative ways of assessing model fit In KA Bollen & JS
Long (Eds.), Testing structural equation models. Newbury Park, CA: Sage, 1993, 136—
162.

Chen, C.; Lal, Z.; Beardsley, R.C.; Xu, Q.; Lin, H.; Viet, N.T. Current separation and
upwelling over the southeast shelf of Vietnam in the South China Sea. J. Geophys.
Res: Oceans 2012, 117(C3), C03033.

Shi-Feng, S. Waves in South China Sea, in Oceanology of China Seas. Oceanology
China Seas 1994, 135-140.

Mirzaei, A.; Tangang, F.; Juneng, L.; Mustapha, M.A.; Husain, M.L.; Akhir, M.F.
Wave climate simulation for southern region of the South China Sea. Ocean Dyn.
2013, 63(8), 961-977.

Gugliotta, M.; Saito, Y.; Nguyen, V.L.; Ta, T.K.O.; Nakashima, R.N.; Tamura, T.;
Uehara, K.; Katsuki, K.; Yamamoto, S. Process regime, salinity, morphological, and
sedimentary trends along the fluvial to marine transition zone of the mixed-energy
Mekong River delta, Vietnam. Cont. Shelf Res. 2017, 147, 7-26.



o JOURNAL OF —
@ JJ HYDRO-METEOROLOGY W) Check for updates

Research Article

Evaluation of the current status of wastewater management and
treatment from super-intensive whiteleg (Penaeus vannamei)
shrimp ponds in Ben Tre Province

That Lang Ton'*, Van Tan Lam?, Tran Thi Kim Tu3, Van Tuan Nguyen?

! Ho Chi Minh University of Natural Resources and Environment, Ho Chi Minh City,
Vietnam; ttlang@hcmunre.edu.vn

2 Department of Science and Technology, Ben Tre province, Vietnam;
Ivtankhcn@gmail.com

3 Center of Environment and Technology Service, Ho Chi Minh City, Vietnam;
kimtul610@gmail.com

*Correspondence: ttlang@hcmunre.edu.vn; Tel.: +84-903893932
Received: 5 June 2023; Accepted: 11 July 2023; Published: 25 September 2023

Abstract: Ben Tre province in Viet Nam must contend with the fact that the farming
environment is deteriorating beccause of poor disease management practices, pond
wastewater discharge, and bottom muck. The current state of extremely intense shrimp
farming in Ben Tre province is depicted in this study. In addition, this study also evaluates
the state of Ben Tre province's wastewater treatment and super-intensive shrimp farming
practices. Shrimp pond wastewater is often held in settling ponds in super-intensive shrimp
farming households in three districts of Binh Dai, Ba Tri, and Thanh Phu of Ben Tre
province, however, some households will continue to discharge wastewater through
treatment ponds. According to the analysis’s findings, treated shrimp ponds have
considerably superior water quality than untreated shrimp ponds. However, the
concentration of COD, BODs, H2S, and NHs in treated ponds remained higher than the
standard of QCVN 02-19:2014/BNNPTNT, although having dropped in comparison to
untreated ponds. As a result of the aforementioned fact, it is imperative to conduct research
and develop an environmentally friendly and highly effective wastewater treatment process
to conserve and circulate water for extremely intensive shrimp ponds in the Ben Tre
Province area.

Keywords: Super-intensive shrimp pond; Wastewater; Penaeus vannamei.

1. Introduction

The Vietnamese government is concentrating on intensive shrimp production, enhancing
value chain efficiency, certification and standards enforcement, and minimizing risk in an
effort to make the country the top exporter of seafood in the world. An empirical examination
of the price relationship and the shrimp exports from Vietnam’s supply chain revealed that
the white-leg shrimp's price transmission was noticeably superior to the black-tiger shrimp's
[1]. Therefore, white-leg shrimp farming is being interested and developed both in terms of
area and intensification, especially in the development of high-tech white-leg shrimp farming
[2-3]. With high levels of natural resource usage, probable environmental damage, ominous
climatic changes, and wealth inequalities related to production intensification, the key
guestion is whether super-intensive production can be the driver toward shrimp production
sustainability [4]. In Vietnam, the Mekong Delta’s coastal regions are home to the country’s
largest aquaculture region. Additionally, one of the coastal provinces, Ben Tre have a
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super-intensive shrimp farming area of approximately 2500 hectares by 2022. In order to
transform the shrimp business into the province's main source of production, adapt to climate
change, and safeguard the biological environment, Ben Tre province is also extending the
area of marine shrimp farming with high-technology applications. Ben Tre, however, shares
the same problem as many other areas in that the farming environment has been negatively
impacted by infectious disease management, spontaneous development, discharge, and
improper chemical use in general [5-6]. Furthermore, numerous new technological
approaches have been discovered in an effort to address the enormous issues surrounding
shrimp effluent and ensure its sustainability, but none could claim to be a comprehensive and
integrated approach that takes into account all technical, legal, social, environmental, public
health, and institutional concerns [7-10]. Regarding the characteristics of water quality and
sediment in the vannamei culture system, there are many studies that have demonstrated that
the quality evolution of pollutant parameters discharged from the shrimp farming process
tends to increase over time [11-13]. Accordareg to research by [2] in 2010, sediment in
shrimp ponds is produced from a variety of sources, including suspended solids from runoff,
lime, fertilizers, chemicals, and antibiotics; uneaten food, dead phytoplankton, and molting
shrimp shells; solid waste from shrimp production; and inorganic matter is eroded from the
pond wall. Additionally, the usage of fertilizers, antibiotics, and pesticides in shrimp ponds
can build up in the sediment and the environment. In 2019, in Ben Tre province, a study was
conducted on the state of waste management and treatment from intensive white-leg ponds to
evaluate the level of pollution, and the efficacy of available technologies, and to recommend
treatment options that would be practical and affordable for farmers. Anh currently, the
majority of shrimp farms directly discharge wastewater and sludge into the environment after
each crop, contaminating the surrounding area and harming the health of the local populace.
So, this study continues to evaluate the degree of pollution and the treatment potential of
existing technologies, it is required to research the current condition of waste management
and treatment from super-intensive white-leg ponds in Ben Tre province. This study is
required because the practice that it addresses indicates improvements in shrimp farming
performance.

2. Materials and Methods

This study included shrimp household from three districts of Ben Tre province: Binh
Dai, Ba Tri, Thanh Phu, as shown in Figure 1.

Cho Lach

Mo Cay Bac :
Giong Trom

e Sample locations

Bl Study area

Figure 1. The study area.
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The study uses the following methods:

- Method of sociological survey: collect information through 30 questionnaires in three
districts of Binh Dai, Ba Tri, and Thanh Phu to determine the area of ponds, farming
techniques, the amount of wastewater generated, and the method of production current
methods of wastewater management and treatment.

- Statistical method: used to process survey data, from there, determine the mean and
standard deviation.

- Data processing: The water quality data were compared among the sampling locations
and were also compared with QCVN 02-19:2014/BNNPTNT to assess water quality in
farming areas [14].

Wastewater samples were collected in 30 super-intensive shrimp ponds in Binh Dai, Ba
Tri, Thanh Phu districts of Ben Tre province. Wastewater samples, after being transported to
the laboratory, were analyzed for Temperature, Dissolved Oxygen (DO), pH, Salinity,
Ammonia (NHsz), Ammonium (NHs"), HzS, Nitrite (NO;"), Phosphate (PO.*), Total
Suspended Solids (TSS), COD, BODs. Wastewater samples were taken and preserved
according to the instruction of TCVN 6663-1:2016 and analyzed by specialized methods as
shown in Table 1.

Table 1. Methods of analyzing pollution parameters in the wastewater environment of shrimp ponds.

Parameters Methods
Field
pH TCVN 6492:2011
Temperature SMEWW 2550B:2017
DO TCVN 7325:2016
Salinity SMEWW 2520:2012
Laboratory
TSS TCVN 6625:2000
CoD SMEWW 5520C:2012
BODs TCVN 6001-1:2008
POs* TCVN 6202:2008
NO;~ TCVN 6178:1996
H2S US EPA Method 376.2
NHs QCVN 10-MT:2015/BTNMT
NH4* SMEWW 4500-NH;.B&F:2017

3. Results and discussion

Super-intensive white-leg shrimp farming households use 3 main models in the shrimp
farming process as follows:

Model 1: Reservoir Pond - sedimentation pond - Water treatment pond - Prepared
Pond - culture pond.

Model 2: Reservoir Pond - sedimentation pond -> Water treatment pond —> culture
pond.

Model 3: Reservoir Pond = sedimentation pond = culture pond.

3.1. Characteristic of shrimp wastewater

From September 2022 to February 2023, a survey was conducted at 30 households that
raised white-leg shrimp in three districts of Ben Tre province: Binh Dai, Ba Tri, and Thanh
Phu. Based on 10 households in each district, descriptive statistics of the pond, intake, and
effluent water quality are presented as mean, standard deviation and derived for the
super-intensive white-leg shrimp production characteristics in Ben Tre as shown in Table 2.
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Table 2. Statistical analysis of technical parameters of the super-intensive white-leg shrimp farming.

Parameters Unit Binh Dai Ba Tri Thanh Phu
Pond area (ha/household) 1.47+1.25 2.45+3.82 1.34+1.37
Pond number - 9.3+4.69 10.5+11.5 7.6+7.63
Water deep of pond m 1.53+£0.10 1.53+0.48 1.55+0.06
Stocking density PL/m? 148+58.08 104+35.96 121+20.79
Production cycle duration days 110+14.23 113+26.48 101+10.12
Number of employees - 4+3 2+1 3+3

PL: Post Larvae

According to the study results, Ba Tri district has the greatest shrimp farming area (2.45
ha/household), and there is a significant disparity in size between shrimp farming families.
Binh Dai and Thanh Phu districts, however, have shrimp farming areas that are comparable.
Since larger areas are sometimes difficult to manage for ponds and water environment factors
can easily change in a small area affecting shrimp growth and lowering productivity.
Therefore, each shrimp square has an area of between 1 and 5 hectares.

Shrimp seed is stocked at densities ranging from 100 to 200 shrimp per square meter,
high or low depending on the technical capabilities and financial resources of each
household. According to the study findings, Ba Tri district has a lower stocking density than
Binh Dai and Thanh Phu districts. The variables governing water depth, the number of
harvest days, and the number of employees tasked with managing ponds are comparable
amongst districts.

3.2. The process of raising and managing ponds

The management features of the selected household for the current status of using feed,
antibiotics, chemicals and probiotics in super-intensive white-leg shrimp farming in three
districts is presented in Table 3.

Table 3. Statistical analysis of using feed, antibiotics, chemicals, and preparations in super-intensive
white-leg shrimp farming.

Parameters Unit Binh Dai Ba Tri Thanh Phu
Feed intake kg/ha.day 187.82+29.07 134.97+70.73 200.62+127.96
Sterilizer kg/m? 0.043+0.00 0.027+0.0 0.027+0.00
Antibiotics g/kg of feed 8.000.82 8.9+1.10 7.85+2.19
intake
Vitamin g/kg of feed 12.5+0.0 1040.0 9.44+0.0
intake
Bioproducts 1/1000m? 2.9£0.2 2+0.0 1.8+0.3
Water treatment kg/1000m? 1.76+0.25 1.5+0.00 1.6+0.21
chemicals

The amount of feed largely relies on stocking density and the length of postlarval days.
With a high stocking density, the feed fed to the pond each day increases with the postlarvae's
age in days. The behaviors and methods used to maintain and manage the ponds are other
factors contributing to the variation in feed requirements among shrimp farms. According to
the survey results, Binh Dai and Thanh Phu districts have a fairly high average feed intake,
the lowest is Ba Tri district. The evolution of water quality, as well as the growth and
development of cultured shrimp, are significantly impacted using food, antibiotics, vitamins,
and biological products for detoxification and chemicals for disinfection. The survey reveals
that among the three districts, the average amounts of sterilizer, vitamins, probiotics, and
water treatment chemicals are not considerably different, and the variability is not
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significant. Nevertheless, Ba Tri has the highest amount of antibiotics (8.9 g/kg of feed
intake), while the stocking density is the least (104+35.96 PL/m?).

Table 4. Statistical analysis of water use and wastewater generation in super-intensive white-leg
shrimp farming.

Parameters Unit Binh Dai Ba Tri Thanh Phu
Intake water volume m3/m? 3336+2747.54 2055+1347.11 5400+3806.43
Total of effluent volume m3/m2 3386+2785.47 2060+1340.15 5733.43+4327.73

Statistical analysis of water use and wastewater generation in super-intensive white-leg
shrimp farming is shown in Table 4. The water intake in shrimp ponds was the highest in
Thanh Phu and the smallest in Ba Tri, while the average pond area in Thanh Phu was the
smallest (1.34+1.37 ha/household) and the largest in Ba Tri (2.45+3.82 ha/household). In
super—intensive culture ponds, excessive feed, and fertilizer use results in a significant
nutrient influx into the natural water through the discharge canal. Without a doubt, during the
growth cycles, the water exchange rate has a significant impact on the effluent loading
[15-17].

3.3. Analysis results of pond wastewater quality

Sampling to analyze wastewater characteristics in Ba Tri district, Binh Dai district,
Thanh Phu district gives the following results of water analysis parameters: Temperature,
Dissolved Oxygen (DO), pH, Salinity, Ammonia (NHs—N), Ammonium (NHs-N), HzS,
Nitrite (NO2—N), Phosphate (PO4—P), Total Suspended Solids (TSS), COD, BODs.

Table 5 shows the analytical parameters of untreated super-intensive shrimp pond
effluent analysis of some households in Ben Tre province. The analysis of untreated
wastewater samples from super-intensive shrimp farming households reveals that the COD,
BODs, H2S, and NH3z have mean values that exceeded the standard except for NHz in Ba Tri
district. Temperature and pH are within normal ranges of the standard. The pH value in the
wastewater from the observed, super-intensive shrimp ponds vary with a small amplitude
between 7.4 and 7.8. The pH and DO mean values of the super-intensive shrimp pond
wastewater are relatively similar to the pH and DO mean value in intensive shrimp ponds in
Bac Lieu province [18]. However, salinity, PO4*", H.S, and NHs of super-intensive shrimp
ponds are greater than those of intensive shrimp ponds in Ben Tre province, with the
exception of H,S in Thanh Phu and Ba Tri districts and NHz in Thanh Phu District. The mean
NH." values of this study are greater, with the exception of Ba Tri district, than the effluent of
super-intensive shrimp farms in Bac Lieu, which has NH4" ranges between 0.016 to 1.246
mg/l [19]. Additionally, the concentration of COD and BODs in this study area is
significantly higher than that of the hyper-intensive shrimp ponds in Bac Lieu, where COD
concentrations range from 4.43 to 55 19 mg/l and BODs concentrations from 10.21 to 90.12
mg/l. Probably, due to humus buildup, excessive manure, excess food, and other factors,
water contains a large number of organic materials. Moreover, the amount of fertilizer given
to various ponds determines the variation in COD and BODs concentration in shrimp pond
water, which contributes to the wide fluctuation range of COD and BOD concentrations in
this research area.

Table 5. Analysis results of untreated super-intensive shrimp pond effluent in Ben Tre province.

. . . . Intensive QCVN 02-19:
Parameters Unit Binh Dai Thanh Phu Ba Tri shrimp pond*  2014/BNNPTNT
pH - 7.5+0.19 7.8+0.64 7.4+0.11 7.72+0.34 5.5-9

Temperature °C 28.£0.71 27.7£0.5 26.3£0.5 — 18-33
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. . . . Intensive QCVN 02-19:
Parameters Unit Binh Dai Thanh Phu Ba Tri shrimp pond*  2014/BNNPTNT
DO mg/I 5.740.6 6.5+0.6 5.8#0.5 544+07 -
Salinity %0 10.7+0.5 12.3+2.0 10.3340.5 127+4.2 -
TSS mg/I 58.3+24.74 36.6+£12.5 40.3£10.5 744 +53.2 <100
Ccob mg/l 1625.9+337.83 2054.6+448.2  1773.2+138.4 183+4.8 <150
BODs mg/I 657.4+142.06 757.3+154.7 665.9452.3 747 +19.7 <50
PO#* mgl/l 0.1+0.13 0.1x0.1 0.1£0.0 02 03 -
NO2- mgl/l 0.03+0.03 0.39£0.59 0.01+0.00 - -
H2S mgl/l 0.38+0.08 0.21+0.14 0.24+0.17 0.198 £0.03 <0.05
NHs mgl/l 1.19+0.88 2.24+2.43 0.30+0.15 195+1.4 <03
NHq4* mg/l 1.26+0.90 2.36+2.50 0.32+0.16 - -

*: Characteristics of effluent from intensive shrimp ponds of 30 households in 3 districts were sampled and analyzed
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Figure 2. TSS, COD, BODs, H2S, NH3 concentrations in three districts before and after treatment.

The analysis result of treated super-intensive shrimp pond effluent in Ben Tre province
is shown in Table 6. Based on the findings, it can be concluded that the mean pH,
temperature, and salinity of treated super-intensive shrimp pond effluent are comparatively
similar to those of untreated super-intensive shrimp pond effluent. The remaining analytical
parameters with the exception of DO are significantly lower in treated super-intensive shrimp
pond effluent than in untreated super-intensive shrimp pond effluent. Except for H2S in Binh
Dai district, the mean pH, temperature, and H2S values are less than those of the treated
intensive shrimp pond in Ben Tre. However, compared to intensive shrimp pond effluent, the
DO, salinity, and NHz values are higher.
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Table 6. Analysis results of treated super-intensive shrimp pond effluent in Ben Tre province.

Parameters Unit BinhDai  Thanh Phu Ba Tri shrlinntqepn:ic\)/r?d* QCVN 02-19: 2014/BNNPTNT
pH - 7.5+0.21 7.8+0.69 7.4+0.09 8.5 5.5-9
Temperature  °C 28+0.71 27.7£0.5 26.3£0.5 32 18-33
DO mg/I 6.4+0.22 7.20.45 6.5+0.18 6.4 -
Salinity %0 10.7+£0.5 12.3+2 10.3x0.5 7 -
TSS mg/l 4224169  29.1+13.8 33.749.8 - <100
COD mg/l  463+157.3  397.6+38.7 284.6+26.2 - <150
BODs mg/l  205.3+67.5  100.9+7.8 110.7£22.5 - <50
PO mg/l  0.1+0.06 0.03+0.03 0.01+0.01 - -
NO2- mg/l  0.010.02 0.1+0.06  0.0003+0.001 - -
H2S mg/l  0.2+0.04 0.1+0.01 0.1+0.05 0.2 <0.05
NHs mg/I 0.7£0.6 11+11 0.1+0.1 0.46 <0.3
NH4* mg/I 0.8+0.64 1.1+1.12 0.1+0.1 - -

*: The water quality after 30 days of settling of a shrimp farming household in Thanh Phu district, Ben Tre.

Figure 2 illustrates that the concentration of COD and BOD in treated wastewater
declined the most, whereas the concentration of TSS in the shrimp pond did not vary much
between before and after treatment. In addition, the concentration of H>S and NHz in treated
wastewater was reduced by half. However, the quantities of COD, BODs, H>S, and NHz in
treated ponds remained higher than the standard of QCVN 02-19:2014/BNNPTNT, although
having dropped in comparison to untreated ponds.

4. Conclusions

The average water surface area per household for the super-intensive white-leg shrimp
ponds in the three districts of Binh Dai, Ba Tri, and Thanh Phu in the province of Ben Tre is
1.34-2.45 ha, with a water depth of 1.53-1.55 m. According to the three main methods of
shrimp farming, shrimp pond wastewater is typically stored in a settling pond after each crop,
with 100% of the wastewater being treated by settling ponds. Some facilities will also keep
processing shrimp pond wastewater using treatment ponds. The parameters of H2S, NHs,
BODs, and COD remain exceed the permitted limits for the pond, despite the fact that the
quality of shrimp pond wastewater after treatment is better than the quality of shrimp pond
wastewater before treatment.

Wastewater treatment is therefore necessary to recycle, reuse, or discharge waste into the
canal. In comparison to the criteria for surface water quality [20] and marine water quality
[21], PO+*, NO, and NH4" must be treated to minimize their concentrations in order to
ensure the survival of aquatic animal life. To support the sustainable development of the
fishing industry, it is important to create a high-tech shrimp farming model that is both
ecologically beneficial and associated with financial gains.
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Abstract: Using Sentinel-1 image series with 10m resolution from the past to present by
Principal Component Analysis (PCA) method for Ho Chi Minh City area, helping to assess
flood risk due to canal leveling, slitting in some complicated times, narrows the space for
water regulation. In addition, Climate change causes sea level rise, thereby increasing the
existing water level along with that in large rivers and also causing storm surge, which
coincides with the time of flood discharge at Dau Tieng and Tri An reservoirs. The situation
of groundwater exploitation, subsidence of the existing ground is continuous and increasing.
With the accumulated settlement estimated to date about 100 cm, the current settlement rate
is about 2-5 cm per year. Particularly in concentrated areas such as commercial works, the
subsidence rate is about 7-8 cm per year. The rate of land subsidence is about twice as high
as sea level rise. Therefore, Ho Chi Minh City is one of the cities affected by flooding due
to high tide, especially in the current climate change conditions. According to the statistics
of flood-prone areas due to high tides from 2014 to 2022, Can Gio district has the highest
risk of flooding, with a flooded area of up to 3.713.236 hectares. The districts with an
extremely high risk of flooding after Can Gio district are Cu Chi district, Binh Chanh
district, and Nha Be district, with 1,764,564 ha, and 1,296,246 ha, and 1,012,550 hectares.

Keywords: Satellite image; Sentinel-1; Flood risk; Principal Component Analysis; High
Tides.

1. Introduction

Statistical and near-real-time information about flooded areas is necessary for several
public services, e.g., emergency, rescue, rehabilitation, spatial planning, habitat monitoring,
and adapting to climate change. Remote Sensing satellites can provide operational and timely
data as well as spatial information on flooded areas covered by water. Two types of satellite
imagery are available to monitor flood dynamics on the surface: optical aperture radar (OAR)
and data radar (SAR). Optical remote sensing can only be applied in cloudless situations.
However, flooding often occurs during periods of prolonged rain and frequent cloud cover.
Therefore, SAR systems are often the preferred tool for monitoring floods from space. The
flat, water surface is characterized by low SAR backscatter, and the difference in backscatter
reflectance often enables flood mapping [1]. Using a combination of different SAR image
data such as COSMO-SkyMed and Sentinel-1, or combined with Flood Research Optical
images such as MODIS and terraSAR-X [2-5], monitor inundation changes thanks to the
advantage of multi-temporal images and through surface cover indices [6-10], through the
dynamic identification of the water-marked area [11], using the urban area marker [11-15],
and using backscatter signals from SAR images to detect and mark the rapid evolution of
flooded areas, especially flooding caused by high tides [16—18]. Based on the summary of A
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local thresholding approach to flood water delineation [8, 18], the most applied method to
map floods from a single image is the threshold histogram, which can be used in conjunction
with other image processing methods. different photos. Time change detection techniques
[19-20] and associative analysis [21] have also been used to map open water. However, time-
varying detection methods require two images and may therefore be limited by the temporal
coverage of the satellite images. To improve the accuracy of flood maps, the advantages of
ancillary data, such as the HAND index (elevation above the nearest drainage) are derived
from the DEM (digital elevation model) and the DIST index (distance from drainage system)
are derived from the watershed as well as the land use map, which has been demonstrated in
several studies [17, 18, 20, 22]. Most of the proposed methods for flood mapping are semi-
automatic. A fully automated method integrating thresholding separation and fuzzy logic
classifiers has been proposed and applied by the author [18] for TerraSAR-X processing and
by the author [23] to process Sentinel-1 (S1).

Recent research by the authors [24-25] summarized the methods of mapping flooding
under the forest canopy. Research by the author [24] showed that the most applied method to
detect submerged areas under vegetation is to identify increased backscatter values compared
with other objects. The penetration depth of SAR signals into vegetation is higher for longer
wavelengths, so the use of L-band has been recommended [26, 27-28]. However, several
studies [20, 29-30] have demonstrated the ability of C-band and X-band data to identify
submerged vegetation, especially in the case of sparse forest and leafless forests. Co-
polarization signals (HH or VVV) are preferred over cross-polarized signals for mapping water
under vegetation. Studies have shown that using HH polarization leads to more accurate
results than VV polarization [31-32]. Furthermore, the use of polarization analysis and/or an
interferometric SAR combination has been used to map flooding under vegetation [33].
However, the availability of full polarization data is often limited in terms of spatial extent
and temporal coverage.

Sentinel-1 images have modes (i) single polarized VV (Vertical-Vertical) or HH
(Horizontal) and (ii) double polarized VH (Vertical-horizontal) or HV (Horizontal-Vertical).
investigated the effects of single VVV and double VVH polarization for flood monitoring in the
Ebro River Basin, Spain, using Sentinel-1 images [34]. A combination of Sentinell and
Landsat images for inundation area identification and flood impact monitoring for the
Houston, Central Greece, and East Coast of Madagascar regions of the United States [35].
The results from the above studies all confirmed that the VV polarization for inundation
monitoring results is quite suitable for building flood maps using Sentinel-1 images. The
above examples demonstrate that \VVV polarization can be used to determine the water surface
area with rapid variation and is well suited to the observation of high tides.

In the past, the creation of flood maps often took a lot of time and money using SNAP
software. The recent introduction of the Google Earth Engine (GEE) cloud platform has
increased the convenience of research [36-37], providing powerful computing resources for
free. GEE has been widely used in large-scale and long-term flood dynamics monitoring
missions [38-40]. Another advantage of this platform is that it provides multiple datasets,
facilitates data collection, and allows researchers to use different datasets for collaborative
analysis to improve data collection and algorithmic accuracy [41-42].

Simultaneous operation of 2 satellites, Sentinel 1A and Sentinel 1B, allows to shorten
the time of image acquisition at a location on the earth’s surface to 6 days (compared to 12
days if only 1 satellite is used). The sensor on the Sentinel-1 satellite acquires a composite
open aperture radar image, channel C.

2. Methodology

2.1. Description of study site
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Topographic: Overall, HCMC has a relatively flat and low terrain with several West-
North and east-northeast slopes, the height of the ground tends to decrease gradually from
the North-West to the South and Southeast.

The area is largely distributed into the districts: Cu Chi, Hoc Mon, north of Thu Duc
City, district 9, north of Binh Chanh district. Heights from 4-10 m account for about 19% of
the total area; areas with heights above 10 m account for 11% of total area.

The lowland is distributed in the inner city, the land in Hoc Mon district, Thu Duc city,
and the southern part of Binh Chanh district is located along the Saigon River; the elevation
of this area varies from 2-4 m, accounting for about 15% of the whole area of Ho Chi Minh
City. The low-lying valley comprises a steep slope running from the south of Cu Chi district,
with an altitude of 0-2 m, and accounts for approximately 55% of Ho Chi Minh City's land
area.

Hydrology: Located in the basin of the Dong Nai-Saigon river system, the hydro-
hydraulic mechanism of the canals and rivers is not only influenced by the topography of Ho
Chi Minh City (mostly less than 2 m), the semi-diurnal regime of the East Sea, but also by
the exploitation of terraced lakes upstream now and in the future, such as Tri An, Dau Tieng,
Thac Mo lakes.
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Figure 1. Map of Ho Chi Minh City in Vietnam.

The river system has a total length of 7,955 km; the total water surface area accounts for
16%; the average flow density is 3.80 km?... Thus, the valley low terrain has an altitude of
less than 2 m and the water surface represents 61% of the natural area, is located in the river
gate area with many large regulatory works at the top of the source so the risk of flooding
occurs in a wide area.

Rainfall: Total average rainfall in Ho Chi Minh city is quite high from 1800 mm to 2700
mm, concentrating on July from May to November accounting for up to 90% of rainfall.
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Hydrological regimes: Since there are two main seasons of the rainy season and the dry
season, the flow mode in the two systems of the Saigon River and the Dong Nai River also
forms two respective flow modes. At the same time, due to the impact of the East Sea, the
rivers of the inner city of Ho Chi Minh city are affected by the tide strongly and throughout
the year. Here is the semi-diurnal tides regime shown through the fluctuations:

The moon fluctuates: two times of high tide and two times of low tide; the time of high
tide is 50 minutes back compared to the previous day. Seasonal developments: There are two
high tides in a month (from the 27" day of the previous month to the 5" of the following
month and from the 13" to the 18" of the solar calendar). Seasonal fluctuation: Spring tides
(days 11, 12, and 1 of the solar calendar): this period is maintained by the flow of the rainy
season in the inner city, so the high tide period usually lasts from September to January of
the solar calendar.

Subsidence: By synthesizing the results of high-speed measurements in the Ho Chi Minh
city region and the Mekong River Delta in 2017, 2018 of the Ministry of Natural Resources
and Environments showed the land in Ho Chi Minh city and the provinces of the Cuu Long
river valley is falling down the main causes are:

- The group of natural causes such as the displacement of the plates, the soil processes
attempting to end up dehydrating and the natural contraction of the layer of an early Holoxen
sediment.

- The group of human-influenced causes such as underground water mining, urbanization
increases the load on weak soil, vibration due to traffic activities.

Based on the Subsidence partition shows that Ho Chi Minh city is falling at a high rate
of more than 10 cm in 10 years in the district of Binh Chanh, southern of Binh Tan district,
district 8, district 7, east district 12, western district of Thu Duc, northern districts of Nha Be
with a total area of 239 km?. Especially where it dropped to 73 cm/10 years, from 2005-2015.

2.2. Method

Principal Component Analysis (PCA) operator, this operator generates the principal
component images from a stack of co-registered detected images.

The PCA consists of a remapping of the information of the input co-registered images
into a new set of images. The output images are scaled to prevent negative pixel values. The
PCA operator consists of the following major steps:

Average the pixels across the input
images to compute a mean image. [FEEEICIID) SR pee Sentinel 18 (2016:2021)
Optionally subtract the computed mean " D W, VK
image from each input image. b

Subtract the mean value of each Throshold
input image (or image from Average MR
step) from itself to produce zero-mean
images.

Compute covariance matrix from T
the zero-mean images given in Subtract ®cH
step. Perform eigenvalue decomposition
of the covariance matrix.

Compute PCA  images by
multiplying the eigenvector matrix by
the zero-mean images given in Subtract
step. Here the user can select the
eigenvectors instead of using all Mapping Flood Areas
vectors. The selection is done with a
user input threshold, which is in Figure 2. Flowchart of study structure.
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percentage, on the eigenvalues. For example, in the case of three input images, ai, a2 and as
(where a1 >> a> >> a3) are the eigenvalues, if the threshold is 80% and (ai+az) >> 80%, then
as will not use in computing the PCA images. Only two PCA images will be produced.

The flowchart of study structure on principal component analysis (PCA) of Sentinel-1
satellite images sequence for Ho Chi Minh City (Figure 2).

The following parameters are calculated from the Sentinel 1 image data series for the
period 2014-2022 in the Ho Chi Minh City area:

Source range: The VV polarization band is selected to perform PCA for the marking of
flood-prone areas and other causes of flooding.

Eccentricity threshold: Threshold used in eigenvalue selection to produce the final PCA
image. These are the values determined from the series of VVV polarization values for the
period 2014-2022, suitable for each year.

Show eigenvalues: Defines eigenvalues to be displayed automatically in areas flooded
by high tides.

Subtracting the average image: The average image of the input images for the period
2014-2022 (September-January next year) is subtracted from each input image before
applying PCA.

2.3. Data

Sentinel-1A was launched on 3 April 2014, and Sentinel-1B on 25 April 2016. They
orbit 180° apart, together imagining the Earth every six days.

The two-satellite SENTINEL-1A and SENTINEL-1B constellation offers a 6-day exact
repeat cycle. The constellation will have a repeat frequency (ascending/descending) of 3 days
at the equator is expected to provide coverage over Ho Chi Minh city and main shipping
routes in 1-3 days, regardless of weather conditions. Radar data will be delivered to
Copernicus services within an hour of acquisition.

In December 2021, an anomaly in the power supply of Sentinel-1B caused the SAR
sensor to stop working. Attempts to restore power to the sensor failed, and the mission
officially ended on August 3, 2022. The highest tides of the year usually appear in October
and November of the lunar calendar. The tidal regime in Ho Chi Minh City has a semi-diurnal
tidal regime, with two high and low tides per day. The area affected by this type of tide is
usually located at parallels near the equator.

~
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Figure 3. Sentinel 1A and Sentinel 1B Images with 3
bands: VV; VH; Angle. Water mask in band VV
masked (First Column): (a) 7 Sentinel 1A images
2014; (b) 31 Sentinel 1A images 2015; (c) 49 Sentinel
1A and Sentinel 1B images 2016; (d) 87 Sentinel 1A
and Sentinel 1B images 2017; (e) 103 Sentinel 1A
and Sentinel 1B images 2018; (f) 108 Sentinel 1 A and
Sentinel 1B images 2019; (g) 112 Sentinel 1A and
Sentinel 1B images 2020; (h) 97 Sentinel 1A and
Sentinel 1B images 2021; (k) 74 Sentinel 1A 2022.

The backscatter coefficients under VV polarization for the water area are lower than
those under VH polarization (around 0—7 dB) (Figure 3a-3k).

3. Results

3.1. Standardization

The aim of this step is to standardize the range of flood variables due to by continuous
tides for years 2014 to 2022 to contributes equally to the analysis:

value—mean

standard deviation

1)

Once the standardization is done, all the variables will be transformed to the same scale,

a flood tides variable that 0 and 1.

(@

()
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Figure 4. High tide based on principal component analysis (PCA) of Sentinel-1 satellite images
sequence for Ho Chi Minh City. The image shows the distribution of flooding caused by high tide in
Ho Chi Minh City from September to January next year in the period 2014-2022: (a) Flood tides
2014 (Component 1); (b) Flood tides 2015 (Component 2); (c) Flood tides 2016 (Component 3); (d)
Flood tides 2017 (Component 4); (e) Flood tides 2018 (Component 5); (f) Flood tides 2019
(Component 6); (g) Flood tides 2020 (Component 7); (h) Flood tides 2021 (Component 8); (k) Flood
tides 2022 (Component 9).

The Can Gio area is the area most affected by high tide from 2014 to 2022 from Sentinel-
1A and Sentinel-1B. In addition, the regional city centers of Cu Chi district, Binh Chanh
district, and Nha Be district are affected (Figure 4a-4k).

3.2. Covariance matrix computation

The variables of the input data set vary from the mean with respect to each other, to see
if there is any relationship between them. Because sometimes, variables are highly correlated
in such a way that they contain redundant information. To identify these correlations, we
compute the covariance matrix from 0.3588 to 0.3746 will be selected. The covariance matrix
is a9 x 9 symmetric matrix (where 9 is the number of dimensions) that has as entries the
covariances associated with all possible pairs of the initial variables (Table 1).

Table 1. Covariance matrix for 9-dimensional flood tides data year 2014 to 2022.

1 2 3 4 5 6 7 8 9
0.0370 0.0288 0.0284 0.0280 0.0272 0.0278 0.0271 0.0270 0.0262
0.0288 0.0359 0.0310 0.0303 0.0296 0.0301 0.0293 0.0291 0.0282
0.0284 0.0310 0.0358 0.0317 0.0306 0.0308 0.0302 0.0302 0.0292
0.0280 0.0303 0.0317 0.0363 0.0318 0.0319 0.0311 0.0309 0.0301
0.0272 0.0296 0.0306 0.0318 0.0353 0.0324 0.0314 0.0312 0.0302
0.0278 0.0301 0.0308 0.0319 0.0324 0.0374 0.0329 0.0325 0.0316
0.0271 0.0293 0.0302 0.0311 0.0314 0.0329 0.0362 0.0330 0.031
0.0270 0.0291 0.0302 0.0309 0.0312 0.0325 0.0330 0.0370 0.0328

0o N O OB WD
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1 2 3 4 5 6 7 8 9
9 0.0262 0.0282 0.0292 0.0301 0.0302 0.0313 0.0313 0.0328 0.0359

3.3. Compute the eigenvectors and eigenvalues of the covariance matrix to identify the
principal components

Eigenvectors and eigenvalues are the linear algebra concepts that we need to compute
from the covariance matrix to determine the principal components of the flood tides data.
Principal components are new variables that are constructed as mixtures of the initial
variables. These combinations are done in such a way that the new variables (i.e., principal
components) are uncorrelated and most of the information within the initial variables is
squeezed or compressed into the first components. So, the idea is 9-dimensional data gives
you 9 principal components, PCA tries to put maximum possible information in the first
component, then maximum remaining information in the second and so on Table 2.

Table 2. Eigenvectors of flood tides data year 2014 to 2022.

1 0.3079 0.7306  0.5768 -0.1828  -0.0699  -0.0020  -0.0003  -0.0096  -0.0115
2 03265 03343  -0.3588 0.5572  0.5064  0.2598  -0.1334  -0.0143  0.0154
3 0.3335 0.1791 -0.4010  0.1740  -0.4008 -0.6055 0.3703  -0.0233  -0.0196
4 03386 0.0219 -0.3455  -0.2906  -0.4377 0.3101  -0.4929 0.3839  0.0524
5 0.3358 -0.0955 -0.1930 -0.3903 0.0136  0.3148  0.2004  -0.7386  -0.0354
6 0.3450 -0.1788 -0.0168  -0.4138 0.4905  -0.0814 0.3916  0.4743  0.2271
7 0.3395 -0.2628 0.0144 -0.0633  0.2367 -0.3928  -0.4154  -0.0610  -0.6356
8 0.3406 -0.3214  0.3027 0.2362 -0.0554  -0.1992 -0.2975 -0.2076  0.6772
9 0.3308 -0.3289 0.3289 0.3945  -0.2938 0.4120  0.3838  0.18519 -0.2844
3.4. Feature vector

As we saw in the previous step, computing the eigenvectors and ordering them by their
eigenvalues in descending order (0.27831-0.00332), allow us to find the principal
components in order of significance. In this step, what we do to choose whether to keep all
these components or discard those of lesser significance (of low eigenvalues), and form with
the remaining ones a matrix of vectors that we call feature vectors. This makes it the first step
towards dimensionality reduction, because if we choose to keep only 7 eigenvectors
(components) out of 9:

Table 3. Percent and accumulative eigenvalues.

Component Eigen value Percent of eigen values ~ Accumulative of eigen values
2014 0.2783 85.0812 85.0812
2015 0.0141 4.4332 89.4137
2016 0.0085 2.5978 92.0115
2017 0.0059 1.8324 93.8439
2018 0.0052 1.5943 95.4382
2019 0.0042 1.2951 96.7334
2020 0.0037 1.1560 97.8894
2021 0.0035 1.0968 98.9862
2022 0.0033 1.0138 100.000

Table 4. Mean vector.

Mean vector

2014 0.0384
2015 0.0373
2016 0.0372
2017 0.0377

2018 0.0366
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Mean vector

2019 0.0389
2020 0.0376
2021 0.0385
2022 0.0373

This makes it the first step towards dimensionality reduction, because if we choose to
keep only 9 eigenvectors (components) out of 9, the final data set will have only 7
dimensions. 2016 and 2018 are the years with outstanding average values of high tide with
values 0.0372 and 0.0366.

3.5. Recast the data along the principal components axes

In this step, which is the last one, the aim is to use the feature vector formed using the
eigenvectors of the covariance matrix, to reorient the data from the original axes to the ones
represented by the principal components (hence the name Principal Components Analysis).
This can be done by multiplying the transpose of the original data set by the transpose of the
feature vector.

Final Data Set = Feature Vector T * Standardized Original Data SetT

Subsidence and flooded area in Ho Chi Minh city

)

106720 10€°30 106740 106750 107°C 107710 107°20

Tay Ninh

D Binh Duong Legend

1°0
1°0°

» Subsidence monitoring points (96 points)

= Province boundary
District boundary

R Subsidence area
HRHoc Mon T
& o f-““-’? Non subsidence area
Subsidence areas are less than 5 cm é
| Subsidence areas from 5 to 10 cm

Subsidence areas are over 10 cm

- Flooded area

10°40°
10°40°

10°30
10730

Tien Giang

10°20'
10720

106°20" 106°30" 106740" 106°50" 107°10' 107°20

0 10 X
I ———————
RATIO 1: 1500 000

Figure 4. Flood risk assessment from high tide based on Sentinel-1 satellite for Ho Chi Minh City.

Table 5. Basic vector.

C1 C2 C3 C4 C5 Cé6 Cc7 C8 C9
2014 03079 0.3265 0.3335 0.3386 0.3358 0.3450 0.3395 0.3406 0.3308
2015 0.7306 0.3343 0.1791 0.0219 -0.0955 -0.1788 -0.2628 -0.3214 -0.3289
2016 0.5768 -0.3588 -0.4010 -0.3455 -0.1930 -0.0168 0.1448 0.3027 0.3285
2017 -0.1828 0.5572 0.1740 -0.2906 -0.3930 -0.4138 -0.0633 0.2362 0.3945
2018 -0.0699 0.5064 -0.4008 -0.4377 0.01361 0.4905 0.2367 -0.0554 -0.2938
2019 0.0019 -0.2598 0.6055 -0.3101 -0.3148 0.0814 0.3928 0.1992 -0.4120
2020 3.8316 0.1334 -0.3703 0.4928 -0.2004 -0.3916 0.4154 0.2975 -0.3838
2021 -0.0096 -0.0143 -0.0233 0.3839 -0.7386 0.4743 -0.0610 -0.2076 0.1851
2022 -0.0115 0.0154 -0.0196 0.0524 -0.0354 0.2271 -0.6356 0.6772 -0.2844
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The basis vector with the largest variance is the most principal (the one that explains
more variance from the dataset). The dot product of each basis vector against the sample.
Can be used as a measure for membership in the training sample set. High values correspond
to a better fit.

4. Discussion

After 2021, only Sentinel 1A will be in operation, so the number of images collected for
tidal research will be limited due to the decrease in the number of images collected.
Therefore, the results collected for the period 2014-2022 can be used as a document to help
study the distribution for the whole of Ho Chi Minh City visually for the period that is not
only affected by high tide but also affected by socio-economic activities as well as affected
by climate change.

According to the statistics of flood-prone areas due to high tides from 2014 to 2022, Can
Gio district has the highest risk of flooding, with a flooded area of up to 3,713,236 hectares.
The districts with a very high risk of flooding after Can Gio district are Cu Chi district, Binh
Chanh district, and Nha Be district, with 1,764,564 ha, 1296,246 ha, and 1,012,550 hectares,
respectively. Binh Chanh district is located in an area with a subsidence of more than 10 cm.
Nha Be district is located in the subsidence area below 5cm and over 10 cm. In addition,
other areas such as Hoc Mon district (inundated with 545,739 ha), district 2 (inundated with
673,997 ha), district 9 (inundated with 480,466 ha), Tan Binh district (inundated with
472,860 ha), and district 7 (inundated with 428,667 ha) are also at high risk of flooding due
to high tides. Areas of District 2, District 7, District 9, and Tan Binh district are also located
in the subsidence area of 5-10 cm. Areas with the lowest risk of flooding are District 3 and
District 10, with a flooded area of just over 3,9 hectares. However, District 3 and District 10
are areas located in the subsidence area of 5-10 cm.

Author Contribution: Conceptualization: D.H.P.; methodology: D.H.P.; Processing of data:
D.H.P.; Construction of maps: D.H.P.; Analysis of results: D.H.P.; writing—original draft
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Abstract: This study was carried out to analyze and evaluate the change in the amount of
suspended sediment on the Tien River in the Mekong Delta. Evaluating the sediment
transport regime is a very important task to effectively serve the assessment of the level of
evolution (erosion/accumulation) on the riverbed. This study applied the Mike 21FM
hydrodynamic model to simulate the sediment transport regime on the section flowing
through Cao Lanh district, Dong Thap province - where the erosion process is very
complicated recently. The simulation results show that the largest number of displaced
sediments appears on the right bank, the maximum amount of sludge transported ranges
from 0.91 kg/m? to 2.7 kg/m®. During the simulation period, the total amount of sediment
that has moved downstream is about -218.7x10° m3, the depth is -233 cm, the average rate
of erosion is -77.6 cm/year, where the deepest erosion can be up to -10.0 m.

Key words: Suspended sediment; Sediment transport; River bottom evolution; Mike 21FM
model.

1. Introduction

The phenomena of sedimentation and erosion are a natural process and occur
continuously in most of the rivers on Earth. However, the process of sedimentation-erosion,
especially riverbank erosion, becomes a concern when it causes great damage to land,
property and people living along the riverbanks. In large rivers, scientists focus on the
landslide process in the interaction between the country that occurs frequently over a long
period of time [1-5]. Scientific studies around the world have studied the landslide process
in different approaches and methods such as: (i) Approaching river geomorphology is the
study of river morphological changes over time and space. These changes can be about: size,
shape, river morphology [1-2, 6]; (ii) Hydrolith approach to river dynamics is to analyze the
mechanisms of landslides, sediment transport and sedimentation due to river flows, from
which to develop simulation methods, to calculate riverbed changes [7-8].

The situation of research on riverbed changes in the country and internationally is
popularly carried out according to the methods in basic research such as: analysis method of
measured data [9], physical modeling method [10], empirical formula method [11-13] or
mathematical modeling method [14-17].

Dong Thap province is located in the southwestern region of Vietnam and is one of the
important cities in the Mekong Delta with area of about 3.376 km2. Dong Thap province
borders Cambodia and is divided into 12 districts and Cao Lanh city is the administrative
center, has a favorable geographical position, bordering Tien river and Hau river - two

J. Hydro-Meteorol. 2023, 16, 77-88; doi:10.36335/VVNJHM.2023(16).77-88 http://vnjhm.vn/
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important rivers of the region [18-19]. The Tien River section flowing through Dong Thap
province has a length of about 120 km, the river width varies from 450 m (An Long, Tam
Nong) to 2,200 m (the beginning of Long Khanh and Hong Ngu district); Average depth from
10+15 m. In recent years, changes in the banks of the Tien River, the section flowing through
Dong Thap province have been quite complicated; the general trend is to increase the scale
and extent. In addition to the main natural causes (flow dynamics, shoreline geology), socio-
economic development activities also significantly affect the riverbank changes, typically
sand mining along the riverbank in the locality [20]. Therefore, the study and assessment of
sediment transport in the study area is necessary, making an important contribution to the
management of water resources, environmental protection, and sustainable development of
the Tien River area.

Actual data on measuring sediment content shows that the value of sediment content is
not high, but due to the large amount of runoff, the total annual amount of suspended alluvium
of the Tien and Hau rivers through two cross-sections at Tan Chau and Chau Doc stations is
relatively large. Due to the flow 4-5 times greater than that of the Hau River and the higher
silt content, the total amount of alluvium from the Tien River through the Tan Chau cross-
section in the same periods is many times larger than that of the Hau River through the Chau
Doc section. In the period 2009-2020, the total amount of sediment in the Tien and Hau rivers
has the same rate of decline in proportion to the decrease in sediment content [21].

Commonly used methods to represent changes in river morphology as well as sediment
transport under human impacts, hydro-hydraulic regimes, climate change and sea level rise
by means of mathematical modeling, physical modeling, remote sensing technology and GIS
[1-2]. In this study, software package for 2D modelling of hydrodynamics and sediment
dynamics of the DHI was selected to simulate and evaluate the movement of sediment on the
Tien River through Cao Lanh district, Dong Thap province to propose technologies to predict
erosion and sedimentation.

The study objectives are evaluation of hydraulic regime and sediment transport in the
key landslide area at Cao Lanh - Dong Thap, thereby clarifying the hydrodynamic causes of
landslides in the area. The research method to achieve the goal is: Successfully applying a 2-
D hydrodynamic model to simulate the hydraulic regime and the sediment transport regime
for the Tien river section, Cao Lanh district, Dong Thap province.

2. Materials and Methods

2.1. Theoretical module Mike 21FM HD

Module Mike 21 FM simulates the evolution of change and water level based on the
equation of continuity and the equation of momentum in two directions [22]:
Equation of momentum:

dh ohu o0Ohv
E + K + a—y = hS (@8]
Ox direction:
6hﬁ+6hﬁ2 +6hﬁ_ f5h — ha_n_i%_
at | ox | ay B19x " po Ox 2)

gh? dp N Tex  Tpx 1 <65XX N Osxy

2000x Py Po Po\ X 0
Oy direction:
ohv ohuv 0hv? on h dp,
= —fth—gh— — —— — 3
ot T ox Ty T TTuh—ehgs - @)
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gh’dp Ty Toy 1 (asyx asyy>
tmm +—== hTyy) + 5= (hTyy) + hvsS
po ay Po Po Po \ OX dy ( XY) ( y) s

where t is the time (S); X, y are coordinates (m), n isthe Water level change (m); d is the
heigh; h is the water depth (m); g is the gravity acceleration (m/s?); £ = 2Q sin¢ - Coriolis (s~
D: po is the density of water (kg/m®); p, is the atmospheric pressure (Pa/m); S is the
discharge (m®/s); ug, v is the velocity (m/s); T, v are the velocity average of flow depth
(m/s); Tij is the internal stress components, determined by the eddy viscosity formula based
on the mean velocity with depth; Ty, T, are the surface friction stress in the x and y phuong
directions (N/m?); tyy, Tpy are the bottom friction stress in the x and y phuong directions

(N/m?); A is the horizontal turbulence coefficient (m?/s); Sxx, Sxy, Syx, Syy are components of
wave radiation stress on unit volume of water in x and y directions (N/m?).
The process of performing the simulation model as shown in Figure 1.

Riverbed Topography Qran Chau
Hydraulic Module
Flow Discharge QChau Doc
HCﬂn Tho
@ [ Model Calibration, Model Validation ]4 HVmNm
Sediment Module

Figure 1. Flowchart of study structure [1-2].

Mike 21FM - Simulation results of hydrodynamic and riverbank
erosion evaluation

2.2. Theoretical module MIKE 21FM-MT

The sediment transport module is set up based on the transport-diffusion equation [23]:
ac ac dc 10 dcy 10 dc 1
3 U3t Yoy = e (D) gy (e gp) + g s @
where t is time (s); x, y are coordinates (m); u, v are the depth-average velocity
component in the direction x and y (m/s); h is the depth (m); cis the average concentration
of suspended sediment by depth (kg/m®); D, D, are the diffusion coefficient in the X, y
directions (m?/s); S is the term of the source of sediment due to erosion or accretion (kg/m%/s);
Q.. is the discharge rate per unit cross-sectional area (m®s/m?); C_is the concentration of
suspended sediment at the inlet (kg/m?3).
Simulate bottom morphology: The sediment volume of the i grain class in the j* bottom
layer of the elements in the grid is updated after each time step. The volume of the bottom
layer is updated according to the following equation:

mf]ew = m°ld + (D El)At + (Ti,j—l - Ti,]') (5)

where m is the volume of sediment (kg/m?); D is the amount of sediment (kg/m?/s); E is
the amount of erosion (kg/m?/s); T is the amount of moving sediment of the bottom layer
(kg/m?/s); At is time step.
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2.3. Data

2.3.1. Computational domain

The computational mesh built for the computational domain is a flexible mesh network,
including 8.126 nodes with 134.644 elements, fully representing the areas in the riverbed as
well as the riverbank. The maximum length of the element is 45 m and the minimum length
is 5 m describing the riverbed and riverbank area [1-2].

The topographic database used in the construction of the grid for hydraulic calculations
for the study area is processed from topographic survey data performed by the project with a
resolution of 20m x 20m. River topographic data of 3 typical study areas are measured by
echosounder with integrated GPS positioning, the file is exported as “.txt”, processed and
cleaned into points by GIS tools (ArcGIS, Global Mapper, etc.) to include in the model for
building elevation domain for the calculated area with detailed distance of 3-5m (Figures 2-
3).
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Figure 2. Domain study area.
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2.3.2. Model setting

a) Boundary conditions

In this study, the team set up a 4-boundary domain, including 2 input boundaries to
collect discharge and sediment data at Chau Doc hydrology station and Tan Chau hydrology
station, 2 downstream boundaries to collect water level data at My Thuan hydrology station
and Can Tho hydrology station. Select discharge and water level data at Vam Nao hydrology
station to calibrate and verify the model [1-2].

Upstream boundary: Discharge margin taken at Tan Chau hydrological station and Chau
Doc hydrology station, period data, from 00:00:00 01/01/2017-23/00/00 31/12/2019 (3
years). Sediment content margin (SSC) taken from Tan Chau station and Chau Doc station,
day period data, from 01/01/2017-31/12/2019 (3 years).

Downstream boundary: Water level boundary taken at My Thuan hydrology station and
Can Tho hydrology station, period data from 00:00:00 01/01/2017-23/00/00 31/12/2019 (3
years).

b) Modeling

The process, model testing is conducted after model calibration to check the reliability
of the selected parameters with changed input factors:

- Hydraulic model calibration period: year 2000 and 2011.

- Hydraulic model verification period: 01/01/2018 to 31/12/2018.

- Sediment transportation model verification period: 01/01/2018 to 31/12/2018.

- Simulation and evaluation period: from 2017 to 20109.

The results of model correction will be shown in the hydrodynamic process including
hydraulic factors such as: water level, velocity, and waves along with the sediment transport
process such as the suspended sediment content in the flow. For the data of water level and
suspended sediment will be adjusted in the dry season and verified in the flood season, while
the flow velocity data due to lack of data should only be used for correction in the dry season.

3. Results and Discussion

In this study, flow measurement data, and sediment content (SSC) at Vam Nao
hydrological station are used to calibrate and verify the model. These are two stations with
good document quality, synchronous and long measurement data. The study uses solid
measurement data in 2018 to calibrate and verify the model, calibrate in the dry season period
(from January 2018 to June 2018) and verify during the flood season (from July 2018 to
December 2018). For suspended sediment content, its evolution needs to be shown over a
long time to be able to evaluate the reasonableness of the regularity, the study uses a
continuous time series from January 2018 to December 2018 to calibrate and verify the model
(Figures 4-5).

3.1. Calibration and validation of hydraulic model

Through the results of calculation of error indexes, the results of calibration and flow
verification are good; NASH = 0.75-0.78 and the correlation coefficient is from 0.76-0.82.
Therefore, it can be concluded that the model parameter set is stable and can be used for the
setting and simulation step (Table 1).

Table 1. Calibration and verification results of the hydraulic model.

R? NASH
Calibration 2000 0.74 0.73
2011 0.80 0.72

R? NASH

Validation
018 0.78 0.76
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Figure 5. Results of verification discharge in Vam Nao station 2018.
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3.2. Results of sediment transportation model calibration and verification

The results of calibration and verification show that the correlation index is relatively
stable for the problem of sediment simulation - SSC and Wi are 0.67 and 0.81 respectively,
the Nash coefficient reaches a suitable value for the problem of sediment simulation - SSC’s
Nash is 0.67 and Why’s Nash is 0.77, especially the total error of the total amount reaches
6.54% - which is good (Figures 6-7 and Table 2).

From the total calculation data, it can also be seen that the seasonal change of sediment
content is regular in accordance with the seasonal flow. Thus, the simulation results are good,
showing that the model has high reliability.
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Figure 7. Results of calibration total amount of sediment (kg) in Vam Nao station.

Table 2. Results of calibration sediment in Vam Nao station.

01/2018 to 12/2018

Content of sediment in Vam Nao

) R? NASH
station

0.67 0.67

) ) 01/2018 to 12/2018

Total amout of sediment in Vam
) R? NASH Total error
Nao station

0.81 0.77 6.54%

3.3. Simulation results of sedimentary changes
3.3.1. Water level and flow velocity

From the simulation results, it can be clearly seen that the difference between the largest
and the lowest water level (Hmax-Hmin). This difference is also one of the causes of bank
erosion in the area. In recent years, the landslide often occurs at the transition time between
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the flood head and the dry season, when the water level recedes too deeply, causing the banks
to collapse (Figures 8-10).

Piddbbbiigeaaniigi
nj

L1111 LLER
L[ TILDD

E ¥

Figure 8. Calculation results of maximum (a), minimum (b), average (c) flow velocity in the study
area.
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Figure 9. Map of maximum (a), minimum (b), average (c) flow velocity in the study area.

The variation of velocity is greatly influenced by the discharge regime from the
headwaters and the ebb and flow of the tides. The location at Cao Lanh located on the Tien
River has a higher input discharge, 80% compared to 20% of the Hau River, while the high
tides at the estuaries remain unchanged, causing the tidal influence to increase, causing more
or less influence on the flow rate, especially the amplitude Vmax - Vmin in the direction from
upstream to downstream.

Due to that reversible interaction, the flow direction on the Tien and Hau rivers changes
with the seasons. Hydrodynamic simulation results show that, in the dry season, the river
flows in two directions (both negative and positive); During the flood season, the current
flows in only one direction from upstream to the sea.

In general, the main flow from upstream to downstream of the river section in Cao Lanh
area tends to be concentrated on both banks, with the maximum velocity region appearing
close to the shoreline, extending 7.0 km from the CL_V3 section to the CL_V®6 section.

3.3.2. Simulation result sediment

The results of calculating the largest amount of displaced sediment are based on the
results of the simulation of the sediment model from January 2017 to December 2019. The
largest amount of displaced sediment is concentrated mainly on the right bank where there is
a complex hydraulic regime - creating deep erosion holes (Figure 10).

The section of the Tien River flowing through Cao Lanh is a curved section with many
pre-existing erosion holes - and most of them are displaced holes - creating a severe left bank
erosion area. The largest amount of mud displaced varies from 0.91 kg/m? to 32.7 kg/m?®.

At all sections, the largest amount of displaced sediment occurs on the right bank and
ranges from 0.9 kg/m?® to 2.7 kg/m®. The left bank area is an area of curved river, so the
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amount of sediment removed is concentrated in this area. The research area at Cao Lanh is
located under the sand mine, so the simulation process is quite affected by this problem.
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Figure 10. (a) Calculation results of the maximum concentration of sediment; (b) Direction of
movement of the sediment.

3.4. Erosion trend in the study area

The simulation results show that, after 3 years, the total amount of sediment lost here
and moved downstream is about -218.7,106 m?, the depth of erosion after 3 years is -233 cm,
the average erosion speed is -77.6 cm/year, where the deepest erosion can be up to -10.0 m

(Figure 11).
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Figure 11. Morphological simulation results after 3 years (ST2 - area research).



J. Hydro-Meteorol. 2023, 16, 77-88; doi:10.36335/VNJHM.2023(16).77-88 86

Unlike the upstream area ST1, ST2 is considered as the middle area, so it can receive
more sediments displaced from ST1, so the depth of erosion and loss of gradually decrease
over time. However, this is an area with very high flow velocity, but it is curved, so the risk
of landslides is great. This is an area where national highways QL30 and QL80 pass and in
the future, it is necessary to have solutions to protect both sides of the river.

In general, the morphological characteristics of this area have a large degree of erosion
and there is almost no large enough source of sediment to recover, the trend of deep erosion
takes place and slows down over time. This is explained by the continuous deep erosion
process, which increases the average wet section here, causing the flow velocity to decrease
gradually, this area moves to a new equilibrium with decreasing phenomenon.
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Figure 12. Morphological change of riverbed after 3 years.

The accumulation line of total sediment tends to go down, slow down over time and not
be able to recover. The common feature of this area is that the accumulation line goes down
sharply, due to the large flow rate, almost the amount of sediment moving from the upstream
cannot settle here but is gradually carried out by the current towards the estuary. However,
the simulation results show that, although the accumulation line goes down, it gradually
decreases. Therefore, after many years, the ability to accumulate sediment here will gradually
increase over time to re-establish a new balance (Figure 12).
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4. Conclusion

By using mathematical modeling methods, specifically the Mike 21 FM model, the study
calculated the sediment transport on the Tien River, passing through Cao Lanh district, Dong
Thap province, thereby simulating the rate of erosion over a period of 3 years. The calculated
results are highly reliable. The flow velocity in the river is unevenly distributed, at the bends
that contribute to the increase in erosion, most evident at Sec. (2-2) and Sec. (3-3). The largest
amount of sediment displaced ranged from 0.91 kg/m® to 32.7 kg/m®. The total amount of
sand moving is from the right bank and fluctuates from 0.9 kg/m? to 2.7 kg/m?®.

The trend of erosion in Cao Lanh district, Dong Thap province is shown as 12. The
simulation results show that the total amount of sediment moving downstream is about -
218,7106 m3, equivalent to 72.9 m®/year and the average erosion depth is -77.7 cm/year.

The results show that there is a certain suitability and sufficient reliability for the
simulation of riverbed changes and can be used to calculate according to different input
scenarios. The study area in Cao Lanh district tends to be dominated by erosion with
accretion, which is consistent with the river topography. However, the limitation of the study
does not consider the change of people's activities in the river and on the riverbank surface;
does not consider the change of hydrogeological factors in the riverbank area; does not
consider account the change of flow rate with hydrographic depth (3D); ... will cause certain
errors in the landslide hazard index results.

In fact, the new study is just a simulation based on the model parameters that have been
calibrated and tested in Vam Nao. Therefore, it is necessary to have an assessment with
reality in the study area over a longer period to show the reality of the model results. This
result will be improved in the next research.
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Abstract: This paper presents the results of water quality assessment of clam farming areas
for 3 monitoring points in Tien Hai district, Thai Binh province. Using monitoring
parameters including: Temperature, pH, Salinity, Alkalinity, N-NO2-, N-NH4", H:S,
Coliform, Total Vibrio to assess water quality in clam culture area by using methods: The
method of calculating the pollutant load due to domestic wastewater, the method of
assessing the current state of the water environment based on national standards and the
assessment method according to the water quality index (WQI). The results show that the
monitoring points in the clam farming area of Thai Binh province: Temperature, pH and
H>S™ in the water are within the limits according to QCVN 10:2023/BTNMT; QCVN 02-
19:2014/BNNPTNT and QCVN QCVN 08:2023/BTNMT. Salinity and alkalinity fluctuate
greatly, the proportion of samples outside the permissible limits is 54.17% and 12.5%,
respectively. N-NH4", N-NO2’, have a high percentage of samples with values exceeding
the permissible limit, ranging from 41.65 to 62.50% of the monitored samples. Coliform
exceeded the limit from 2 to 256 times. The total Vibrio density was 20.83% of samples
above the limit. The average water quality indicator on 3 monitoring locations has a
percentage rating of Excellent: 20.83%, Good: 12.5%, Medium 12.5%, Bad: 37.5% and
very bad: 16.67%. From the results of the assessment, this study suggests management
measures, including improving water quality index used to zoning water quality, thus better
managing clam areas; and technical measure which improves farming techniques to protect
the aquatic environment of farmers.

Keywords: Clam; Thai Binh province; Water quality; WQI; Pollutant load.

1. Introduction

Clam is economic important aquatic species in Asia, especially in Malaysia, China, and
Thailand [1]. However, the demand of aquaculture product [2] including of Asian Clam is
increase rapidly, meanwhile environmental problems are one of the causes of clam mortality.
In addition, the influence of microplastics and heavy metals is also the cause of quality
deterioration of cultured clams [3]. Therefore, there have been studies focusing on this field,
especially the issues mentioned above, but the monitoring and assessment of the environment
is still limited [4].

In recent years, the coastal clam farming in Thai Binh has made strong progress and is
always leading the northern provinces of our country in terms of area and annual clam
production. Owning a 54-km stretch of coastline with various estuary systems flowing into
the ocean, Thai Binh has a tidal flat area containing fertile sources of alluvium, therefore
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making it for clam farming [5]. It is estimated by the Sub-Department of Fisheries -
Department of Agriculture and Rural Development of Thai Binh that the province has
developed 2,500 hectares for commercial clam farming in a total of nearly 3,200 hedectares
of intertidal clam farming area so far. Its trading production reached 122,500 tons in 2022,
which accounted for 67.36% of the total aquaculture production. The revenue was worth over
2,400 billion VND, an increase of 321.28 billion VND in comparison to 2021, covering a
proportion of 58.59% of the aquaculture value [6]. However, besides the achievements in
production, there are also many difficulties faced by clam farmers, including problems of
disease and environmental control.

The phenomenon of dead clam has often occurred in recent years, mass death on a large
scale. Part of the reason is due to techniques and management methods such as raising too
much density in some farming households. When clam density is too high, environmental
quality deterioration or sudden change may lead to some death of cultured clams and when
some of them die decomposing, rotting degrades the environment and kills others. According
to a study [7] shows that the mass mortality of clams in the clam farms in Vietnam Tien Hai,
Thai Binh usually occurs in most months of the year, however, in February to May every
year, the density of dead clams is higher. The long dead time of each batch is about 20-30
days [8]. Therefore, the study objective is to assess the current state of water quality in clam areas in
Thai Binh province and prosose measures to improve efficiency.

2. Materials and Methods

2.1. Study area

Thai Binh is a coastal delta province, with 5 large estuaries flowing into the sea creating
a large tidal area of about 25,000 ha, in which the highland and mid-tide areas are 7,000 ha,
and the low-tidal areas 18,000 ha are very favorable for the development of saline and
brackish aquaculture including clam farming [9]. For many years, farmers in Tien Hai district
have invested in clam farming with an economic value of hundreds of billions of VND,
contributing to improving the lives of fishermen. Tien Hai is a coastal district, located in the
southeast of Thai Binh province, with a natural area of over 226 km?, a population of over
23,000 people. With 23 km of coastline, Tien Hai has many advantages to develop a
comprehensive marine economy in terms of exploitation, aquaculture, seafood processing
and eco-tourism. In recent years, clam farming is Tien Hai's strength, in 2014, the total area

Monitoring points in Hai Hau district, Thai Binh province '-0"”""’
Con Thu
@ Congt

0 Khus

p
Con Thu

@ o

Figure 1. Location of the study area.
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of clam farming in the whole district is about 2,370 ha, of which, nearly 2,000 ha of
commercial clam culture and 374 ha of clam seed rearing. Clam farming in Tien Hai district
has continuously developed in terms of area, productivity, output, economic efficiency and
has become a profession that brings high income and great export value. Every year, the clam
brings to Tien Hai hundreds of billions VND and creates more jobs for rural workers here.
The warning time has a high risk of affecting the cultured clams such as heat wave, rain, and
flood when factors such as salinity change greatly. The study area in Thai Binh was selected
in Tien Hai district located in the sea gate (Figure 1).

2.1.2. Sampling

Three coastal sampling locations in Thai Binh province: Con Thu, Khu 3, Cong 8 with
a frequency of 1 time/month. Water samples were collected into plastic bottles and kept cold
and transferred to the laboratory for analysis of these parameters: Temperature, pH, Salinity,
Alkalinity, N-NO2", N-NH4*, H»S, Coliform, total Vibrio. The monitoring period is from
April to November 2022.

Sampling method according to (TCVN 5994:1995) “Water quality - Sampling -
Guidance on sampling from natural lakes and man- made lakes” [10]. Preservation water
samples according to (TCVN 6663-3:2016) “Water quality - Sampling - Part 3: Preservation
and handling of water samples” [11]. Sampling time is at low tide in the month when the
water is lowest in the day. This is the time when the water quality is at its worst.

2.2. Methods

2.2.1. Calculation of pollutant load due to domestic wastewater

In the study areas, clam culture wastewater is discharged directly into rivers, lakes and
the sea, therefore, the potential load of pollutants due to domestic wastewater will in fact be
calculated as the load of untreated wastewater.

To calculate the load of pollutants due to domestic wastewater of the area, based on the
waste generation coefficient according to the following formula:

T =MxH 1)

where T is the contaminant load (kg/day); M is the number of people (people); H is the

waste generation coefficient (g/person/day). H is taken based on calculations by the World

Health Organization (WHO) calculated for many developing countries, the amount of

pollutant released by each person daily into the environment for the case of primary
treatment.

2.2.2. Monitoring method
The process of monitoring and data collection is shown in Figure 2.

Field survey and data collection

Sampling, transportation, storage of sample

Analysis of samples in the laboratory and data processing

v

Using results to proposal for measures

Figure 2. Flowchart of study structure.
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Each monitoring parameter will use different analytical methods shown in Table 1.

Table 1. Parameter and analytical methods.

No Parameter Method Location
1 Temperature, Machine YSI Pro 1020 On-site

2 pH Machine YSI Pro 1020 On-site

3 Salinity Refractometer On-site
4 Alkalinity SMEWW 2320 B: 2011 Laboratory
5 N-NO SMEWW 4500-NO2 B: 2017 Laboratory
6 N-NHg4* SMEWW 4500-NH3 F: 2017 Laboratory
7 H.S SMEWW 4500-S2- D:2017 Laboratory
8 Coliform TCVN 6187-2:1996 Laboratory
9 Total Vibrio Buller (2004) Laboratory

2.2.2. The method of assessing the current state of the water environment is based on national
standards

To assess the current state of water quality in the clam farming area for warning
purposes, this study will rely on the issued national standards to evaluate each monitoring
parameter. National standards applied for assessment include:

- National technical regulation on sea water quality (QCVN 10:2023/BTNMT) [12].

- National technical regulation on brackish water shrimp farming establishments -
conditions to ensure veterinary hygiene, environmental protection, and food safety (QCVN
02-19:2014/BNNPTNT) [13].

- National technical regulation on surface water quality (QCVN 08:2023/BTNMT) [14].

- Procedures for quarantine of aquatic animals and aquatic animal products (TCN
101:1997) [15].

2.2.3. Index method WQI

Water Quality Index WQI is an index calculated from surface water quality monitoring
parameters in Vietnam, used to provide a quantitative description of water quality and its use,
expressed on a scale (Table 2). The study used the calculation of water quality index
according to No. 1460/QD-TCMT dated November 12, 2019 [16].

Table 2. Levels of water quality assessment according to the WQI index.

WQI Water quality Color
91-100  Excellent: Good for domestic water supply Blue
76 - 90 Good: Used for domestic water supply purposes but need to be treated appropriately Green
51-75 Medium: Use for irrigation and other equivalent purposes yellow
26 - 50 Bad: Used for navigation and other equivalent purposes Orange
10-25 Very bad: Water is heavily polluted, need to be treated in the future Red

<10 Extremely: Water sources are polluted; water sources need to be remedied and treated Brown

3. Results and discussion

3.1. Assessment of water quality in clam areas based on pollutant load

From formula (1), we have a table to calculate pollutant load of domestic wastewater in
the clam farming area of Tien Hai district, Thai Binh province according to Table 3.

Table 3. Pollutant load due to domestic wastewater in the study area.

Pollutant load (kg/day)

No. Commune TsS CcoD Nitrogen Phosphorus BOD:s Grease
Total Total

1 Nam Thinh 589.638 19.746 49.365 13.164 271.508 109.700

2 Dong Minh 905.365 30.319,2 75.798 20.213 416.889 168.440

Crnax 100 50 10 50
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Currently, domestic wastewater is not treated and discharged directly into rivers and sea,
so the potential load of pollutants due to domestic wastewater will be calculated by: Amount
of untreated wastewater. In Table 3, the pollutant load in all parameters because the
wastewater of the 2 communes is very high, exceeding QCVN 40: 2021/BTNMT National
Technical Regulation on industrial wastewater [17]. In which, Dong Minh commune has a
higher coefficient than Nam Thinh commune because it has a larger population with TSS =
905,365 kg/day; COD = 30.319,2 kg/day; Nitrogen Total = 75,798 kg/day; Phosphorus Total
= 20,213 kg/day; BODs = 416,889 kg/day and grease = 168,440 kg/day.

From the calculation table of pollutant load due to domestic wastewater in the study area,
we have the following chart:

Pollutant load due to domestic wastewater in Tien Hai, Thai Binh province

1,000,000
=
S 800,000
(=)
=
T 600,000
L
S 400,000
E
S 200,000 I

Nam Thinh Dong Minh
ETSS @COD OTN OTP mBOD5 mGrease

Figure 3. Pollutant load due to domestic wastewater in the study area.

Pollutant load varies due to different ranges of domestic wastewater in the study area.
Particularly, Nam Thinh commune which has a smaller population, therefore, has a lower
pollutant load (TSS = 589,638 kg/day; BODs = 271,508 kg/day) in comparison to Dong Minh
commune (TSS = 905,365 kg/day; BODs = 416,889 kg/day).

3.2. Assessment of water quality in clam areas based on national standards

3.2.1. Group of basic water environment parameters

- The temperature: The water at the monitoring points in the clam culture area has an
average temperature of 27.7°C. In November, the water has the lowest temperature at all
monitoring points and the water in August has the highest temperature in the year (Figure 4).
The water temperature at the monitoring points in general has a suitable value and has not
affected the cultured clams. However, it is necessary to implement saving measures in the
summer from July to September when the temperature reaches the highest and in the winter
when the temperature drops. These extreme fluctuations will weaken the clams, causing mass
mortality [18].

- The pH at the monitoring points has an average value of 7.82 (Figure 4). At the time of
heavy rain [19], in June and October, the water has the lowest pH of the year (Con Thu =
6.99) and in August, the highest pH of the year (Khu 3 = 8.3) is approximately within the
allowable limits (6.5-8.5), according to QCVN 10:2023/BTNMT. In general, the pH in
farming areas in Nam Thinh and Dong Minh commune is in the appropriate range and does
not change much.

- The average salinity of the water at the monitoring points is 9.1%o. The salinity here
is often influenced by freshwater discharges from residential areas and craft villages, so there
is a big fluctuation [20]. From May to October, at the time of heavy rain, the river water rises
to the sea, so the salinity drops to the lowest (Khu 3 = 1%o), which is lower than the allowable
limit, according to QCVN 10-MT:2015/ BTNMT. From November to April, it is the time of
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little rain, so the salinity does not change significantly at the monitoring points. Particularly,
at the point of Khu 3, the highest salinity of 26%o is within the allowable limits (5-35)
according to QCVN 10:2023/BTNMT (Figure 4).

- Alkalinity at monitoring points has an average value of 87.85 mg/l. In September and
October, the value ranges from 44 to 74 mg/l. In particular, Cong 8 (September, October)
and Khu 3 (October) record the values which are below the allowable range according to
QCVN 02-19:2014/BTNNPTNT. This happens due to the influence of fresh water and
espepcially fresh water from the in-field drains. In the period of November - August, the
alkalinity is relatively stable, within the allowable range (60-180 mg/l) according to QCVN
02-19:2014/BTNNPTNT.
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Figure 4. Changes in Temperature, pH, Salinity, Alkalinity of water clam areas 4-11/2022 in Tien
Hai, Thai Binnh province.

3.2.2. Nutritional parameter group

- The average concentration of N-NH4" at the monitoring points is 0.359 mg/l (Figure
5). In which, from May to August, the concentration increased, exceeding the allowable limit
according to QCVN 02-19:2014/BNNPTNT by 2.84 times (the highest in August at Cong 8
= 0.85 mg/l). The reason is that in the summer, the high temperature increases the
decomposition of organic matter in the water, thereby increasing N-NH4* and the impact of
organic waste from the field. On the contrary, in September - April of the following year, the
temperature decreases, leading to a decrease in the concentration of N-NH4* within the
allowable limit (< 0.03).
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- The average nitrite (N-NO") content at the monitoring points is 0.053 mg/l (Figure 5).
In which, from August to November, the N-NO2™ content is 2.3-2.5 times higher than the
threshold of 0.05 mg/l according to QCVN 10:2023/BTNMT (the highest is in November at
Cong 8 = 0.125 mg/l). In contrast, from April to July, the N-NO2 concentration was low
within the allowable range (the lowest was in July at Cong Lan 1 = 0.024 mg/l).

- Total sulfide (H2S) in clam culture water has low value, average is 0.001 mg/l (Figure
5). There is no case with value higher than 0.05 mg/l according to QCVN 02-
19:2014/BNNPTNT.
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3.2.3. Density of Coliform, Vibrio total in water

- Total Coliform density in water of clam culture area has high value, average 51,633
(CFU/100 ml), at monitoring points in all months, Coliform density is higher than the
allowable limit compared to QCVN 10:2023/BTNMT (the highest in July is 560 times
higher) (Figure 6). High total Coliform density indicates that the culture water shows signs
of contamination. This is a sign that the environment in the farming area is tending to be
polluted, causing food insecurity.

- The total density of Vibrio at the monitoring points has an average concentration of
878 mg/l (Figure 6), the highest was in August at the monitoring point Ne (7,100 CFU/100
ml) exceeding the allowable limit 7.1 times according to TCN 101:1997 Quarantine process
of aquatic animals and aquatic animal products. With a high concentration of Vibrio in water,
there will be an increased risk of cultured molluscs being infected with bacterial pathogens
that cause Vibrio spp.
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Figure 6. Change in Coliform, Vibrio of clam areas 4-11/2022 in Tien Hai, Thai Binh Province.

3.2.4. Overall rating according to the WQI index

The WQI index of the clam culture area is shown in Figure 7. At monitoring points
with very bad WQI water quality index in May, August, and October. Excellent and good
water quality occurs at Cong 8 in May, July, September, and October; at Con Thu in June
and July; in Khu 3 in April and June. The rest of the other monitoring points have bad WQI
for most of the month. The average water quality indicator on 3 monitoring locations has a

percentage rating of excellent: 20.83%, good: 12.5%, medium 12.5%, bad: 37.5% and very
bad: 16.67%.
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Figure 7. WQI index of water clam areas in Thai Binh province.

3.2.5. Proposed solutions
a) Management measures

- Strengthen the management, inspection, and assessment of the observance of the
provisions of the law on environmental protection at clam farming establishments and

households.
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- Strengthen the inspection and technical guidance of farming, prevention of
environmental pollution for organizations and individuals engaged in farming activities;
strictly manage the supply of chemical materials on the market according to the State's
regulations.

- Strengthening programs for monitoring, monitoring, and periodically warning about
environmental and disease outbreaks in concentrated farming areas; monitoring water quality
to forecast environmental developments as well as possible diseases, thereby taking timely
solutions when problems occur.

- Instructing people to collect agricultural by-products, packages and tools containing
chemicals used in production, farming, etc., for treatment at appropriate points in accordance
with regulations; regularly take water samples periodically to check environmental factors
and give advance recommendations to farming areas for farmers to proactively prevent.

- Building a model of community management in farming areas, focusing on discharging
waste and infected wastewater in diseased ponds into the natural water environment, causing
loss to farming communities in the area.

b) Technical measures

- At the time of high tide, to avoid sudden changes in salinity, the fisheries management
agency should notify the irrigation management agency to coordinate the adjustment at the
inland sluice point and the time to discharge water into the sea at the same time. high tide
point. It is necessary to check the salinity in the water regularly, to handle it promptly.

- It is recommended that farmers notify management agencies promptly when detecting
mass dead clams. It is necessary to monitor the progress and reduce the bacterial density such
as: collecting garbage, dead clam carcasses, cleaning and disinfecting around the growing
area... when the total density of Vibrio is high.

- To limit the influence of temperature on hot days that will make clams weak, farmers
need to clean the rearing yard and stagnant water puddles. Clean cages, nets, remove garbage
and dead clam carcasses to avoid environmental pollution, create ventilation, reduce
coliform, and reduce food sources for clams, limit the influence of pathogenic bacteria at tide
up and down.

- In the process of clam culture, people should pay attention to raising clams with low
density, to avoid competition for food and increase the health of cultured clams. Inspect and
harvest clam yards that have reached commercial size.

- According to the results of monitoring the farming area, from October to February next
year, mass mortality of clams often occurs due to the influence of factors such as density of
culture and the environment of the farming area with strong fluctuations in salinity,
temperature, etc. Therefore, before entering the above time, farmers need to check, raise
clams with low density, monitor the weather to take measures to protect cultured clams.

4. Conclusion

From the monitoring results, the water quality for clam culture in Tien Hai district, Thai
Binh province is poor. Of which, 3/9 parameters are outside the allowable limits
(temperature, pH, H.S). Salinity and alkalinity have percentage of samples outside the
permissible limits is 54.17% and 12.5%, respectively. N-NH4", N-NO;", total Coliform had a
high percentage of samples with values exceeding the permissible limit. The total Vibrio
density was 20.83% of samples above the limit. The average water quality indicator WQI on
3 monitoring locations has a percentage rating of excellent: 20.83%, good: 12.5%, medium
12.5%, bad: 37.5% and very bad: 16.67%. From there, it is necessary to have management
and technical measures to limit the phenomenon of dead clams. From this study, in the future,
the author proposes that there should be a common set of parameters to assess the quality of
aquaculture environment and apply according to a common standard.
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Abstract: This study was conducted to investigate the residual of Chlorpyrifos (CPF) in
coffee growing soil at Lam Ha district, Lam Dong province. Fifteen soil samples were
collected from coffee intensive gardens in the Phi To, Nam Ha, Me Linh and Dong Thanh
communes of Lam Ha district during the February 2023. The physico-chemical properties
of the samples were analyzed such as pH, organic carbon, moisture content and mechanical
composition of the soil while CPF was analyzed by gas chromatography-mass spectrometry.
Soil samples with pH ranged from 3.48-4.45, moisture content 28.2-33.8% and OC 2.3-
3.4%. Chlorpyrifos concentration of soil samples ranged from not detected to 954 pg/kg.
The ecological risk of chlorpyrifos residual in soil was evaluated by using the risk quotient
(RQ). The results of this study will be used to propose solutions to reduce pollution.

Keywords: Chlorpyrifos; Pesticides in soil; Soil pollutions; Risk assessment.

1. Introduction

Chlorpyrifos (CPF), also known as Chlorpyrifos Ethyl or O,0-Diethyl O-(3,5,6-
trichloropyridin-2-yl) phosphorothioate, is a chemical that belongs to the organophosphorus
group is widely used to control pests and diseases. CPF persists for a long time in the
environment, has the high bioaccumulation potential, affects the nervous system of humans
and other animals [1-3].

CPF is considered as class 2 of hazardous to humans by the World Health Organization.
In the United Kingdom, the use of CPF was banned from April 2016. From 2020, CPF was
banned throughout the European Union and August 18, 2021, the U.S. Environmental
Protection Agency (EPA) announced a ban on the use of CPF on food crops in the United
States [4—6]. Due to its high toxicity and adverse effects on the environment, according to
Circular 10/2020/TT-BNNPTNT, effective from October 25, 2020: pesticides containing
CPF will not be produced or imported, only sold used until February 12, 2021.

In the world, there are many studies on residual as well as risk assessment of CPF in soil,
water and in agricultural products. Typical pesticide residue studies include Determination
of Chlorpyrifos Residues in Lettuce [7], pesticide contamination in soil of intensive
horticulture [8] and pesticide residues in orchard soil [9]. In addition, studies on the
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ecological risk of pesticides have been conducted in Ethiopia [10], USA [11], Nepal [12-13]
and Iran [14] which have provided important information for future.

Table 1. Physical chemical properties of CPF.

Cl

5
o

Cl N Bl
Structure A e

CHs
0,0-diethyl-O-(3,5,6-trichloro-2-
pyridyl) phosphorothioate

Chemical name

Molecular Weight (g/mol) 350.6
Empirical and Structural Formula C9H11CI3NO3PS
CAS Registry Number 2921-88-2
Melting point (°C) 41.5-425
Vapor pressure (mmHg) 2.03E-05 at 25°C
Density (g/mL) 1.51 at 21°C
Solubility in water (g/L) at 25°C 1.12
Partition coefficient (n-octanol and water) log Kow=5.1

There are very few studies on the residual of pesticides in the soil as well as no research
on CPF contamination in the coffee growing soil in Viet Nam. Evaluation of total DDT
residues in soil at the plant protection chemical warehouse in Nam Dan, Nghe An [15],
residues of pyrethroid pesticides in soil, water, and watercress in Vinh Long [16] and
validation of analytical procedures for chemicals such as CPF and carbosulfan in broccoli
[17] as well as CPF in soil [18] are among the outstanding studies on the residual of pesticides
in Viet Nam.

Lam Ha district is located in the northwest of Lam Dong province, with an altitude of 800-
1000 m above sea level, the average annual temperature is about 21-22°C. Lam Ha area is
mainly red soil, alluvial soil, and gray soil suitable for industrial crops such as coffee, pepper,
vegetables, flowers, and fruit trees. In 2019 and 2020, Lam Ha has a coffee growing area
ranking second in Lam Dong province. The plan by 2025 Lam Dong has about 170,000 ha and
the output is from 530,000 to 550,000 tons/year with 5 large-scale specialty coffee growing
areas: Di Linh, Lam Ha, Bao Lam, Duc Trong, Da Lat city and Lac Duong district.

Lam Ha district is the area with the strongest crop restructuring in Lam Dong province,
with a mixture of industrial plants, vegetables, flowers and fruit trees, so the trade in using
pesticides is very diverse for many different crops. The transfer of crops also leads farmers
to have a habit of using pesticides for short-term plants in combination with coffee plants to
prevent pests and diseases. Therefore, the amount and frequency of use of pesticides in Lam
Ha will lead to a higher risk of pollution than other coffee farming areas of Lam Dong
province.

According to the habit, pesticides are often purchased and stored at warehouses. State
agencies only manage at companies and agents that trade in pesticides, but have not fully
controlled the situation of using them in warehouses of farmers. Therefore, there are a number
of pesticides that have been banned from use, but still in large quantities in households.

The main objectives of the study include: (1) Analysis of physicochemical properties,
mechanical composition of soil samples; (2) Analysis of CPF concentration of soil samples;
iii) Evaluate ecological risk of CPF.

2. Materials and methods

2.1. Research plan

To achieve these objectives, previous studies on the residues and pollution of CPF were
investigated. Soil samples were collected and analyzed for physicochemical properties and
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CPF concentration to assess ecological risk. This study also aims to make recommendations
to reduce the risk of environmental pollution. The details of the research plan are shown in

Figure 1.

Field survey and data collection

¢

Network design and sampling point selection

'

Sampling, transportation, storage of samples

'

Analysis of samples

v

Calculate Chlorpyrifos concentration

v

Ecological risk assessment

Figure 1. Research diagram.

2.2. Study area

Fifteen soil samples were taken in communes with intensive coffee growing areas of
Lam Ha district, namely Dong Thanh, Me Linh, Nam Ha and Phi To at locations as shown
in Figure 2. Based on the situation of pests and diseases and the habits of farmers, the
sampling time is selected as 3 times per year including February, November (dry season) and
June (rainy season).
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Figure 2. Sampling locations in Lam Ha district.
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2.3. Sampling methods

Samples were taken according to the depth from 0-15 cm at the canopy point of the
coffee tree to assess the level of retention in the environment of CPF. For square or
rectangular gardens, the soil sample is taken diagonally: 1 point is the intersection of 2
diagonals and the remaining 4 points are located on 2 diagonals but about 2-3 rows of coffee
trees from the outside. For irregularly shaped gardens, soil samples were taken in a zigzag
pattern to ensure representative samples. The number of samples depends on the area of the
garden.

At a garden, take 1 bulk sample including at least 5 sub-samples but not more than 10
sub-samples. After removing stones, gravel, roots and leaves, each subsample was taken
about 0.5-1 kg, mixed well, and then used the method of quartering to reduce it to about 1kg,
put in a dedicated clean nylon bag. Record the sample information and then transfer it to the
laboratory for analysis.

2.4. Analysis methods

The pH is determined according to Vietnamese standards TCVN 5979:2021 by soaking
the dried, finely crushed samples with a volume of KCI solution at a ratio of 1.5, shaking for
about 1 hour and soaking for 1-3 hours, then measure pH at 20+2°C.

Soil moisture is determined according to TCVN 4048:2011 by calculating the percentage
of water vapor lost when soil samples are dried at 105°C to constant weight.

Organic Carbon is determined according to TCVN 8941:2011 by oxidation with
potassium bichromate solution in concentrated sulfuric acid. Titrate excess potassium
dichromate with Fe(ll) salt solution. Calculate the result from the weight of the test sample,
the concentration of Fe(ll) salt solution, the titration volume of the blank and samples.

20g soil sample

10g anhydrous Na,SO, —10u! S5 10ppm

y <— 150ml methylenechloride:acetone (1:1)

Shoxhlet extraction 16-24h

v
Decant and concentrate the
extract, changing to n-Hexane,
rotavapor to 10 ml

<+— 1ml TBA sulfite

\ 4

Clean through column packed Activated at 675°C
with 20g florisil <—Conditioned at 130°C
F1: 30ml n-hexane F2: 180ml ethyl ether: n-hexane

A 4
Rotavapor, Blow N, to 1ml

A4
4—
Discard v 10ul IS 10ppm

Inject 2ul to GC/MS

Figure 3. Schematic diagram of analysis of CPF in soil samples.
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The mechanical composition of the soil was tested according to Vietnamese standard
TCVN 8567:2010. This method uses a mixture of sodium hexamethaphosphate (NaPO3)s and
sodium carbonate Na,COs solutions to separate the grain levels of soil samples. Determine
the composition of sand by sieve and the composition of limon and clay by pipette.
Mechanical composition according to the international system includes 4 levels: Coarse sand
(2-0.2 mm), Fine sand (0.2-0.02 mm), Limon (0.02-0.002 mm) and clay (< 0.002 mm).

Analytical methods for concentration of CPF in the soil are: US EPA method 3540C for
extraction, US EPA method 3620C for cleanup and US EPA method 8270D for analysis [17—
18]. The Schematic diagram for analysis of CPF concentration is depicted in Figure 3. Soil
samples were dried, finely crushed and then shoxlet extracted with a mixture of
dichloromethane: acetone solvents with a ratio of 1:1 in volume for 16-24 hours. Collect the
extract and evaporate to about 10ml and then transfer to n-Hexane solvent. Add TBA sulfite
solution to remove S* in the sample. Clean through a Florisil column containing an
anhydrous NaSOj4 layer, rinse the column with n-hexane, and then elute with an ethyl ether:n-
hexane solvent mixture. Collect the eluate, blow in N2 stream to final volume 1ml and analyze
on GC-MS instrument. The GC-MS operating conditions are shown in Table 2 [19-20]. CPF
concentration is calculated from the results of the calibration curve and the soil sample in
ug/kg.

Table 2. Operating conditions of GC/MS equipment for the analysis of CPF.

Capillary column: DB5-MS (30m x 0.32mm x 1pum)
Program temperature: 70°C to 150°C [25°C/min] —» 280°C [7°C/min, 4
minutes]
Carrier gas: He (99.999%)
Sample pump port temperature: 250°C
GC conditions Sample injection time: 1 minute
Column flow rate: 1.7ml/min
Sample pump mode: split flow
Sample injection volume: 2l
Control mode: linear velocity
Line split ratio: 10

Interface temperature: 280°C
MS conditions Potential for ionization: 70eV
Observation mode: lon selection (SIM)

2.5. Method validation

Repeat the analysis 7-10 times with a sample containing CPF concentration of 3-5 times
the estimated limit of detection to calculate the limit of detection (LOD) and the limit of
quantification (LOQ). Two analysts performed in parallel to calculate repeatability and
reproducibility. Add standards at three levels of concentration: low, medium, and high to
calculate the recovery yield. From the results of the repeatability, reproducibility and
recovery calculate the uncertainty of the method applied in the laboratory. The method
validation results for the determination of CPF in the laboratory were: LOD 1 pg/kg, LOQ 3
pg/kg and uncertainty 11.86%.

2.6. Risk assessment

In this study, the risk quotient (RQ) is used and calculated according to the following
formula [13, 23]:
RQ = C/ PNEC 1)
where C is the concentration of the pollutant analyzed in the sample; PNEC is the
concentration value predicted to have no effect on the organism.
PNEC = NOEC/ AF @)
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where NOEC is the concentration with no effect observed; AF is the rating factor.

Evaluate the levels of risk obtained according to the range of values of the RQ: (1) RQ
< 0.01: very low risk; (2) 0.01 <RQ <0.1: low risk; (3) 0.1 <RQ < 1: moderate risk; (4) RQ
> 1: high risk.

3. Results and discussion

3.1. Physicochemical properties of the soil

The soil samples for intensive coffee cultivation in 4 communes of Lam Ha district are
acidic, in which Phi To commune has the lowest pH values in the range of 3.48-3.54, Nam
Ha and Me Linh communes have similar pH values in the range 3.72-4.45 and 3.96-4.28,
respectively. Dong Thanh commune has the highest pH in the range of 4.25-4.33. It is
necessary to increase to neutral pH such as lime powder application because the most suitable
pH range for coffee growing soil from 4.5-6.0 [24].

The moisture content of 15 soil samples is not much different, ranging from 28.2-33.8%,
suitable for plants to grow. The organic carbon concentrations are in the range of 2.3-3.6%.
Some samples with low OC% need improvement plans such as in Phi To and Nam Ha
communes because the optimal conditions for coffee to grow at an OC% are equal to or
greater than 2.5% [24].

All 15 soil samples are mixed clay with clay content of 39.67-66.86. The soil samples in
Phi To and Me Linh communes are clay-rich soils with the percentage of mechanical
components not much different with the percentages of coarse sand, fine sand, limon and
clay in the range of 2.75-2.92, 8.97-11.64, 21.26-22.75 and 62.90-66.86 while in Nam Ha
and Dong Thanh communes there is a relatively large difference in percentage of limon and
clay. The percentages of coarse sand, fine sand, limon and clay in the soil ranged from 2.49-
2.93,12.58-19.11, 22.83-39.06 and 39.67-61.00, respectively.

3.2. CPF concentration of soil samples

From the weight of the soil sample, the final solvent volume, the mass spectrum in the
sample and the standard curve, we can calculate the concentration of CPF with the unit of
pg/kg. CPF concentrations of 15 soil samples in 4 communes of Thanh Ha district are
presented in Table 3.

Table 3. CPF concentration of soil samples.

CPF concentration (ug/kg)

Sample location  Number of Sample Min Average Max
Phi To communes 3 Not detected 31.7 65.7
Nam Ha communes 5 Not detected 75.5 175
Me Linh communes 4 389 543 954
Dong Thanh communes 3 422 593 821

From CPF concentration of fifteen soil samples in Lam Ha district, we found that Phi To
and Nam Ha communes have lower CPF levels than the other two communes, Me Linh and
Dong Thanh. Soil samples in Phi To commune had the lowest CPF concentration with 1
sample not detected and maximum concentration was 65.7 pug/kg. Nam Ha Commune had 2
samples without CPF detected, the average concentration is twice as high as that of Phi To
commune and the maximum concentration is 175 pg/kg. The CPF concentrations of soil
samples in Me Linh and Dong Thanh communes ranged from 389 to 954 pg/kg, higher than
previous research results.

Although CPF has been banned in Vietnam since February 2021, some pesticide
suppliers and farmers continue to trade and use it illegally. The main source of CPF in soil
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samples can be from pesticides used to control pests and diseases at the beginning of the
rainy season every year or can be remained from sprays before. Therefore, it is necessary to
continue monitoring to evaluate the residual of CPF comprehensively.

CPF concentration is compared with result of previous studies in Table 4. The results
obtained from this study were uneven: Some samples did not detect CPF but some samples
were very high. These were substantially higher than a study of rice grow land at the Mekong
Delta and studies at Nepal and Iran in 2021. This CPF result was lower than studies at
Malaysia in 2010.

Table 4. CPF concentration (ug/kg).

Sample Type of Year of CPF concentration
. . Reference
Locations sample sampling (na/kg)

Lam Ha Soil 2023 Not detected - 954 This study
Mekong Delta Land 2019 3.51-291 PhD thesis summary
Nepal Soil 2021 32.5-177 Bhandari, G. [13]
Iran Soil 2021 240-510 Arani, M.H. [14]
Malaysia Land 2010 20 - 2240 Tahir, N.M. [25]

3.3. Risk assessment

With AF equal to 10 and NOEC equal to 65 (ug/kg) [23], risk index RQ were calculated
in Table 5.

Table 5. Risk assessment.

Sample hame CPF concentration (ug/kg) RQ Risk assessment
Phito communes Not detected-65.7 <1.0-10.1 Moderate- high risk
Nam Ha communes Not detected-175 <1.0-26.9 Moderate- high risk
Me Linh communes 389-954 59.8-146.8 High risk
Dong Thanh communes 422-821 64.9-126.3 High risk

The results of the RQ index show that the ecological risk impact of CPF contamination
in coffee soils in Lam Ha district is moderate to high and requires mitigation measures. The
order of the communes with the risk from moderate to high in this study is Phi To, Nam Ha,
Dong Thanh, and Me Linh, respectively. Soil samples detected with CPF are all moderate-
highly toxic. Ecotoxicological information on pesticides and degradation products is not
always available and should be incorporated in risk assessments. Furthermore, the ecotoxicity
of the degradation product of CPF is higher than that of CPF itself. Higher level risk
assessment methods to improve assessment risk should also be considered for a better
understanding of pesticides.

4. Conclusion

The physicochemical parameters, mechanical composition and CPF concentration in 15
samples of coffee growing soil in Lam Ha were archived. CPF residual ranged from not
detected to 954 ug/kg. This study assesses the ecological risk of CPF in soil based on the RQ
risk quotient method, result showed all moderate-highly toxic. Due to the limited number of
studies on risk assessment in Vietnam on CPF and other pesticides, it is necessary to promote
studies in this direction using assessment methods such as: RQ risk quotient method, CR
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cancer risk index method, distribution modeling method, matrix method to provide more
information for authorities to manage the use of pesticides in agriculture and forestry. Further
studies need to be carried out on a large scale with an increased number of samples and type
of pesticides to get a comprehensive view of the status of pollution and ecological risks of
pesticides in coffee growing soil in Lam Ha district.
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