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ABSTRACT

This study employing the Delft3D numerical model investigated the Mekong Delta’s seasonal current
dynamics, simulating its hydrodynamic regime in 2019. Using Nash-Sutcliffe Efficiency and Root Mean
Square Error metrics, the model’s accuracy in replicating measured water levels (cm) and currents at various
stations was validated, achieving acceptable simulation results. This allowed for reliable analysis of the
delta’s current patterns. The study revealed that while the overall direction and peak velocity of current
remain relatively consistent throughout the year, their spatial distribution undergoes significant shifts,
particularly during the transitional periods between seasons. Monthly flow velocities reflect this seasonality,
with strong (up to 1 m/s) and consistent northeast-southwest surface flows during the low flow season
(minimal stratification), driven by northeasterly winds. Conversely, the flood season exhibits greater regional
variability in velocity and direction due to strong freshwater input and fluctuating winds, with surface
velocities reaching 1 m/s in the Mekong estuary in October but decreasing sharply with depth (strong
stratification), and flow directions shifting dynamically throughout the season.
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Introduction

The Mekong River Delta (MRD), a vital socio-
economic and ecological resource in Southeast
Asia, faces unprecedented environmental
challenges. This mixed-energy delta, crucial for
Vietnam's rice and seafood exports, is shaped by
a complex interplay of river discharge, tidal forces
from the East Sea (ES) and Gulf of Thailand (GoT),
and monsoon-driven coastal currents [1-3].
Understanding the seasonal variability of these
currents is paramount for predicting and
managing the delta's response to both natural
and anthropogenic pressures. This mixed-energy
delta, essential for Vietnam’s rice and seafood
exports, is facing an unprecedented crisis driven
by the drastic reduction of sediment flux due to
rapid upstream dam construction and intensive
in-delta sand mining. This sediment deficit is a
primary driver of land subsidence (0.1-81
cm/decade) and sea-level rise (2-3 mm/year),
resulting in alarming annual land loss (300-500
hectares) [4, 5]. The seasonal patterns of currents
play a crucial role in the distribution of this
reduced sediment load, influencing erosion,
accretion, and the overall stability of the delta.

From a hydrodynamic perspective, the
seasonal variations in ocean currents, with their
significant spatial and temporal variability, govern
water exchange and material transport, directly
impacting ecological conditions such as nutrient
dispersal and primary productivity [4, 6]. The
complex interaction between river flow, tides,
and monsoon winds generates highly variable
current patterns across the MRD [1-5].
Unverricht et al. [6] highlighted the role of tidal
resuspension mechanisms in shaping land-ocean
interactions during inter-monsoon  seasons,
emphasizing the direct link  between
hydrodynamics and sediment dynamics, which
are fundamentally driven by current patterns.
Dang et al. [7] used satellite imagery to reveal
strong links between observed data of Mekong
floodplains and regional management strategies,
underlining the importance of understanding
hydrodynamic processes for effective delta
management.

Previous studies have explored MRD
hydrodynamics. Tien [8] utilized the MIKE 21/3

COUPLE model to analyse hydrodynamic and
wave processes during storm  events,
emphasizing land-sea interactions and their
impact on erosion and sedimentation. Tanh et
al. [10] focused on eddy currents in the Vam
Nao River using 2D and 3D simulations, revealing
recirculating flows. However, these studies
primarily relied on water level calibration,
potentially limiting the accuracy of current
simulations. Dang et al. [11] evaluates the
impacts of hydropower dams and flood
prevention systems on the hydrological regimes
of the Mekong floodplains, known for their

agricultural  productivity and  biodiversity,
through a systematic analysis of indicators of
hydrological alterations and flood extent

observations till 2013. Vinh et al. [4] focusing
mostly on the sediment dynamics due to
seasonal forcing in Mekong coastal area using
Delft3D, leaving the detailed seasonal variation
of currents in the MRD largely unexplored.

In this study, we leverage the Delft3D
numerical modelling framework to
comprehensively investigate seasonal current
variations in the MRD, focusing on the interplay
between river discharge and monsoon wind
conditions. By conducting rigorous simulations
and sensitivity analyses, incorporating tidally
induced effects near major outlets, we aim to
guantify the seasonal variations in current
magnitude and direction. This research
provides crucial insights into the seasonal
variability of current patterns, enabling more
informed predictions of sediment transport,
salinity intrusion, and ecosystem responses,
ultimately benefiting stakeholders including
policymakers,  engineers, and  scientists
engaged in sustainable management.

Materials and methods

Over the past ~8,000 years, the Mekong
Delta has prograded southwestward into the East
Sea (ES), forming the Ca Mau Peninsula on a wide
(~250 km), gently sloping continental shelf. This
asymmetrical growth has resulted in the delta's
present shape, although some shoreline erosion
has occurred, particularly along parts of the
modern coast and the Ca Mau Peninsula. The
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Mekong River itself splits into two main branches,
the Tien (north) and Hau (south/Bassac), creating
the “nine dragons”—its nine primary river
mouths. The Tien branch has three main
estuaries with multiple outlets, while the Hau has

two. North of the MRD, the Dong Nai—Saigon
River system also empties into the ES, with the
Saigon River’s Soai Rap branch receiving the
Vamco River just before reaching the sea [12]
(Fig. 1).
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Figure 1. The MRD and its region of freshwater influence with locations of measurements
(Vung Tau and Ganh Hao stations) [4]

The MRD has been experiencing rapid
population growth, urbanization, increased
river transportation, agricultural expansion (at
the expense of forests), and booming
aquaculture, combined with mangrove loss
(partially offset by replanting), intensifying
fishing and oil/gas activities, upstream
damming, and climate change, creates
significant environmental risks.

The Mekong River basin experiences a
tropical climate with two main seasons: the wet
season (June to October) and the dry season
(November to May). The wet season, driven by
the Southwest monsoon, brings 85-90% of the
year’s rainfall. These seasonal monsoons also
affect the ocean, influencing winds, waves, and
how the river's freshwater mixes with the
ocean’s salt water, impacting sediment
movement. Specifically, off the Bassac River in
South Vietnam, the Southwest monsoon brings
lighter winds and slow, northeast-flowing
currents, while the Northeast monsoon brings
strong winds, increased wave action that stirs up
seabed sediment, and southwest-flowing coastal

currents. Overall rainfall in South Vietnam
ranges from 1,600 to 2,400 mm annually, with
the western region receiving the most and the
central delta the least [1, 12].

The Mekong River discharges about
500 km®.yr™, with most (85%) flowing during the
flood season (September to November) and the
rest (15%) during the low flow season
(December to August) [13].

In the Mekong River Delta, flooding occurs
after the local rainy season because the water
comes mainly from upstream and is influenced
by the Tonle Sap Lake in Cambodia. Coastal
currents in the MRD change their direction with
the monsoon seasons, flowing southwest during
the winter monsoon and northeast during the
summer monsoon [14].

Tides play a crucial role in how water is
distributed in deltas and how sediment moves in
estuaries [15, 16]. In the central and lower parts
of estuaries, sediment buildup is largely
controlled by the turbidity maximum zone, which
are formed and changed due to the interaction
between river flow and tidal movement, including
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processes like tidal
differences [12, 17, 18].

The MRD experiences a mix of diurnal and
semi-diurnal tides. The main semi-diurnal tides
(M2 and S2) have amplitudes up to 0.9 and 0.5
m, respectively, while the main diurnal tides (K1
and O1) reach up to 0.7 and 0.5 m [15]. Overall
tide height decreases along the delta, from a
maximum of 3.8 m in the Northeast to around 2
meters in the Southwest along the Ca Mau
peninsula [19]. The tides near the Mekong’s
mouth rise and fall about 3.5 m during high
(spring) tides. This tidal range decreases as going
upriver: about 2 m at Can Tho (90 km upstream)
and about 1 m at 190 km upstream [20].

pumping and density

Materials
For model setup

Coastline and water depth information for
the MRD’s coastal area were taken from detailed
maps (scales 1:50,000 and 1:25,000) created in
Vietnam’s national VN2000 coordinate system
(which is similar to a standard UTM projection)
and published in 2019 by Vietnam’s Ministry of
Natural Resources and Environment. The deeper,
offshore water depth data were taken from the
GEBCO-1/8 dataset, which provides a global grid
of ocean depths at roughly 30 arc-second
intervals [21].

To model the rivers, water flows measured
at My Thuan (Tien River) and Can Tho (Hau
River) from 2013 to 2023 were used. Due to
there were no measuring stations on the Vamco
and Soai Rap Rivers (north of the Mekong River
Delta), average river discharge for low and flood
seasons from a previous study [21] were used
for these rivers.

Wind and wave data at Con Dao Island and
Vung Tau (2020-2023) were exploited. To model
surface conditions in the area, meteorological
data (wind, air temperature, humidity, cloud
cover, rainfall, evaporation-precipitation, and
mean sea level pressure) was obtained every six
hours from the ECMWF Re-analysis-5 (ERAS)
dataset, which has a spatial resolution of 0.125° x
0.125° This ERAS data was used to define the
model’s open boundary conditions [4].

For model calibration and validation

To ensure accuracy, the model was
calibrated and validated using water level and
current measurements at Vung Tau and Ganh
Hao stations, respectively of the project
“Interaction between hydrodynamics of the
East Sea and Mekong River water” (Fig. 1). Tidal
patterns were determined by analyzing
nearshore sea level measurements to extract
harmonic constants for eight main tidal
constituents (M2, S2, K2, N2, O1, K1, P1, and
Q1). These constants, along with offshore tidal
harmonic data from the FES2022 database,
were used to define tidal conditions at the
model’s sea boundaries. For broader ocean
transport conditions in the initial (parent)
model, data from the World Ocean Atlas (with
a 0.250 grid resolution) was used [4].

Method's
The Delft3D model

This study used two modules of Delft3D,
Delft3D-Flow and Delft3D-Wave, to simulate
water movement (tides, currents, and waves)
and the movement of suspended sediment.
Delft3D-Flow, developed by Deltares, is a 3D
model designed to study water flow, sediment
transport, changes in landforms, and water
quality in rivers, estuaries, and coastal areas. It
uses complex mathematical equations
(Reynolds-averaged Navier-Stokes equations)
and a specific method (k- turbulence closure
model) to calculate water movement, using a
grid system that adapts to the shape of the
area being studied [22].

The Delft3D-Wave model is based on SWAN,
a dedicated wave model. SWAN calculates wave
behaviour using an equation that balances wave
energy. This study used specific settings within
SWAN: the JONSWAP expression was used to
calculate friction at the seabed, with a specific
value (Co, = 0.067 m%s®) for shallow water
conditions [22]. Additionally, the model by
Battjes and Janssen [23] was used to simulate
how waves lose energy as they break in shallow
water.
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Model setup

The model uses a curvilinear grid, which
allows for higher resolution in key areas and
lower resolution elsewhere. This grid covers
the entire coastal zone from Binh Thuan coastal
area (Vietnam) to Preah Sihanouk (Cambodia)
(Fig. 2) (a distance of approximately 500 km

along the coast and 180 km offshore), using a
grid of 890 by 361 nodes with varying grid sizes
(from 23.6 m to 3,912.2 m). Vertically, the
model grid uses four layers in a sigma
coordinate system, consistents with the parent
model. This hydrodynamic model accounts for
the effects of water temperature, salinity, and
wave action.

Figure 2. The grid of the study area

The model was created and run with very
short time step of 0.2 minutes (12 seconds) to
simulate river flow. To ensure the model’s
accuracy, it was calibrated and validated using
data from four distinct periods: Northeast
monsoon (dry season - January), transition
season (May), Southwest monsoon (July), and
flood season (October). These periods
represent different flow conditions, allowing
for a comprehensive evaluation of the model’s
performance.

The model included four open river
boundaries: Soai Rap, Vamco, My Thuan, and
Can Tho. The Soai Rap and Vamco boundaries
are part of the Dong Nai—Saigon River system.
Hourly water discharge measurements from
Can Tho and My Thuan were used as input data

(boundary conditions). For the other two
boundaries, constant flow rates were used:
546.9 m>.s* (Soai Rap) and 52.5 m*.s™* (Vamco)
during low flow, and 1,310 m’.s™ (Soai Rap)
and 177.8 m*s™ (Vamco) during flood season
(1, 4].

For other conditions, average water
temperature (27.5°C in the low flow season
and 27.2°C in the flood season) and zero
salinity were set at the river boundaries. Wind
data, including speed and direction, recorded
every six hours at Con Dao from 2020 to 2023,
was also incorporated into the model.
Additionally, a wave module was directly linked
to the hydrodynamics, with wave conditions at
the sea boundary derived from existing wave
climate data [4].
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Bottom friction was represented using
Manning’s (n) coefficients, ranging from 0.018
to 0.023 m™3.s [23]. After calibration, both
background horizontal eddy viscosity and
diffusivity were set to 8 m.s”. To account for
smaller-scale turbulence, the Horizontal Large
Eddy Simulation (HLES) sub-grid model, based
on the work of Uittenbogaard and Van Vossen,
was used within the Delft3D-Flow model [22].
This HLES model added calculated values to the
background viscosity and diffusivity to better
represent turbulent mixing.

Calibration and validation process

To ensure the model’s accuracy, it was tested
against real-world data from different flow
conditions. This involved simulating the low flow
and flood seasons of 2019 and 2020. The
accuracy of each simulation was evaluated by
comparing the model's results to actual
measurements using the Nash-Sutcliffe efficiency
(NSE) metric [24], calculated as follows:

()
Ziﬂ:l (Yiobs _ymeon )2

where: Y is the ith observation for the
constituent being evaluated, Y™ is the ith
simulated value for the constituent being
evaluated, Y™ is the mean of observed data
for the constituent being evaluated, and n is
the total number of observations.

NSE=1- (1)

obs

Root Mean Square Error (RMSE) is a widely
used metric for quantifying the difference
between simulated and observed data.
Essentially, the RMSE measures the average
magnitude of the errors between two datasets
by comparing observed (or known) values with
predicted values. A lower RMSE indicates a
better fit between the simulated and observed
data, while a higher RMSE signifies a greater
discrepancy [25]:

Zn Xobsi_Xsimi
RMSE = — - —# (2)

n

where:  Xopsi, Xsm; are ith observational,
simulated values; n is the total number of
observations.

Results and disscusion
Modkel validation from field measurements

To ensure the accuracy and reliability of the
hydrodynamic model, we employed a rigorous
calibration and validation process using both
simulated and measured water levels in Vung Tau
station in 2019, for both calibration (specifically
determining the Manning coefficient) and
validation (Table 1, Fig. 3). After calibration, the
model’s water level predictions closely matched
the measurements, with NSE values ranging from
0.834 to 0.976 and RMSE values ranging from
0.126 to 0.331, indicating an acceptable
simulation.

Table 1. NSE and RMSE values of measured and
simulated water level (m) in Vung Tau station

Efficiency
. NSE RMSE
Time
January 2019 0.834 0.331
May 2019 0.976 0.126
July 2019 0.955 0.186
October 2019 0.887 0.277

While most tidal days experience two high
and two low tides, during neap tide periods
when the difference between high and low tides
is at its minimum—a distinct phenomenon can
occur: a single tide. This single tide is
characterized by just one high water and one
low water within a tidal day, and we will refer to
these as single high water and single low water,
respectively. These single tides manifest in two
different forms, likely referring to variations in
their overall shape or duration. They appear
twice within a synodic month (the period of the
Moon’s phases, approximately 29.5 days), with
an average recurrence period of 13.66 days. This
means that roughly every two weeks, during the
neap tide phase, a location might experience
this single high and single low water pattern
instead of the typical double tide cycle.

The comparison between simulated and
measured currents in 2019 revealed an
acceptable agreement after calibration (Fig. 4,
Table 2). This close correspondence s
guantitatively demonstrated by the NSE values,
which ranged from above 0.7 to over 0.8. These
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high NSE values indicate that the model relatively accurately predict current magnitudes.
effectively captures the variance in the observed  The regular fluctuation of the efficiency values
data and provides a good representation of the  throughout the simulation period indicates a
temporal  dynamics of the currents. consistent and acceptable level of performance,
Furthermore, the RMSE values, ranging from demonstrating the model’s robustness and its
0.054 to 0.073 m/s, further corroborate the ability to maintain accuracy under varying
model’s accuracy. These relatively low RMSE  conditions. This consistent  performance
values suggest a minimal average difference  strengthens the confidence in the model's ability
between the simulated and measured current to provide reliable predictions of currents in the
speeds, highlighting the model’s ability to  Ganh Hao region.
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Figure 3. Comparison between simulations and measurements of water level
in Vung Tau station in January (a), May (b), July (c) and October (d) 2019
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Figure 4. Comparison between simulations and measurements of current speed throughout
a water column in Ganh Hao station in February 2019 (a—e: from surface to bottom layers)
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Table 2. NSE and RMSE values of measured and
simulated current (m/s) throughout a water
columnin 2019 in Ganh Hao station

Efficiency

NSE RMSE

Layer

1 0.722 0.054
2 0.751 0.054
3 0.754 0.059
4 0.79 0.061
5 0.815 0.073

Northeast monsoon (Dry season)

In January, during the Northeast monsoon
with reduced rainfall, tidal currents dominate the
MRD’s hydrodynamics. Surface currents vary
significantly, ranging from 0.05 to 1 m/s. The
strongest currents (0.65—1 m/s) are concentrated
within the rivers and estuaries, indicating a strong
riverine influence on water flow (Fig. 5). Outside
these areas, surface currents are considerably
weaker. Notably, the direction of these currents
diverges significantly, with a general southward
movement from the north and a prevailing
southwestward to westward flow.

During flood tides (Figs. 5a, b), currents
exhibit distinct vertical stratification. Near the
coast, surface currents reach speeds of up to
1 m/s, while bottom currents are slower, around
0.7 m/s. The highest velocities are observed in
the southern part of the study area. A sharp
decrease in current velocity occurs from the
surface to the bottom layers, with bottom
currents outside the estuaries dropping below
0.2 m/s. However, within the rivers themselves,
bottom current velocities remain relatively high,
highlighting the confined nature of the river
channels and their influence on flow dynamics.

Ebb tides (Figs. 5e, f) present a different
scenario, characterized by rapid river discharge
into the ocean, with current speeds reaching
1 m/s throughout the water column. Coastal
currents also remain strong during ebb tide,
peaking at 1 m/s at the surface and 0.7 m/s at
the bottom. Offshore surface currents range
from 0.4 to 0.8 m/s, reflecting the outflow of
water from the delta. In stark contrast, bottom
currents offshore are extremely weak,

measuring less than 0.05 m/s. This signifies that
the ebb tide’s influence is primarily confined to
the surface and near-coastal regions, with
minimal impact on deeper offshore waters.

Transition season

It is marked a significant shift in current
patterns compared to previous months,
coinciding with the transition from the northeast
to southwest monsoon and increased rainfall. A
clear divergence in current direction persists,
with surface currents varying considerably
between 0.05 and 1 m/s. The strongest currents
(0.65—-1 m/s) are concentrated within rivers and
estuaries, while areas outside these channels
experience  significantly  weaker  currents.
Notably, the current direction also diverges,
generally flowing southward in the north and
southwestward to westward elsewhere. This
suggests a complex interplay of riverine
discharge and coastal processes influencing
water movement during this transitional period
(Fig. 6).

During ebb tides (Figs. 6e, f), a distinct
vertical stratification of currents is observed.
Surface currents can reach speeds of up to 1 m/s
across much of the study area, but bottom
currents are generally slower. In rivers and
estuaries, bottom currents range from 0.8 to
1 m/s, while in other areas they measure
between 0.2 and 0.5 m/s. This sharp decrease in
velocity from surface to bottom indicates a
strong influence of bottom friction and
potentially density stratification, hindering
deeper water movement during ebb tides.

Flood tides (Figs. 6a, b) present a
contrasting picture, characterized by rapid tidal
currents flowing into the rivers, with current
velocity reaching 1 m/s throughout the entire
water column within these channels. Outside
the estuaries, coastal currents maintain a
relatively consistent speed, ranging from 0.3 to
0.7 m/s from surface to bottom. Offshore
surface currents range from 0.1 to 0.8 m/s,
with the lowest velocities concentrated in the
central part of the study area. This suggests a
more homogenous vertical current profile
during flood tides, driven by the strong
incoming tidal surge.
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Southwest monsoon

The shift from May to July brings significant
changes to surface currents, coinciding with
peak rainfall and increased river flow during the
Southwest monsoon. Current speeds vary
widely, from 0.05 to 1 m/s. While the strongest
currents (0.65-1 m/s) remain concentrated in
rivers and estuaries, similar to the dry season,
their velocities are slightly reduced. Outside
these areas, surface currents weaken
considerably, generally staying below 0.3 m/s.
A key difference emerges in current direction: a
general southward movement is observed in
the north, transitioning to a predominantly
southwestward to westward flow overall. This
indicates a complex interplay of river discharge
and coastal influences shaping the surface
current patterns (Fig. 7).

Analyzing the vertical structure of currents
during flood tides (Figs. 7a, b) reveals distinct
stratification. Near the coast, surface currents
reach up to 1 m/s, while bottom currents are
slower, around 0.6 m/s, with the strongest
velocities observed in the southern part of the
study area. A sharp decrease in velocity occurs
from surface to bottom, especially outside the
estuaries where bottom currents fall below
0.4 m/s. However, within the rivers, bottom
currents maintain relatively high speeds,
exceeding 0.6 m/s. This suggests that during
flood tides, the influence of tidal forcing is
stronger at the surface and near the coast,
while river flow maintains a stronger bottom
current within the river channels.

Ebb tides (Figs. 7e, f) present a
contrasting scenario, characterized by much
faster river discharge into the ocean, with
current speeds reaching 1 m/s throughout
the water column. Coastal currents also
remain strong, peaking at 1 m/s at the
surface and ranging from 0.4 to 0.7 m/s at
the bottom. Offshore surface currents,
ranging from 0.4 to 0.8 m/s, reflect this delta
outflow. Notably, the offshore bottom
currents are extremely weak, measuring less
than 0.05 m/s. This stark difference indicates
that the ebb tide’s influence is primarily
confined to the surface and near-coastal

regions, with minimal impact on deeper
offshore waters, emphasizing the dominant
role of river discharge during ebb tide.

Flood season

The transition from the wet season (July) to
the flood season (October) witnesses a
westward shift in the current ocean direction,
with maximum speeds reaching 1 m/s. This
westward trend and speed profile become
similar to the current patterns observed during
the full dry season. This shift coincides with
decreasing rainfall and a growing dominance of
tidal currents, suggesting a clear link between
seasonal precipitation, tidal influence, and
current patterns (Fig. 8).

Analysis of current stratification during
flood tides (Figs. 8a, b) reveals distinct vertical
differences. Surface currents near the coast
and within the river channels can reach 1 m/s,
while bottom currents are significantly slower,
ranging from 0.4 to 0.6 m/s, with the highest
bottom velocities observed in the southern
region. A sharp decrease in velocity from the
surface to the bottom is evident, especially
outside the estuaries where bottom currents
drop below 0.6 m/s. However, within the rivers
themselves, bottom currents remain relatively
strong, exceeding 0.7 m/s. This indicates that
tidal forcing exerts a stronger influence on
surface and near-coastal currents during flood
tides, while river flow maintains stronger
bottom currents within the river channels.

During ebb tides (Figs. 8e, f), a similar
vertical stratification is observed, although the
overall current speeds are higher due to
increased river discharge into the ocean.
Current speeds reach 1 m/s throughout the
water column, with strong coastal currents
also present (up to 1 m/s at the surface and
0.4 to 0.7 m/s at the bottom). Offshore
surface currents, ranging from 0.4 to 0.8 m/s,
further reflect this delta outflow. A key
difference during ebb tide is the extremely
weak offshore bottom currents, measuring
less than 0.1 m/s. Additionally, the eastern
part of the study area experiences high
current velocities during ebb tide.
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Figure 7. Current velocity (m/s) during the spring tide in July 2019



Nguyen Thanh Duong et al./Vietnam Journal of Marine Science and Technology 2026, 26(1) 1-19

y coordinate (km) -»

560 580 600 620 640 B 660 680 o 600 620 640 660 680

x coordinate (km) —» x coordinate (km) —»
a) Flood tide - surface layer b) Flood tide - bottom laye

:
. . 0.9
£ 3
:
§ 3 0.8
] :

0.7

Sv60 ‘_560 600 60 640 660 680 700 600 620 640 660 700 720
¥ ennrdinate fkm) s x coordinate (km) —»

o
(&)
velocity, magnitude (m/s)

c) High tide - surface layer d) High tide - bottom layer
L 404
0.3
. 1100 .
gtoeo % 0.2
. 0.1
o

640 660 680 700 720

620 640 660 680 700
x coordinate (km) —» x coordinate (km) —»

e) Ebb tide - surface layer f) Ebb tide - bottom layer

y coorainate (km) -»
3
g
3

580 600 620 660
x coordinate (km) —»

620 640 660 6 700 720
X coordinate (km) —»

g) Low tide - surface layer h) Low tide - bottom layer

Figure 8. Current velocity (m/s) during the spring tide in October 2019



Nguyen Thanh Duong et al./Vietnam Journal of Marine Science and Technology 2026, 26(1) 1-19

Discussion

On a seasonal scale, water levels in the MDR
generally decrease during the wet season,
reaching their lowest points in June/July, which
coincides with the period of greatest tidal range.
Conversely, water levels rise during the dry
season, peaking on flood season, especially in
November/December. However, this peak does
not coincide with the lowest tidal ranges, which
occur later, from February to March 26, 27].

Currents in the Mekong coastal area are
influenced by tide, wind, and river flow, with
wind and river discharge varying seasonally [13,
28, 29]. During ebb tide, flow generally directs
from estuaries towards the coastal zone and
from northeast to southwest, peaking in estuary
areas (due to river flow intensification) and the
Bac Lieu-Ca Mau coastal area. Conversely, flood
tide flow typically moves from offshore towards
estuaries and from southwest to northeast, also
exhibiting high velocities in the Bac Lieu-Ca Mau
region. At high and low tides, the interplay
between wind-driven and river-driven currents
complicates the integrated flow. While strong
tidal currents tend to dominate the integrated
current’s characteristics, stronger wind or river
flows can alter the current vector field, as
observed in July when southwest winds shifted
the surface layer integrated current vector
accordingly, even during ebb tide [3, 30, 31].
Furthermore, opposing interactions between
tidal currents and wind/river currents create
flow convergence (flood tide) or divergence (ebb
tide) regions in the Bac Lieu coastal area,
occurring in both low and flood seasons, and
sometimes during both ebb and flood tides.
These convergence/divergence phenomena may
contribute to intensified erosion in the Ganh
Hai-Dam Doi coastal zone between Bac Lieu and
Ca Mau Provinces.

Analysis of monthly flow velocities in the
Mekong coastal zone reveals distinct seasonal
patterns driven by the interplay of wind-driven
currents and freshwater discharge. During the
low flow season, surface layer flows are
strongest, reaching 1 m/s, particularly in the
coastal areas of Dinh An, Soc Trang, Bac Lieu,
and Ca Mau. These flows exhibit a consistent
northeast to southwest direction, mirroring the

dominant northeasterly winter winds, and
demonstrate  minimal variation throughout
January, indicating stable wind and flow

direction (3, 28—31]. A gradual decrease in flow
magnitude with depth (from 0.4-1 m/s at the
surface to 0.05-0.6 m/s at bottom layer)
suggests low stratification. In contrast, the flood
season is characterized by greater regional
variation in both flow velocity and direction due
to the interaction of strong freshwater input and
fluctuating wind patterns. While surface
velocities in the Mekong estuary reach 1 m/s in
October, they decrease sharply with depth,
becoming very small (below 0.2 m/s at bottom
layer), signifying strong stratification, unlike the
low stratification observed in January. Flow
directions also shift dynamically throughout the
flood season: initially from southwest to
northeast in early September under the
influence of the Southwest monsoon, then
shifting offshore (southeast) in late September
as the wind weakens, followed by a southward
direction in early October, and finally
southwestward in late October as northeasterly
winds develop and reinforce the freshwater flow
from the estuary towards the Ca Mau coast.
These observations highlight the dominant role
of wind in driving flow during the low flow
season, while freshwater discharge is the
primary driver of current in the flood season,
although these currents remain highly sensitive
to wind direction changes as in previous studies
[32-34].

Several studies [35-40] exported that sea
level rise (SLR) impacts current speed
distribution. In MRD, as SLR increases, average
current speeds generally decrease in river
channels, navigation channels outside estuaries,
and offshore areas. The most significant
decrease occurs in navigation channels outside
estuaries. Conversely, average current speeds
slightly increase in estuarine areas due to
increased water influx from the sea. This
increase is attributed to a decrease in the
wetted cross-section of the estuaries. The
magnitude of these changes becomes more
pronounced with higher levels of SLR. It also
shows that combining SLR with reduced
upstream discharge significantly alters flow
velocity. Tuan et al. [41] proved that from 14 cm
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SLR and reduced discharge, river current speeds
decrease sharply compared to the baseline,
while offshore and navigation channel speeds
change minimally.

Both the Red River and the Mekong River
exhibit dynamic current patterns influenced by
tides, river discharge, and monsoon winds.
However, there are notable distinctions.

The Red River displays a greater diversity in
surface current directions, particularly during the
dry season [28, 42, 43]. In contrast, the Mekong's
surface currents are more consistently directed
southwestward, reflecting the dominant outflow
from its delta. Regarding current velocities, both
rivers experience peak speeds exceeding 1 m/s in
narrow channels and near coastal areas.
However, the Red River shows more pronounced
spatial variations in velocity, with localized higher
speeds west and northeast of Cat Ba Island during
certain periods [42]. The Mekong generally
maintains strong currents throughout the water
column, especially near the coast, while offshore
currents are comparatively weaker.

Tides play a significant role in both river
systems, but their influence varies spatially and
temporally. In the Red River, tidal currents are
dominant during the dry season, interacting
with riverine influences [35, 44]. The Mekong
also experiences strong tidal currents, but they
are more pronounced during the wet season
and in the delta region [4]. Interestingly, the
ebb tide’s influence in the Red River seems
primarily confined to the surface and near-
coastal regions, with minimal impact on deeper
offshore waters.

Both rivers exhibit distinct seasonality in
their hydrodynamic regimes, driven by the
monsoon climate. During the wet season, both
experience increased rainfall and river
discharge, leading to higher water levels and
stronger currents. However, the Mekong’s
response to the wet season appears more
prolonged, with a longer period of high-water
levels compared to the Red River [42]. The
transition between the Northeast and
Southwest monsoons brings notable changes.
The Red River’s currents shift from offshore to
onshore, converging towards coastal areas and
estuaries. In contrast, the Mekong’s currents

begin to reverse, flowing from the estuary and
nearshore areas towards the offshore regions
(3, 44, 45].

These rivers display vertical stratification in
their current profiles, but the degree of
stratification varies. The Red River generally
exhibits a more pronounced decrease in
velocity from surface to bottom, particularly
during the dry season and outside estuaries [9,
28]. The Mekong shows less distinct
stratification near the coast, with strong
currents throughout the water column.
However, a significant stratification occurs
offshore, with strong surface currents and
weak bottom currents [3, 6, 8].

Conclusion

A Delft3D model effectively simulated
currents in the Mekong River Delta (MRD) during
2019. The model validation demonstrated a
strong agreement with measured data: water
levels at Vung Tau exhibited high Nash-Sutcliffe
Efficiency (NSE) values (0.834-0.976) and low
Root Mean Square Error (RMSE) values (0.126—
0.331), while current velocities at Ganh Hao
achieved an NSE of 0.722 and an RMSE of 0.054.

The MRD’s hydrodynamics are characterized
by a complex interplay of tides, wind, and river
flow, driving a predominantly west/southwest to
east/northeast current pattern with peak speeds
of 1 m/s. Seasonal variations, influenced by these
factors, result in distinct ebb and flood tide flow
patterns, with peak velocities in estuaries and the
Bac Llieu-Ca Mau area. Wind and river flow
significantly modulate these tidal currents,
creating convergence/divergence zones,
particularly in the Bac Lieu coastal area, impacting
erosion.

Seasonal flow velocities reflect this
complexity. Strong and consistent northeast-
southwest flows occur during the low flow
season, driven by northeasterly winds, while
the flood season exhibits greater regional
variability due to increased freshwater input
and fluctuating winds. Projected SLR s
expected to generally decrease current speeds
in channels and offshore areas, while slightly
increasing them in estuaries.
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