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ABSTRACT

This study applies the MIKE 21/3 Couple model to simulate the hydrodynamic regime of the Tra Khuc River
estuary. The model was calibrated and validated using observed water level and wave data from the study
area, with evaluation metrics indicating good performance. Simulations were carried out for two monsoon
scenarios (Southwest and Northeast). The results show that during the Southwest monsoon, the current
mainly flows along the shoreline from south to north, with an average velocity of about 0.05-0.15 m/s;
average wave height in offshore areas is greater than 0.8m, while in the estuary it ranges from 0.2 to 0.4 m.
During the Northeast monsoon, both current velocities and wave heights are higher compared to the
Southwest monsoon. The average current velocity is 0.05-0.25 m/s, flowing from north to south, and
offshore wave heights range from 3.6 to 4.0 m, with some areas exceeding 4.0 m. The findings provide an
essential scientific basis for sediment transport assessment and for developing coastal management and
planning strategies in Quang Ngai Province.
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Introduction

Coastal  estuaries represent  crucial
transitional zones between river and marine
systems, where complex dynamic processes
such as river flow, tides, waves, winds, and
sediment transport simultaneously interact.
These processes govern the formation and
morphological evolution of estuaries, directly
influencing coastal ecosystems and socio-
economic activities. In the context of climate
change, sea-level rise, and increasing coastal
exploitation, the hydrodynamic regime in
estuarine areas has become more complex
and variable. It poses risks of abnormal
erosion and accretion, threatening sustainable
coastal development.

Over the past decades, numerous
international studies have applied numerical
models to analyze and predict hydrodynamic
regimes and estuarine morphological evolution
[1-13]. Models such as Delft3D [7, 14-16], ROMS
[17-19], and MIKE [20, 21] have been widely
employed to simulate flow fields, wave dynamics,
and sediment transport. These studies have
demonstrated the capability of numerical models

to explain wave—current interactions, forecast
erosion—accretion trends, and support coastal
resource management. In Vietnam, several
studies have applied advanced hydrodynamic
models to major estuaries, including the Hai
Phong coastal area [22], the coastal area of Da
Nang [23-25], the Mekong Delta estuarine
system [26, 27], the Nhat Le estuary [28, 29], the
Da Nong estuary [30], the Co To coastal zone
[31], coastal estuaries in the Ma River basin [32],
and the Dai estuary [33]. Their results have
provided valuable scientific foundations for
coastal management, planning, and protection.
The Tra Khuc estuary is the largest in Quang
Ngai Province, with a catchment area exceeding
3.000 km?, discharging into the sea at the Co Luy
estuary (Fig. 1). The estuarine topography
consists of the main channel, tidal flats, and
sandbars; the area is influenced by an irregular
semidiurnal tide (tidal range 1.5-2.0 m), the
Northeast and Southwest monsoons, and river
floods during the rainy season. The interaction of
these factors results in complex hydrodynamic
variations, causing irregular erosion and accretion
that affect navigation channels, seaports,
residents, and coastal production activities.

Figure 1. Study area

Although the Tra Khuc estuary holds
significant scientific and practical importance,
studies applying the MIKE 21/3 Coupled model
to simulate its hydrodynamic regime remain
limited. Most previous studies have focused
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mainly on qualitative assessments and have not
comprehensively analyzed seasonal
hydrodynamic  variations under different
monsoon conditions. Therefore, there is a need
for a modern modeling approach that ensures
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scientific  rigor  while
management purposes.

This study applies the MIKE 21/3 Coupled
model (integrating MIKE 21-FM and MIKE 21-
SW) to simulate the hydrodynamic regime of
the Tra Khuc estuary under two monsoon
scenarios: Northeast and Southwest. The
objectives are to establish and validate the
model using topographic, water-level, wave,
and wind data; analyze hydrodynamic
characteristics under monsoon conditions; and
provide a scientific basis for sediment transport
assessment, morphological change analysis,
and sustainable coastal development planning
for Quang Ngai Province.

serving  practical

Database and Research Methods
Data Use

Topographic data of the river area at a
scale of 1/10,000, and the offshore sea area at

a scale of 1/50,000 were inherited from
previous research projects combining
topographic data surveyed in the estuary and
the coastal regions of Tra Khuc river mouth,
which was conducted by the Institute of
Geography (now the Institute of Earth Sciences,
Vietnam Academy of Science and Technology).
The collected and surveyed topographic data
were standardized to the WGS84 coordinate
system and exported in *.xyz format to
generate the computational mesh for the
model (Fig. 2).

Wave and water level measurements at
Stations A and B (Fig. 2) were surveyed during
the periods from April 10-24, 2022, and March
18-25, 2023. These datasets were used for
model calibration and validation.

Wave and wind data were obtained from
the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis and
used as offshore boundary conditions and
forcings for the model.
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Figure 2. Topography of the Tra Khuc estuary area, Locations of wave and current measurement stations,
location of river boundary extraction, and calibration/validation stations of the MIKE 11 model

Research Methods

In this study, the MIKE modeling system
developed by the Danish Hydraulic Institute

(DHI) was used to simulate the hydrodynamic
regime of the Tra Khuc estuary. Specifically, the
MIKE 11 hydrodynamic model was employed to
calculate boundary conditions for the MIKE 21
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model. The MIKE 21/3 Coupled Model, which
integrates two modules - the MIKE 21FM
hydrodynamic module and the MIKE 21SW wave
module - was then used to simulate estuarine
hydrodynamics. The interaction between waves
and currents is better represented when the
two modules are coupled.

The current and wave modules are the two
fundamental components of the MIKE 21/3 FM
Coupled Model.

MIKE 21 FM Hydrodynamic Module [34]: This
is the core module used to calculate the current
field based on a flexible, unstructured triangular
mesh approach. It is widely applied in studies of
oceanography and coastal -  estuarine
environments. The module is governed by two
main equations: the continuity equation and the
momentum equation.

MIKE 21 SW Spectral Wave Module [34]:

This module calculates the wind-wave
spectrum on an unstructured mesh. It
simulates the generation, dissipation, and

propagation of wind and swell waves in both
offshore and nearshore regions.
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Modkel setup, calibration, and validation

The construction of the computational mesh
and the model setup are crucial steps in
simulating  hydrodynamic  processes. The
computational domain and mesh resolution
determine the model’s calculation time,
stability, and result accuracy. The computational
domain is centered on the Tra Khuc estuary and
extends northward and southward along the
coastline. The purpose of expanding the domain
is to minimize boundary effects on the estuary
area and to allow for the simulation of
hydrodynamic characteristics on both sides of
the coast. The northern boundary is located
approximately 12 km from the estuary, the
southern boundary about 12 km away, and the
eastern (offshore) boundary roughly 6 km from
the estuary (Fig. 3). The upstream river
boundary extends to the Co Luy Bridge. The
mesh is refined in the river and estuarine areas,
with cell sizes ranging from 50 to 60 m, while in
deeper offshore areas, the grid is sparser, with
cell sizes ranging from 200 to 400 m.
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Figure 3. Computational grid and bathymetry of the study area

* Regarding boundary conditions for the
hydrodynamic model:
- Northern, eastern, and southern
boundaries: Tidal level data at these boundaries
were extracted from the MIKE 21 Toolbox. Given
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the various studies on hydrodynamic modeling
in coastal and estuarine regions of Vietnam,
particularly in the central coastal areas [23, 28,
35], and considering that the study area is
relatively small and less affected by the general
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circulation of the East Sea, this study uses only
tidal-level boundaries.

- Upstream river boundary: The river
discharge data at the Co Luy Bridge were
derived from the one-dimensional
hydrodynamic model MIKE 11, which was
established, calibrated, and validated for two
flood events occurring from November 3-10,
2017, and from October 23—November 8, 2020.
This model system was inherited from the
project “Application of geospatial technology in
developing models for natural hazard warning”
(Project Code: CT0649.01/21-23) conducted by

-

the Institute of Geography (now Institute of
Earth Sciences), Vietnam Academy of Science
and Technology.

Figure 4 presents the simulated and
observed water levels during the MIKE 11
model calibration phase. At the Son Giang
hydrological station, the simulated water level
was 0.183 m lower than the observed water
level. At the Tra Khuc hydrological station, the
simulated water level is 0.113 m lower than the
observed value. The Nash coefficients at the
Son Giang and Tra Khuc stations are 0.85 and
0.92, respectively (Table 1).
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Figure 4. Comparison of simulated and observed water level hydrographs at stations (a) Son Giang
and (b) Tra Khuc during the calibration period

Table 1. Error assessment results of the MIKE 11 model calibration and validation

Station Hmax Observed Hmax Simulated NSE

. . Son Giang 37,990 37,807 0.85
Calibration (03/11-10/11/2017) Tra Khuc 8013 7900 0.92
. Son Giang 38,710 38,722 0.88
Validation (23/10-08/11/2020 Tra Khuc 7730 7936 077
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Figure 5. Comparison of simulated and observed water level hydrographs at stations (a) Son Giang
and (b) Tra Khuc during the validation period

The validation results for the flood event
from 23 October to 8 November 2020 are
satisfactory. Figure 5 demonstrates the
simulated and observed water levels during the
inspection period. At the Son Giang hydrological
station, the simulated water level (Hg, = 38.722

m) is 0.012 m higher than the observed value. At
the Tra Khuc hydrological station, the simulated
water level (Hgn = 7.936 m) is 0.206 m higher
than the observed value. The Nash coefficients
at the Son Giang and Tra Khuc stations are 0.80
and 0.77, respectively. Based on these results, it
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can be concluded that the model satisfactorily
reproduces the flood conditions of the Tra Khuc
River system, and it can therefore be used to
extract river discharge data as boundary inputs
for the MIKE 21 model.

* Regarding the boundary conditions of the
wave model:

- Wind data: The wind field across the
entire computational domain was obtained
from the ERAS reanalysis dataset with a spatial
resolution of 0.25°, downloaded from the
European Centre for Medium-Range Weather
Forecasts (ECMWF) (Link: https://cds.cli-
mate.copernicus.eu/datasets).

- Boundary conditions: The northern,
southern, and upstream (river) boundaries
were set as radiation boundaries, while the
eastern (offshore) boundary used wave data
from the European Centre for Medium-Range
Weather Forecasts (ECMWF).

After model setup, calibration, and
validation were carried out using observed
water level, current, and wave data. The
performance of the calibration and validation
was evaluated wusing the Nash-Sutcliffe
Efficiency (NSE) coefficient for water level and
current data, and the Root Mean Square Error
(RMSE) for wave parameters.
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where: X.ps is the observed value, X, is the
simulated value from the model.

The model calibration was performed using
observed wave and water level data from
March 18-25, 2023, at Station A (Fig. 2).

The model calibration involved adjustments
to the significant wave height, peak spectral
period, wave direction, and water level (Fig. 6).
The results indicate that the simulated wave
height, period, and direction are in good
agreement with the observed data, with an
RMSE value of 0.05 (Table 2). The simulated
and observed water levels show consistent
phase and magnitude, with NSE coefficient of
0.92, indicating good agreement. These results
demonstrate that the model accurately
simulates hydrodynamic conditions. Therefore,
the calibrated model parameters were retained
for the validation phase, conducted from 10
April to 24 April, 2022.
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Figure 6. (a) Observed and simulated significant wave height; (b) Observed and simulated peak wave period;
(c) Observed and simulated wave direction; (d) Observed and simulated water level
at Station A during the calibration period

Table 2. Error assessment results of the model calibration

Station Parameters Time NSE RMSE
Wave height 0.05
Station A 18-25/3/2023
Water level 0.92

410



Dao Dinh Cham et al./Vietnam Journal of Marine Science and Technology 2025, 25(4) 405—417

Model validation was performed using
observed wave and water-level data from April
10-24, 2022, at Station B (Fig. 2).

Figure 7 presents the comparison between
simulated and observed wave height, wave
period, and wave direction at Station B during
the validation period. The results show that the
model performs well at the validation station,

with good agreement between simulated and
observed data (RMSE = 0.05) (Table 3). These
results indicate that the model demonstrates
high reliability with the set of parameters
presented in Table 4. Therefore, the model can
be applied to simulate the current and wave
fields in the coastal and estuarine areas of the
Tra Khuc River.
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Figure 7. (a) Observed and simulated significant wave height; (b) Observed and simulated peak wave period;
(c) Observed and simulated wave direction; (d) Observed and simulated water level
at Station B during the validation period

Table 3. Error assessment results of the model validation

Station Parameters Time NSE RMSE
Wave height 0.05
Station B 10-25/09/2020
ation Water level /09/ 0.93

Table 4. Parameter set of the MIKE 21/3 Coupled Model

No. Model parameter Value
1 Bottom roughness coefficient 36
2 Wind friction coefficient Defined according to the model’s default formulation
3 Eddy viscosity coefficient 0.28
4 Convergence coefficient 5
5 Wave breaking coefficient 0.8
6 Horizontal diffusion ratio 1
7 Internal friction angle of sediment 30°
8 Bottom friction coefficient 0.001

Scenario Development from October to December 2022, Southwest

To gain a comprehensive understanding of
the hydrodynamic characteristics in the Tra Khuc
estuary, the study constructed simulation
scenarios for two main cases: the Northeast and
the Southwest monsoons. The simulation periods
were defined as follows: Northeast monsoon:

monsoon: from June to August 2022. These
months represent the two dominant monsoon
seasons and are minimally affected by other
weather systems. Boundary conditions-including
tidal boundaries, river boundaries, wind fields,
and offshore wave boundaries-were assigned
consistently for each simulation period.
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Results

Current and wave characteristics in the Northeast
monsoon

During the Northeast monsoon period, the
average current velocity ranged from 0.2 to
0.4 m/s, with the dominant northward current
(Fig. 8). The river mouth area exhibited the
highest current velocity, being the narrowest
section of the estuary. According to the model
results, the maximum current velocity exceeded
0.8 m/s, indicating the significant influence of
flood flows typically occurring during the rainy
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season in the study area. The southern regions
near the estuary and along the coast also
experienced strong currents, with maximum
velocities of 0.5-0.7 m/s. In contrast, the
northern coastal areas had smaller, more stable
currents because they were less affected by
river discharge. Offshore from the estuary, the
combined current gradually weakened with
increasing distance from the coast due to wave
interactions, with maximum velocities between
0.4 and 0.6 m/s. In the offshore zones, where
the influence of river current and local
topography was minimal, the current speed was
weaker, ranging from 0.2 to 0.3 m/s.
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Figure 8. Current field during the Northeast monsoon period
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Figure 9. Wave field during the Northeast monsoon period
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During the Northeast monsoon period, the
maximum wave height at the estuary area was
considerably higher than that observed during
the Southwest monsoon period. The dominant
wave direction in this period was from the east.
In the offshore northeastern region of the study
area - directly exposed to the Northeast
monsoon and with minimal sheltering - the
wave activity was extremely strong, with
maximum wave heights ranging from 3.6 to 4.0
m, and in some locations even exceeding 4.0 m.
Such conditions pose potential risks to fishing
operations in this area. The relatively large wave
heights can be explained by the coincidence of
the Northeast monsoon season with the rainy
and storm season. During the simulation period,
the Northeast monsoon winds were particularly
strong, with recorded speeds reaching 9.0 m/s
[36]. As waves propagate toward the coast,
wave heights gradually decrease due to friction
with the seabed and the scattering effect. In
nearshore and estuarine areas, the maximum
wave height decreases sharply, ranging from 1.2
to 2.0 m, and in many nearby regions, only 0.8
to 1.6 m. At the estuary itself, the maximum
wave height was below 1.0 m (Fig. 9).

Current and wave characteristics in the Southwest
monsoon

Figure 10 illustrates the maximum (Fig. 10a)
and average (Fig. 10b) current velocities in the
Tra Khuc estuary area during the Southwest
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monsoon period. The average current velocity in
this period is lower than that observed during
the Northeast monsoon, ranging from 0.05 to
0.15 m/s, with the dominant current direction
from south to north. At the Tra Khuc estuary, all
river discharge to the sea and tidal
inflow/outflow are forced through a narrow
cross-section, resulting in high current velocities
in this region. The maximum current velocity at
the estuary during this period ranges from 0.2 to
0.4 m/s, with some localized areas reaching 0.4
to 0.6 m/s. Immediately after exiting the estuary
into the open sea, due to the combined
influence of tides and waves, the current
velocity decreases rapidly. The maximum
velocity along both coastal sides and offshore
areas generally ranges from 0 to 0.2 m/s.

During the Southwest monsoon season, the
offshore wave height is significantly smaller
compared to that during the Northeast monsoon
(Fig. 11). The average wave height in this period
ranges from 0.2 to 1.0 m, with the dominant
wave direction being southeast. In the offshore
area, wave heights are relatively high. For
example, in the southeastern part of the study
area - where the water depth is greater and
directly influenced by southwest or west winds -
the maximum wave height ranges from 2.0 to 2.4
m. As waves approach estuaries and nearshore
zones, their heights gradually decrease due to
scattering, reflection, and coastal depth. Within
the Tra Khuc estuary, the maximum wave height
is notably reduced, ranging only from 0.4—0.8 m.
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Figure 10. Current field during the Southwest monsoon period
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Figure 11. Wave field during the Southwest monsoon period

Conclusion

This study applied the MIKE 21/3 Coupled
Model to simulate the wave and current fields
for the Tra Khuc estuary (Co Luy estuary),
located in Quang Ngai Province. The model was
calibrated and validated using measured
nearshore wave and water level data for two
periods: September 10-25, 2020, and March
18-25, 2023. NSE and RMSE criteria were
applied to assess model accuracy for water level
and wave parameters. Most results achieved
good performance levels, indicating that the
model simulated the hydrodynamic processes
with  high accuracy and reliability. Two
simulation scenarios were developed to analyze
the hydrodynamic regimes in the Tra Khuc
estuary during the Northeast and Southwest
mMonsoon seasons.

The results show that the average current
velocity during the Northeast monsoon was
greater than that during the Southwest
monsoon. The average current velocity ranged
from 0.2—0.4 m/s in the Northeast monsoon and
only 0.05-0.15 m/s in the Southwest Monsoon.
At the estuary, the maximum current velocity
during the Northeast Monsoon exceeded
0.8 m/s, while during the Southwest monsoon, it
ranged between 0.2-0.4 m/s, with some areas
reaching 0.6 m/s.

Wave height during the Northeast
monsoon was significantly higher than in the
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Southwest monsoon. In the offshore area, the
maximum wave height during the Northeast
Monsoon ranged from 3.6 to 4.0 m, with some
locations exceeding 4.0 m, whereas during the
Southwest Monsoon, the maximum offshore
wave height was around 2.0 m.

The study successfully identified the
characteristics of current and wave fields in the
Tra Khuc estuary under two contrasting
monsoon conditions. However, it primarily
focused on the hydrodynamic aspects, which
are fundamental in estuarine and coastal
studies. Therefore, further research is needed
to deepen the understanding of the
mechanisms and impacts of related processes,
such as sediment transport, deposition, and
erosion along riverbanks. These processes are
highly complex and influence not only the
stability and morphology of the coastal zone
but also the local ecosystems and livelihoods of
coastal communities.
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