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ABSTRACT

Mangrove ecosystems along Vietnam’s coastline face significant degradation due to human activities, despite their crucial
role in coastal protection against natural hazards. This study aims to assess the spatial and temporal changes in mangrove
coverage along Vietnam’s southern coast by integrating remote sensing techniques with hydrodynamic model simulations.
The research methodology combines the Collect Earth tool analysis of Spot-4 and Planet satellite imagery (2000-2020) with
Mike 21-HD two-dimensional (2D) hydrodynamic modeling to evaluate mangrove coverage changes by simulating shoreline
erosion. Results analysis reveals that a significant increase of 109.83 ha in mangrove area within Vinh Chau Town of Soc
Trang Province during the period 2010-2020, predominantly in the eastern region. Hydrodynamic simulations demonstrate
that the coastal zone is primarily influenced by the interaction of nearshore currents, East Sea tides, and seasonal monsoon
wave patterns. The model results effectively capture the complex interactions between these hydrodynamic factors and
mangrove distribution. These findings not only validate the effectiveness of combining remote sensing and hydrodynamic
modeling for mangrove assessment but also provide crucial insights for sustainable coastal ecosystem management. The
study’s integrated approach offers a robust framework for monitoring mangrove dynamics and developing evidence-based
conservation strategies, highlighting the importance of maintaining these vital ecosystems for coastal protection.
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1. Introduction

Mangroves are among the most productive ecosys-
tems on Earth, providing diverse ecological, biophysical,
and socio-economic functions!!. These coastal forests play
a crucial role in protecting coastlines against natural haz-
ards such as storms, typhoons, tsunamis, and coastal erosion
through their remarkable ability to reduce wave energy > 3.
This protective function is achieved through their complex
root networks, which hold sediments and slow down the

4,5]

formation of tidal waves!* >, Beyond coastal protection,

(4.3 includ-

mangroves deliver various ecosystem Services
ing both direct economic values such as timber and fisheries
and indirect environmental benefits such as carbon seques-
tration and water quality improvement(® 7). However, these
vital ecosystems face severe threats globally from human
activities, including logging, urbanization, tourism devel-
opment, plastic pollution, heavy metals, and oil spills!® %
The degradation of mangrove ecosystems diminishes their
capacity to provide essential services such as flood control,
drought mitigation, biodiversity conservation, and natural
resource provision!% 1. Even in the world’s largest wet-
land, Pantanal, mangroves are experiencing severe impacts
from drought and wildfires, pushing some species toward
extinction (7> 121,

In Vietnam, the situation is particularly concerning,
with mangrove coverage showing a dramatic decline over
the past decades® 131, The area has decreased from 408,500
ha in 1943 to 155,290 ha in 2000, representing an approxi-
mately 80% reduction over 60 years!!® 4], Among the fac-
tors causing the decline of mangrove area, coastal erosion
due to hydrodynamic factors have been identified as key

14,131 "with erosion rates ranging from

factors in this decline!
4 meters per year in river mouths to 50 meters per year in
coastal areas® % 151, Hong et al.[') reported that mangroves
significantly reduce wave height, showing a 75-85% reduc-
tion from 1.3 m to 0.2 m when waves enter mangrove areas.
A study by Mazda et al.['¥l demonstrated enhanced wave
energy reduction at high water depths due to the spreading
of branches and leaves.

Modern monitoring approaches using remote sensing
and GIS technologies have revolutionized the study of man-
groves covering changes and wetland areas globally % 15-17],
With over 300 satellites from more than 15 countries cur-

18,19

rently observing Earth['% 191 these methods offer advan-

tages over traditional monitoring approaches, which are of-
ten time-consuming, labor-intensive, and limited in spatial
coverage!!”l. High-resolution satellite imagery has been
particularly valuable in mangrove cover change studies, as
demonstrated by numerous studies utilizing various satellite
platforms %231 Song et al.['! demonstrated the effective-
ness of Spot 6 imagery in analyzing chlorophyll-a concentra-
tions at Kristalbad, a man-made wetland in the Netherlands.
Various satellite platforms, including Formosat-2, Spot 6,
Sentinel-2MSI, and Landsat-8, have been successfully inte-
grated with traditional hydrological models for water area

21-27] " The temporal analysis of mangrove ar-

monitoring[
eas through satellite imagery enables comprehensive assess-
ment of both natural and anthropogenic impacts on these
ecosystems, thereby informing effective conservation and
development strategies. This study aims to assess spatial
and temporal changes in mangrove coverage in the coastal
mangrove of Vinh Chau Town belonging to the southern
coast of Vietnam. The assessment will be based on satellite
image analysis combined with hydrodynamic model simula-
tion. This study is expected to provide valuable information
on the current status of mangrove coverage in the study area
and will contribute to the development of effective conser-
vation and management strategies for mangrove ecosystems

in Vietnam.

2. Materials and Methods
2.1. Study Area

The Mekong Delta coastal region is located in
southwestern Vietnam (7°57-11°10" N latitude and
105°15'-106°53" E longitude), along the Gulf of Thailand
and East Sea (Figure 1). The coastal region’s topography is
characterized by a flat and low-lying terrain, with an aver-
age elevation of less than 2 meters above mean sea level (28],
The coastal area of the Mekong Delta is mainly influenced
by the two northeast and southwest monsoon seasons 7],
The northeast monsoon typically prevails from November to
March, dominating significant water level fluctuations due
to tides, with varying tidal ranges between the eastern and
western sides of the Mekong Delta!?®!. During this period,
the wind and wave directions are predominantly from the

northeast or east!!"- 28], In contrast, the southwest monsoon
sets in from May to September, characterized by winds and
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waves primarily originating from the southwest?® 21, As a
result, the seasonal wave regimes and coastal currents, which
are influenced by waves, undergo notable changes between

the northeast and southwest monsoon Seasons!'! 281,
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Figure 1. Map of the coastal region of Mekong Delta with study
position marked in red cycle.

During the wet season, the region experiences strong
winds and high waves, whereas the dry season is character-
ized by light winds and calm seas?!l. The region’s unique
geography features make different tidal ranges between east-
ern and western sides, contributes to the dynamic environ-
ment for both ecological and economic development, with a

rich biodiversity and significant mangrove coverage!® - 15],

2.2. Data Collection

2.2.1. Hydrodynamic Data Collection

Shoreline and bathymetric data were collected to estab-
lish the computational domain while hydrodynamic param-
eters were measured to simulate hydrodynamic processes
(Figure 2). The shoreline data were extracted using Google
Earth imagery from 2023 and digitized using ArcGIS soft-
ware. The bathymetric setup supporting the MIKE 11 (1D)
hydrodynamic model simulation was measured using an
Echo-Sounder. Wave height, current speed and direction
data were measured using a wave and current gauge (Nortek
Signature ADCP 1000) while water level was monitored

using a self-recording water level measuring device (Solinst
3001 LTC Leve logger). Cross-sections and river network
data were obtained from the annually updated database of
the Southern Institute of Water Resources Research (SI-
WRR). The bathymetric data was converted to UTM Zone
48 coordinate system to ensure synchronization with GIS
data. For the bathymetric map configuration supporting the
MIKE 21-HD (2D) hydrodynamic model simulation, rele-
vant data were collected through field surveys conducted
from 00:00 on June 18, 2023, to 12:00 on June 30, 2023, in
the coastal region of Vinh Chau Town, Soc Trang Province,
and from 00:00 on May 1, 2023, to 12:00 on June 29, 2023.
The simulated results for the entire southern coast river net-
work using the MIKE 11 model were extracted the flow
discharge and water level at required locations to establish
boundary conditions for the MIKE 21-2D hydrodynamic

model simulation.
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Figure 2. Bathymetric map of the coastal zone of Vinh Chau Town,
Soc Trang Province

A0 A

2.2.2. Satellite Image Data Collection

In this study, we utilized Spot-4 satellite imagery from
2000 and 2010, and Planet satellite imagery from 2020 to
create land cover maps for two distinct mangrove areas,
including the coastal mangrove in Vinh Chau Town, Soc
Trang Province, representing coastal mangrove ecosystems
(Table 1).
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Table 1. Satellite image parameters including image types, spectral channel and spatial resolution during the period 2000-2020.

Image Types Spectral Channel Spatial Resolution
Pan (610—680 nm)
Green (500-590 nm) Panchromatic: 10 m x 10 m
Spot-4 Red (610-680 nm) Multispectral: 20 m x 20 m
Near IR (780-890 nm) pectrat
SWIR (1,530-1,750 nm)
Blue (0.455-0.525 pm)
Spotd Green (0.530-0.590 pum) Panchromatic: 10 m x 10 m
P Red (0.625-0.695 pm) Multispectral: 20 m x 20 m
Near-Infrared (0.760—0.890 pm)
Blue (0.455-0.525 um)
Planct Green (0.530-0.590 pm) 47mx47m

Red (0.625-0.695 um)

Near-Infrared (0.760—

0.890 pm)

2.3. Approach Methods

2.3.1. Processing Satellite Images

Satellite image processing and analysis were conducted
applying the multiresolution algorithm to perform image seg-
mentation and interpretation based on eCognition (Version
9.1) softwarel?% 3%,
of wetland land cover maps for the study area using multi-
temporal satellite imagery, including SPOT- 4 (2000, 2010)
and Planet (2020).

Specifically, the image interpretation key samples (IKS)

This process facilitated the creation

for 2020 were processed through Collect Earth tool, with
80% of the samples allocated for post-segmentation state
assignment and the remaining 20% reserved for field verifi-
cation and accuracy assessment 3% 31, For the 2000 and 2010
IKS, historical Google Earth imagery served as the primary
reference for interpretation through Collect Earth tool. The
image segmentation process utilized the multiresolution seg-
mentation algorithm, originally developed by Baatz[3!l. This
algorithm employs a bottom-up region-merging technique
that groups similar pixels and their neighbors into objects

130,311~ As demonstrated by

based on homogeneity criteria
Kavzoglu!?!, the segmentation process creates objects by
grouping spectrally similar characteristics in the imagery.
The spectral or color heterogeneity is defined by the for-

mulal?1;

T, = maxT,,, with 1<m <n )]
To define the discontinuity data points, which relate
to the value points when Ts reaches the maximum value in

the observation data series. Where, Tm in Equation (1) is

defined by Equation (2)%):

withm = 1,2,3,.....n

And z; in the Equation (2) is defined by Equation (3).
2.3.2. Processing Hydrodynamic Parameters

In this study, flow discharge and water level at the
cross-sections were obtained from 1D hydraulic model sim-
ulations, which were used as boundary and initial conditions
for the MIKE 21 hydrodynamic model (2D). Additionally,
hydrodynamic parameters in the Mekong Delta coastal zones
were measured to be used for simulating the MIKE 21 hy-
drodynamic model (2D). Wave, current speed, water level
and wind data were collected during the northeast monsoon
season and southwest monsoon season at the coast zone of

the study area.

3. Results and Discussion

3.1. Model Performance Assessment

The model performance assessment was based on the
agreement of the overall shape of the time series of water
level and current speed with the value of the statistical in-
dices such as the Nash—Sutcliffe (NASH) criterion which
described by Nash and Sutcliffe (1970), Root Mean Square
Error (RMSE) applied by Fleming®%! and the goodness of
fit (R?)13%. According to, NASH and RMSE are the two
criteria widely used to assess the simulated results from hy-
drodynamic model with observed data®”). The NASH index
has been used to detect systematic errors for long term sim-
ulation. The NASH index was developed to evaluate the
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percentage of accuracy of simulated results compared with

observed data. NASH index is described as follows[3!:

(o — qm)° — ; (0 —gs)°

M=

NASH = =! 3)

__ZN:I (qO - qm)2

where q is the observed data, n is the number of data points,
dm 1s the mean value of the observed data, s is the simulated
result, while the RMSE can be regarded as a measure of
absolute error between the simulated model and observed
data. RMSE is described as follows 3]

“

where q is the observed data, qs is the simulated result, n is
the number of data points

The model performance for hydrodynamic simulation
showed satisfactory result if the values of NASH index and
R? greater than 0.5. While the RMSE indicated a perfect
match between observed data and simulated model if the val-
ues of RMSE equals zero and can be considered satisfactory
if the value of RMSE is less than 0.5.

To evaluate the performance of the Mike 21HD hydro-
dynamic model, we compared the simulated results from
the applied model with observed data at the coastal area of
Vinh Chau Town, Soc Trang Province in the northeast and
southwest monsoon season. The comparison of water level
simulations with observed data revealed a high degree of
reliability, with a NASH of 0.95, an RMSE of 0.19, and R?
of 0.98. These statistics indicate a strong agreement between
simulated and observed water levels (Figure 3 and Table 2).

Similarly, the comparison of current speed simulations
with observed data showed a moderate level of agreement,
with a NASH index of 0.46, an RMSE of 0.04, and an R?
of 0.63. Overall, the model performance demonstrated an
agreement between simulated and observed water levels and
current speeds (Figure 3 and Table 2).

The results of this analysis show that the performance of
the hydrodynamic model has been evaluated highly, particu-
larly in simulating water levels. The model has demonstrated
a high degree of agreement with observed data, indicating
the reliability of the model in simulating hydrodynamic char-
acteristics. However, the performance of the model in simu-
lating current speed was not as high as water levels but still

showed a moderate level of agreement.

——— Measured

s Simulated

T
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Figure 3. Comparison of the simulated model water level with the
measured data of the coastal station during the project’s surveys and
comparison of the simulated model coastal current speed with the
ADCP data of the coastal observation station. The observation data
contains current speed and direction. Figure 3 shows a generally
good match between the simulated model and measured data with
NASH = 0.46, RMSE = 0.04 and R? = 0.63 for current speed, and
NASH = 0.95, RMSE = 0.19 and R? = 0.98, respectively for water
level.

Table 2. Model performance for simulating water level and current
speed at the coastal region of Vinh Chau Town, Soc Trang Province.

Index Water Level Current Speed
NASH 0.95 0.46
RMSE 0.19 0.04

R? 0.98 0.63

3.2. Simulation Results of Hydrodynamic Char-
acteristics in the Northeast Monsoon

The simulation results for the hydrodynamic charac-
teristics (waves, current speed, and water level fluctuations)
of the coastal area of Vinh Chau Town, Soc Trang province
during the northeast monsoon is compared with field mea-
surements, as shown in Figures 4 and 5.

Due to the location of the study area adjacent to the East
Sea and the seafloor topography, the aves in this area mainly
propagate in a direction parallel to the coastline towards the
east and southeast. With relatively stable wind speed and
strong current speed dispersion, the wave field in the study
area is not large (Figure 4).

The simulation results from the Mike 21HD model
show that the water level fluctuations at the coast area of
Vinh Chau Town, Soc Trang province are mainly dominated
by the East Sea tidal regime with a semi-diurnal tide. The
measured water level fluctuated within the range of 3.6-4.1
m, with an average measured water level of approximately
3.8 m. This indicates that the water level fluctuation is ir-
regular and relatively high during the northeast monsoon.
While the simulated results for the current speed field are
also small and consistent with the actual survey results of
the study area. The simulated current speed field shows that

the study area has a current distribution range of 0.1-0.4
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m/s, with an average current speed of approximately 0.2 m/s,
and the simulated results from the hydrodynamic model are
consistent with the actual measured data with a correlation
coefficient of approximately 0.62. The simulated results of
wave height were relatively small, with the significant wave
height varies mainly within the range of 0.2 m to 0.4 m, with
a frequency of occurrence of 45% while the maximum sig-
nificant wave height recorded at 0.6 m (Figure 4). In the
Southwest monsoon wind direction towards the shore. In
general, the simulation results for the hydrodynamic char-
acteristics in the coastal area of the study area is consistent

with the actual survey results in the Northeast monsoon.

ns a8

|

1%0

Figure 4. Simulation results of wave height distribution at the
coastal area of Vinh Chau Town, Soc Trang Province during the
northeast monsoon.

Figure 5. Simulation results of current speed distribution during
a) the high tide phase, b) low tide phase at Vinh Chau Town in the
northeast monsoon

3.3. Simulation Results of Hydrodynamic Char-
acteristics in the Southern Monsoon

The simulation results for the hydrodynamic charac-

teristics of the coastal area of Vinh Chau town, during the

Southwest monsoon, are presented in Figures 6 and 7. The
analysis shows that the significant wave height varies mainly
within the range of 0.4 m to 0.6 m, with a frequency of oc-
currence of nearly 80%, with the maximum significant wave
height recorded at 0.8 m (Figure 6). In combination with
the wind pattern, it is clear that the wave direction is mainly
parallel and oblique to the coastline in the direction of South-
west. The simulated results show that the wave direction
changes due to the influence of the seafloor topography, re-
sulting in an oblique direction to the shore. The simulated
results of water level fluctuation are range between —1.75 m
and 1.70 m, with a semi-diurnal tide that is affected by the
tidal regime characteristic of the East Sea. The simulated
current speed field shows that the study area has a current
distribution range of 0.1-0.4 m/s, with an average current
speed of approximately 0.2 m/s, and the simulated results
from the models are consistent with the actual measured data.
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Figure 6. Simulation results of wave height distribution at the
coastal region of Vinh Chau Town, Soc Trang Province in the south-
west monsoon.

Due to the location of the study area adjacent to the
East Sea and the seafloor topography, the waves in this area
mainly propagate in a direction parallel to the coastline to-
wards the east and southeast. With relatively stable wind
speed and strong current dispersion, the wave field in the
study area is not large (Figure 6). In general, the simulation
results from the Mike 21HD model show that the water level
fluctuations the coast area of Vinh Chau Town are mainly
dominated by the East Sea tidal regime with a semi-diurnal
tide, while the simulated results for the current speed field

and significant wave height are also small and consistent
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with the actual survey results of the study area. In general,
the coastal dynamics at the study area are mainly dependent
on the coastal current speed, East Sea tidal regime, and wave
pattern, which are influenced by the two monsoon seasons,
Northeast and Southwest.

Figure 7. Simulation results of current distribution during a) the
high tide phase, b) low tide phase at Vinh Chau Town in the south-
west monsoon.

3.4. Changes in Mangrove Cover in the Study
Areas during the Period 2000-2020

In Vinh Tan commune, Vinh Chau district, mangroves
are concentrated in the south of the study area. The total
area of mangrove in Vinh Tan commune is 142.1 ha, with the
dominant species being Avicennia alba, Rhizophora stylosa,
Sonneretia alba, Avicennia marina, Avicennia officinalis,
Heritiera littoralis and Lumnitzera racemosa (Table 3, Fig-
ure 8). In other neighboring areas, the main types of land
cover are agricultural land, residential land, water bodies,
and aquaculture area, with a total area of 5,204.9 ha (Table 3).
This reveals the important role of mangroves in this area, as
they are considered as breakwaters and minimize the effects
of wave height, storm surge and other natural disasters.

Table 3. Temporal variation of vegetation covers across the study area in the period 2000-2020.

2000 2010 2020 Changed Cover Trends
Cover Types 20002010 20102020 20002020
o, o, o,

Area (ha) (%) Area (ha) (%) Area (ha) (%) (%) (%) (%)
Mangrove 112.9 2.1 323 0.6 142,1 2.6 -1.5 2.0 0.5
Other land 3680.7 68.8 3695.0 69.1 3695.0 69.1 0.2 0.0 0.2
Water body 1553.3 29.0 1619.9 30.2 1509.8 28.2 1.2 -2.0 —0.8
Total 5346.9 99.9 5347.2 99.9 5204.8 99.9 - - -

| al 1 \ ' mangrove areas. In 10 years, the area of mangrove forest

Figure 8. Map of a) mangrove cover in current status of 2020 and
b) mangrove cover change in the period 2000-2020 in the coast
region of Vinh Chau Town, Soc Trang province.

During the period 2000-2020, the mangrove area in-
creased by 29.1 ha in 20 years, equivalent to an increase
of about 25.8%, showing effective efforts to protect and
maintain mangroves, effective environmental protection and
mangrove restoration policies. Mangroves play an important
role in protecting the coast and preventing erosion. Other
land areas only increased slightly by 14.3 ha, equivalent
to 0.3%. This change may come from the conversion of
other land types to diverse uses but is not large enough to
create a significant change in the total area (Table 3). The

period from 2010-2020 witnessed a significant increase in

increased from 32.3 ha to 142.1 ha. This reflects that the
policies and programs for restoring mangrove ecosystems
have achieved high efficiency. The mangrove grows well
and is less affected by hydrodynamic factors, extending to
the sea in the south of the study area (Figure 8, Table 3).
Overall, the integration of hydrodynamic modeling
and remote sensing analysis revealed significant correlations
between mangrove coverage changes and coastal hydrody-
namic processes. The observed increase of 109.83 ha in
mangrove area during 2010-2020 predominantly occurred
in regions where the hydrodynamic model showed moderate
wave heights (0.2—-0.4 m) and stable current speeds (0.1-0.4
m/s). This correlation suggests that these hydrodynamic
conditions create favorable environments for mangrove es-
tablishment and growth. The model’s simulation of seasonal
variations in wave patterns and current distributions provides
crucial insights into why mangrove expansion was more suc-
cessful in the eastern region. Furthermore, the combined
approach demonstrated that areas with semi-diurnal tidal pat-
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terns and stable current dispersion exhibited better mangrove
survival rates. These findings validate the effectiveness of
integrating remote sensing and hydrodynamic modeling for
understanding mangrove ecosystem dynamics, providing a

robust framework for future coastal management strategies.

4. Conclusions

Analysis of satellite imagery data reveals changes in
mangrove forest coverage in Vinh Chau Town, Soc Trang
Province, with a notable increase of 109.8 hectares during
the 2010-2020 period, primarily concentrated in the eastern
part of the study area.

The results of the calibration of the wave height and the
water level show a good consistency in phase and magnitude,
indicating that the Mike-21HD 2D hydrodynamic modeling
is consistent with the actual conditions across the coast region
of the study area. In the coastal area of Vinh Chau Town, the
variation of the coastline is mainly dependent on the tidal cur-
rents, the East Sea tide regime, and the wave regime, which
are influenced by the two monsoon seasons, the Northeast
and Southwesterly monsoons. There is a phenomenon of
water flooding along the coast during the rising tide periods
due to the combination of the tidal currents and waves.

Hydrodynamic regime simulations using the MIKE
21HD model demonstrate that the coastal zone of Vinh Chau
Town is predominantly influenced by coastal currents, East
Sea tides, and wave patterns during the Northeast and South-
west monsoon seasons. The relatively low values of waves,
currents, and tides have minimal impact on the coastline
in these study areas. This stability is primarily attributed
to due to the geographical location and the morphological
characteristics of the coastal area’s beach which is quite gen-
tle. The hydrodynamic simulation results align well with the
actual coastal morphology of the study area. The study of
mangrove forest area dynamics, through the integration of
remote sensing techniques and hydrodynamic model simula-
tion, enables the proposal of solutions for maintaining and
sustainably developing this coastal ecosystem.

The findings of this study have significant implications
for the conservation and management of mangrove ecosys-
tems along the southern coast of Vietnam. The study’s results
demonstrate the importance of protecting and restoring man-

groves to maintain their ecological and economic benefits.

Additionally, the study’s findings highlight the need for sus-
tainable management and development of mangrove ecosys-
tems, which can be achieved through the implementation of
effective conservation and restoration strategies.
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