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Summary

As part of the Mangrove Living Lab project, this research examines how multiple drivers influence
coastal erosion in Bạc Liêu, Vietnam. Currently, observed erosion in this region cannot be explained
by natural sediment redistribution, and literature suggests that tidal flows are more cross-shore domi-
nated in Bạc Liêu compared to adjacent provinces. Consequently, four key anthropogenic drivers that
primarily act in the cross-shore direction are explored: (1) land subsidence due to increased ground-
water extraction, (2) reduced sediment availability, (3) foreshore degradation leading to higher waves,
both induced by fluvial sediment deficit, and (4) the construction of sea dikes and fishpond dams in the
intertidal zone, resulting in tidal flow restriction, wave reflection and coastal squeeze.

Two main methods are applied: a cross-shore elevation level analysis to assess spatial differences in
subsidence and sediment supply, and a numerical model to assess the influence of each driver individ-
ually and combined. The elevation analysis revealed that subsidence varies spatially along the coast.
Moreover, historic satellite images show that a site without subsidence has been accreting in the past,
while a site experiencing subsidence remained stable during the same period. After 2004, they both
began eroding. This suggests that differences in subsidence rates largely explain spatial variations
in current coastline positions, while the erosion itself is likely driven by additional drivers. However,
the limited spatial and temporal coverage of elevation transects highlights the need for more extensive
data collection. Numerical modeling indicates that reduced wave heights and increased suspended
sediment greatly reduce erosion rates, and can even overshadow the effect of subsidence when com-
bined. This demonstrates that historic and ongoing fluvial deficit is likely the main driver of the current
erosion. The role of intertidal structures remains inconclusive due to model limitations and differing the-
oretical interpretations. Refining the current model or developing more advanced alternatives will help
improve understanding of these coastal erosion processes. This is needed to support the development
of integrated solutions that protect both the communities and ecosystems of Bạc Liêu.
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1
Introduction

1.1. The Mekong Delta
The Vietnamese Mekong River Delta (hereafter: Mekong Delta) is located in the southern part of the
country and covers a vast triangular area of 39700 km2 [58]. It started forming about 3500 years
ago when coastal currents redistributed the sediment supply from the Mekong river to the southwest,
creating the Cà Mau peninsula [55]. Today, the Mekong delta stretches from the border with Cambodia
in the northwest to Ho Chi Minh City in the northeast and Cà Mau province in the south. In Cambodia,
the Mekong River divides into two main branches: the Mekong (Tiền River) and Bassac (Hậu River).
With complex multi-channel systems, these rivers end in estuaries that reach the South China Sea on
the eastern coast of the Mekong Delta (Figure 1.1).

Figure 1.1: The Mekong Delta, Vietnam [27]

In 2018, the Mekong Delta had a population of 17.43 million people and represented 12% of Viet-
nam’s gross domestic product [43]. Furthermore, 70.97% of the water surface area for aquaculture
and 47.86% of the planted area for cereal production in Vietnam are located in the Mekong Delta [43].
Additionally, the region is home to at least 247 bird species, 924 fish species, and hundreds of plant
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species [10]. The combination of the vast area of agriculture and aquaculture, and the large biodiversity
make the Mekong Delta an important region in Vietnam.

The Mekong Delta is a relatively flat region with an average elevation level of 0.82 meters [41], making
it prone to flooding, especially with the threat of rising sea levels [22] and land subsidence [39]. Ad-
ditionally, more than half of the 600km long shoreline has been retreating due to coastal erosion with
rates of up to 20m/y [3]. To protect the Mekong Delta and its inhabitants from these threats, coastal
protection and an in-depth understanding of the system and driving processes are paramount.

1.2. Mangrove Living Lab
This research is part of the Mangrove Living Lab, a collaborative project from TU Delft, Thuy Loi Univer-
sity (TLU, Hanoi, Vietnam), Hanoi University of Natural Resources and Environment (HUNRE , Hanoi,
Vietnam) and researchers from the Southern Institute of Water Resources and Planning (SIWRP, Ho
Chi Minh-city, Vietnam). The project’s main goals are ”to gain better insight and knowledge through
conducting of in-field measurement campaigns, and to demonstrate and showcase various lessons
learned and potential (nature-based) solutions for coastal management in Vietnam” [34].

1.3. Problem definition
This section describes the main problem this report addresses. First, based on previous research, a
research gap is identified, after which the scope and objectives of this research are explained.

1.3.1. Previous research
Many researchers [3][9][35][44][48] have investigated the mechanisms that drive coastal erosion in
the Mekong Delta. These drivers can be classified into two categories: anthropogenic and natural
drivers. Examples of anthropogenic drivers are subsidence due to groundwater extraction [39], man-
grove squeeze and tidal flow restriction due to the construction of sea dikes [48][66] and loss of fluvial
sediment supply due to sand mining and the construction of upstream hydro power dams [3]. Natural
drivers are the natural redistribution of sediment along the coast due to currents driven by tides, waves,
wind, and density differences.

Using a 3D hydro-morphodynamic numerical model, Marchesiello et al. (2019)[35] conclude that most
of the observed erosion and accretion patterns [3] in the Mekong delta can be explained by natural
redistribution of sediment and direct deposition of sediment near the river mouths. They argue that
their model gives a good representation of the observed erosion trends, except for a few locations.
One of these locations is the coast of Bạc Liêu province. At this location, erosion is observed while
their model predicts accretion (Figure 1.2), implying that external, potential anthropogenic drivers are
causing the erosion.

Figure 1.2: Observed (left) [3] vs modeled (right) [35] erosion (red) and accretion (blue) patterns in the Mekong delta. At the
coast of Bạc Liêu province (black circle) erosion is observed while accretion is expected based on the natural redistribution of

the sediment.
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Based on work of Besset et al. (2019) [4], Marchesiello et al. (2019)[35] state that the erosion observed
in Bạc Liêu is not likely attributed to mangrove loss. Furthermore, their one-month simulations of the
river supplying low and high sediment concentrations to the system, suggest that a reduction in fluvial
sediment is also not likely to have a direct influence on erosion rates in Bạc Liêu. Therefore, they
hypothesize that relatively high rates of man-induced subsidence explain the observed erosion in Bạc
Liêu.

Minderhoud et al. (2017)[39] researched this subsidence and concluded that over the past 25 years,
as groundwater extraction increased to meet the rising demand for freshwater, the coast of Bạc Liêu
has been subsiding at an average rate of 1.5 cm/year. However, during field work in Bạc Liêu, erosion
cliffs of more than one meter were observed at the mangrove fringe. Moreover, Van Bijsterveld et al.
(2023)[60] found that mangroves are naturally resilient against subsidence by vertical accretion keeping
the coast stable if the sediment supply is sufficient. These findings suggests that subsidence does not
fully explain the observed erosion in Bạc Liêu and that other, additional processes are likely in play.

The construction of sea dikes and dams to protect fishponds, can contribute to erosion by reducing
the width of the mangrove forest [48]. This reduces the capability of mangroves to attenuate waves
and trap sediment. Additionally, the construction of earthen dams and sea dikes in the intertidal zone,
reduces the tidal prism, possibly decreasing sedimentation rates inside the mangrove forest [66]. Fur-
thermore, while fluvial sediment supply deficit might not directly influence erosion rates, its long-term
consequences could lead to large-scale foreshore degradation, which in turn affects sediment avail-
ability and wave dissipation over the mudflat. Additionally, the formation of the erosion cliffs can lead
to wave reflection at the cliff, resulting in even more erosion [66]. Using a depth-averaged numerical
model of the South China Sea, Phan et al. (2019) [47] demonstrated that radial tidal currents cause
tidal flows to be more perpendicular to the coast of Bạc Liêu compared to other provinces.

These findings suggest that erosion and formation of erosion cliffs in Bạc Liêu results from a combi-
nation of drivers predominantly working in cross-shore direction including subsidence, construction of
structures in the intertidal zone, and a reduction of fluvial sediment supply. While these mechanisms
have been individually described and sometimes quantified, their contribution to shoreline erosion has
not yet been integrally quantified in a model-based study accounting for all these potential mechanisms
on a specific coastal section.

1.3.2. Scope and objectives
This research focuses on the coast of Bạc Liêu and the primary mechanisms driving coastal erosion.
Man-induced subsidence, sediment deficit and the construction of sea dikes have been theorized to
contribute to the erosion.

The main objective is to asses how each driver influences cross-shore erosion processes in Bạc Liêu.
A numerical model will be used to simulate multiple scenarios and qualify the effects of the different
drivers. Additionally, qualitative analysis on elevation levels inside the mangrove forests will assess the
relative importance of subsidence and sediment availability across different sections of the coastline.
Field observations from a one-week field campaign and historical data will provide further insights into
past and present coastal changes and processes driving the erosion of the coast of Bạc Liêu.

1.4. Research questions
The main question this research attempts to answer is:

How do different erosion drivers influence cross-shore sediment transport processes and erosion rates
along the coast of Bạc Liêu, Vietnam?

In order to answer the above research question, four sub-questions are defined:

• How have historic changes in land use and foreshore morphology influenced key erosion drivers?
• What are the individual effects of subsidence, sediment deficits, and sea dike construction on
cross-shore sediment transport and erosion rates?

• What are the combined effects of subsidence, sediment deficits, and sea dike construction on
cross-shore sediment transport and erosion rates?
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• What factors explain spatial variations in erosion along the Bạc Liêu coast?

1.5. Outline
After the introduction this report consists of five chapters. Chapter 2 provides the context of this study by
an extensive literature review about hydrodynamic in the Mekong Delta, sediment transport processes
and erosion drivers. Additionally, the current and historic state of the Bạc Liêu coast are examined.
Next, chapter 3 describes themethods used to answer the research question. The results are presented
in chapter 4 and critically discussed in chapter 5. Finally, conclusions are drawn in chapter 6.



2
Literature review

2.1. Hydrodynamics of the Mekong delta
Sediment transport processes in theMekong coastal zone near Bạc Liêu are controlled by (the seasonal
variation of) waves, tides and residual currents. These aspects are explored in the following sections.

2.1.1. Waves
The coastal region of the Mekong Delta is facing a (sub-)tropical climate which is governed by the
monsoon. The rainy season in the Mekong Delta lasts from May till October/November, when the
Indian monsoon governs the local weather, bringing rain with a monthly mean precipitation of 8 – 10
mm/day [29]. During this season low energy waves with an average offshore wave height of 0.5m [48]
reach the shore from a South-West direction. The dry season lasts from November till April, during
which high energy waves with an average offshore wave height of 0.8m [48] reach the shore from
the North-East [16]. By using a numerical model, Phan (2020) [46] found that the coast of Bạc Liêu
experiences lower waves compared to the adjacent provinces on the east side of the Mekong delta.

2.1.2. Tides
The Mekong delta is historically classified as a tide dominant delta. Especially on the east side, near
the coast of Sóc Trăng and Bạc Liêu, the tides dominate the sediment transport [13]. The tides in the
east coast of the Mekong delta are mixed, but mainly semi-diurnal, whereas the tide in the major part
of the South China Sea is mainly diurnal. It has been theorized by Phan et al. (2019) [47] that this
anomaly is caused by shoaling and resonance of the M2 semi-diurnal component.

Phan et al. (2019) [47] modeled the currents induced by the tides and hypothesize that the tidal flow
direction appears more perpendicular near the coast of Bạc Liêu than in other provinces (Figure 2.1).
They state that the tidal amplitude is amplified nearshore due to shoaling and resonance, while the
offshore amplitude remains low due to the formation of a standing tidal wave caused by reflection
at the Malaysian coast. This contrast, in combination with basin geometry and the shallow, sloping
topography, creates convex hydraulic gradients that lead to radial tidal currents on the Mekong deltaic
shelf. This leads to the assumption that cross-shore sediment transport processes may have a greater
impact on erosion in Bạc Liêu compared to other provinces. It must be noted that Marchesiello et al.
(2019) [35] also modeled tidal currents, but no radial currents, or stronger cross-shore currents near
Bạc Liêu, where observed in their work. This may be due to the smaller scale of their model and the
choice for open boundaries, neglecting the formation of a standing tidal wave as hypothesized by Phan
et al. (2019) [47].

5
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Figure 2.1: Modeled tidal currents in the Mekong delta during flood (a) and ebb (b). The figure shows a rather perpendicular
tidal flow direction towards the Bạc Liêu coast [47].

2.1.3. Residual Currents
The flow velocities induced by the tides are in the order of a few decimeters per second. However,
seasonally varying long shore currents induced by the winds, are of a higher order, and therefore
mostly overshadow the currents induced by the tides, especially during the dry season. Marchesiello
et al. (2019) [35] and Phan (2020) [46] both modeled the residual currents, and found that due to the
stronger waves and wind speeds during the North East monsoon (dry season), a net long shore current
towards the Southwest is present. However, due to the lower waves and perpendicular oriented tidal
flow, this longshore, residual current is weaker near Bạc Liêu [46].

2.2. Mudflat sediment dynamics
Having established the dominant hydrodynamic processes in the Mekong Delta, this section explores
how these processes interact with sediment dynamics on mudflats.

Intertidal flats are areas that dry and flood during a tidal cycle. They exist in tide dominated, estuar-
ine and deltaic systems, like the Mekong Delta. Due to the relatively low energy conditions and tide
dominance of the system, small particles have a chance to settle near the coast, causing the flats to
consist mostly of mud. The coarser, sandy sediments occur further offshore. Between the upper part
of the intertidal zone to the supratidal zone, vegetation like salt marshes and mangroves (in tropical
and subtropical areas) occur [7].
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The shape of a tide dominated mudflat is typically a convex-up shape which becomes more concave-
up if waves have a relatively higher influence [28]. It can be divided in two areas: the topset is the
area near shore with a gentle slope and the foreset is the zone farther seaward with a steeper slope.
The transition between both zones is the rollover point [64]. Figure 2.2 shows an arbitrary example of
a stable, tide dominated mudflat with mangroves. The following subsections explain how cross- and
long shore currents transport the sediment and how mangroves play a role in these processes.

Figure 2.2: Schematization of a stable mudflat

2.2.1. Cross-shore sediment transport
The convex-up shape of the mudflat causes waves to attenuate as they approach the shore, creating
a spatial variation in hydrodynamic energy in the cross-shore direction. As the water is shallower and
energy is lower, sediment particles can settle more easily, and low shear stresses result in only limited
sediment resuspension. In contrast, in offshore, high-energy areas, less sediment settles and more
sediment is resuspended.

Waves contribute to this process as they stir up the sediment offshore during low tide, mobilizing sed-
iment to be transported onshore. Therefore, when the tide rises and water is flowing in landward
direction, suspended sediment is flowing towards the coast, where it can easily settle. This results in
higher bed levels towards the coast. On the other hand, waves also contribute to erosion as they reach
the shore [67].

Therefore, the direction of the net cross-shore sediment transport depends on the relative influence of
waves and tides. Ultimately, tide-dominant low energy conditions lead to a net transport of sediment in
landward direction [18] [51]. This hypothesis has been verified for the east coast of the Mekong delta
by Phan et al. (2019) [47]. Additionally, the wave energy determines the level of the equilibrium profile.

2.2.2. Long-shore sediment transport
A long-shore current is a current that flows parallel to the shoreline and depth contours. Its direction
and velocity are primarily influenced by tides and wave breaking in the surf zone [7]. Subsection 2.1.3
explains how wind, waves and tides cause a residual current in southwest direction. As a result, the
dominant net long-shore current along the east coast of the Mekong Delta flows in a southwesterly
direction, theoretically providing favorable conditions for redistributing sediment from the river mouths
to the shores of Bạc Liêu and Cà Mau [35]. However, long-shore transport rates differ along the coast
and depend on the magnitude of the breaking wave height and its incident angle. Phan (2020) [46]
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modeled residual currents (2.1.3) and subsequent sediment transport rates and found that the lowest
longshore sediment transport rate along the east coast of the Mekong delta is near Bạc Liêu, due to its
shallower bathymetry leading to a smaller breaking wave height compared to adjacent provinces.

Given this lower wave energy and themore perpendicular orientation of tidal currents (subsection 2.1.2),
cross-shore currents are assumed to play a more significant role in sediment transport along the coast
of Bạc Liêu compared to other provinces in the Mekong Delta.

2.2.3. Mangroves
Mangrove forests are complex ecosystems that play a vital role in maintaining healthy coastal environ-
ments in (sub)tropical regions. They provide habitats for diverse plant and animal species, stabilize
shorelines and store carbon. Moreover, since mangroves thrive in the intertidal zone, they play an
important role in the near-shore sediment dynamics on a mudflat. Mangroves typically grow between
the mean high water (MHW) and high high water (HHW) line. This means that during HHW, the roots,
trunks, and sometimes even canopies, are submerged under water, leading to wave dissipation [26]

Field measurements on wave attenuation by mangroves are only limitedly available [37]. As an alter-
native, numerical [6] [33] [48] and empirical [38] models have been used to predict wave attenuation in
mangrove forests. The numerical model by Vo-Luong et al. (2008) [33] showed that short waves will
dissipate by 50 − 70% in the first 20m of a mangrove forest. Phan et al. (2014) [48] showed that after
300−400m the the long-wave energy is only 10% compared to the the seaward edge of the mangroves.
The empirical model from Mendez et al. (2003) [38] also shows a relation between the presence of
vegetation and wave height reduction (Figure 2.3).

Figure 2.3: Non-dimensional root-mean-square wave height evolution over a plane sloping beach for different theories [38]

In Figure 2.3 C1 denotes a breaking parameter. A1 is essentially the submerged frontal area of the
mangroves multiplied by the drag coefficient.

A1 = 2CDbvNα3π (2.1)

Where:

CD = Depth-averaged drag coefficient(−)
bv = Plant area per unit height of each vegetation stand normal to flow direction(m)
N = Number of vegetation stands per unit horizontal area(−)
α = Dimensionless scaling factor representing the proportion of water depth occupied by vegetation(−)
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Apart from attenuating waves, mangroves also generate drag forces, which reduce flow velocities [36].
Together, these two factors promote sediment deposition within mangrove ecosystems leading to verti-
cal accretion, especially near the fringe. The low waves and flow velocities also cause less sediment to
be resuspended [21]. Additionally, the roots of the mangroves can also directly trap sediment, making it
harder for the sediment to get resuspended. Lastly, biomass from the mangroves itself also contributes
to vertical accretion and sediment trapping [11]. Therefore, if mangroves receive enough sediment they
can adapt and keep up with sea level rise and subsidence [52]. According to a study by Van Bijster-
veld et al. (2023) [60], mangrove trees can survive RSLR and sedimentation rates by growing new or
extending their pneumatophore rootmats. Figure 2.4 shows the hypothetical response of a mangrove
forest to RSLR combined with sediment availability.

Figure 2.4: Four hypothetical situations for a mangrove forest responding to RSLR and sediment availability. Pre-subsidence
profiles are shown as transparent lines, with sunken profiles as solid lines. Translucent water indicates sea-level rise, while
dashed lines represent sedimentation (yellow) or erosion (transparent in c). a shows a stable vegetated foreshore with

sediment matching RSLR. b shows expanding foreshores under low RSLR and high sediment supply. c shows that high RSLR
and low sediment availability causes erosion and mangrove retreat, forcing adaptation or migration. d shows limited sediment

supply together with low RSLR leads to pneumatophore extension [60].

2.3. Drivers of coastal erosion
Coastal erosion severely impacts the residents of the Mekong Delta, not only increasing vulnerability
to flooding but also leading to economic decline and social unrest due to the loss of land [17]. Building
on the understanding of sediment dynamics discussed in the previous section, this section examines
the natural and anthropogenic drivers that influence sediment transport processes and potentially con-
tribute to coastal erosion in Bạc Liêu.

2.3.1. Natural redistribution of sediment
Deltas are generally unstable hydro-morphodynamic systems which retreat and progradate in seasonal
and multi-decadal cycles [67]. This means that under the influence of waves, tides, wind and river
plumes, some areas will naturally erode, while others will naturally accrete. From their study, March-
esiello et al. (2019) [35] conclude that this natural redistribution by long shore currents is the main
contributor to the observed erosion and accretion patterns in the Mekong delta, and that other driving
factors are only influencing the system on a local scale. However, based on Figure 1.2 and the the-
ory explained in subsection 2.2.2, it is assumed that natural redistribution through longshore sediment
transport has a small effect on the erosion rates in Bạc Liêu.

2.3.2. Land subsidence and sea level rise
Due to over-exploitation of groundwater, the land in the Mekong delta has been subsiding heavily over
the last decades [15]. It started in the 1960s with a limited number of wells, but nowadays more than a
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million wells are being used for domestic, industrial, and agricultural purposes [63], leading to average
subsidence rates of 0.5cm/y between 1991 and 2010 growing to 1.5cm/y after 2011 [39]. Minderhoud et
al. (2017) [39] has modeled the subsidence (rates) in the Mekong delta (Figure 2.5), and demonstrated
that subsidence rates in Bạc Liêu are relatively high, making it likely to be contributing to the observed
erosion.

Figure 2.5: Modeled subsidence (left) between 1991 and 2005 and subsidence rates for 2015 (right) in the Mekong delta. The
figure shows relatively high subsidence (rates) near the coast of Bạc Liêu. [39]

Furthermore, due to global warming, sea levels are likely rising at an average global rate of at least
0.32cm/y [53]. The effect of land subsidence in combination with sea level rise is called relative sea
level rise (RSLR) and its contribution to coastal erosion depends on the slope of the coast. For example:
a slope of 0.1% together with a RSLR of 1.5cm/y leads to a shoreline retreat of 15m/y, which is already
quite substantial. Furthermore, as RSLR leads to higher water levels, waves feel less friction from the
bottom, leading to higher waves reaching the shore, which can lead to more erosion (subsection 2.2.1).

2.3.3. Fluvial sediment supply deficit
River sediments are the primary driver of pro-gradation of the Mekong Delta. A recent model-based
study by Tanh et al. (2025) [57] states that the Mekong River currently delivers an amount of 22.8 Mt
of sediment to the sea. However, sediment loads have been substantially higher in the past. Since the
late 1990s, the construction of 89 hydroelectric dams [23] has resulted in significant sediment trapping
in upstream reservoirs, reducing the sediment supply to the coastal system. In addition, approximately
55Mt of sediment is mined out of the river each year to be used as construction material [8]. These
factors combined, possibly aggravated by a climate change-induced discharge reduction [12], are ex-
pected to cause a reduction of sediment reaching the coastal system in 2050 of up to 95% compared
to the period 2000 - 2010 [62].

Tamura et al. (2020) [56] argues, however, that these recent activities are not the only contributors to
the sediment deficit and that historic processes also play a significant role. During French colonization,
from 1858, the Mekong delta has been intensely modified through the construction of multiple canals
to improve navigability and agricultural irrigation [5]. Floodwaters were directed through the canals
to overflow into rice fields, depositing fertile sediment. This process, combined with sediment accu-
mulation in the canals, intercepted and stored muddy sediment within the delta plain that would have
otherwise been transported to the coast [27].

Naturally, as less sediment is available for coastal redistribution, less suspended sediment has the
chance to reach the shore. Furthermore, long term sediment deficit has led to an ongoing shrinkage
of the subaqueous delta [30] [56]. This causes higher waves to reach the shore, potentially leading to
more shoreline erosion.
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2.3.4. Loss of mangroves
As explained in subsection 2.2.3, mangroves stimulate sediment deposition by attenuating waves and
enforcing drag. Therefore, mangrove loss would imply a reduction in sediment deposition rates. Phan
et al. (2014) [48] hypothesized an inverse linear relationship between mangrove width and erosion
rates. Such relationships are not valid everywhere in the delta, as suggested by Besset et al. (2019) [4].
Nonetheless, both studies do agree that mangrove removal contributes to the aggravation of shoreline
erosion. Over the past 50 years, the mangrove forests in the Mekong delta have decreased significantly
in size. In 1973, the total area of mangrove forests in the Mekong Delta was 185,800 ha, of which only
102,160 was left in 2020 [49]. Driving factors are wood cutting tomake place for aquaculture, agriculture
and urban development. Additionally, coastal erosion itself and ’mangrove squeeze’ (subsection 2.3.5)
have contributed to the large-scale mangrove deforestation [2], making mangrove loss both a driver
and a result of coastal erosion.

2.3.5. Impermeable structures in the intertidal zone
Subsection 2.2.1 described how, in an low energy, convex-up mudflat, cross-shore sediment transport
leads to net deposition towards the coast, with mangroves enhancing sediment accumulation (sub-
section 2.2.3). However, these processes are disrupted when hard structures are constructed in the
intertidal zone, primarily to protect aquaculture farms and coastal villages. This subsection discusses
the resulting processes and their impact on coastal erosion based on the work of Winterwerp et al.
(2013) [66].

• Mangrove squeeze: When sea levels rise, land subsides or the foreshore erodes, coastal ecosys-
tems, like mangrove forests, have the tendency to migrate in landward direction [19]. However,
when hard structures are built, mangroves are ’squeezed’ between the structure and shoreline,
reducing the width of the forests and consequently its positive effect on wave attenuation and
sediment deposition rates [48].

• Tidal flow restriction: The construction of hard, impermeable structures within the intertidal zone,
also has an effect on the tidal flow, as less water can flow into the intertidal system. Since tides
transport sediment in landward direction (subsection 2.2.1), this causes a reduction in onshore
sediment supply. Winterwerp et al. (2013) [66] calculated that building a dike between the mean
high water line and high high water spring line can reduce sediment import by 10% for every tidal
cycle.

• Wave reflection: When incoming waves reach a structure, wave reflection will occur. This cre-
ates standing waves that can be up to two times as large as the original incoming wave [20].
Since bed shear stress scales with the square of the wave height, erosive forces increase by a
factor of 2–4. Due to the irregular nature of incoming waves, they quickly become uncorrelated,
limiting the area of influence. For shorter waves (2–4 s), this corresponds to a length scale of
10–25 m seaward of the dam or dike, while for longer swell waves, the influence can extend to a
few hundred meters seaward of the dike [66].

To summarize, the construction of impermeable structures in the intertidal zone can reduce sediment
import by tides and increase sediment export by waves. Although these differences are small, the gross
sediment fluxes are very large, so even a small effect could notably impact the net sediment flux. The
negative effects of tidal flow restriction and wave reflection are schematized in Figure 2.6. However,
contrary to the ideas of Winterwerp et al. (2013) [66], Zhong & Hu (2021) [68] argue that the reduction
of tidal flow could also lead to a reduction of imposed shear stresses. Therefore, they say that the
construction of a dike can, in some cases, also have an accreting effect seaward of the dike.
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Figure 2.6: Schematization of the effects of the tides and waves, both for a situation with mangroves and hard structures [65].

2.3.6. Erosion feedback loop
The previous subsections described how different natural and anthropogenic drivers can lead to shore-
line erosion of the Mekong delta. Due to this erosion, the shape of the cross-shore profile can change
from a convex-up to a concave-up bed profile (Figure 2.7). As mangroves thrive on convex-up profiles,
this change is unfavorable for mangrove growth.

Figure 2.7: Schematization of a mudflat transforming from a convex-up (dashed line) to a concave-up (solid line) profile

Winterwerp et al. (2013) [66] describes how this change in the cross-shore bed profile can initiate a
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positive feedback loop: As the shape of the bed profile changes from convex-up to concave-up, water
depths increase. This causes larger waves to reach the shore and reflect, inducing more erosion,
leading to higher water depths, leading to less wave attenuation, etc. Simultaneously, the concave-
up bed profile provides unfavorable conditions for mangroves to grow and, as they erode, they get
squeezed between the shore line and structures as described in subsection 2.3.5. This decreases
the width of the mangrove forests, leading to more erosion, leading to less favorable conditions for
mangroves to grow, etc. Figure 2.8 shows these feedback loops and the other relations between
processes driving coastal erosion in the Mekong delta.

Figure 2.8: Theoretical relations and feedback effects of processes driving coastal erosion.

2.4. The Bạc Liêu coast: historic vs current state
This section examines the current and historic state of the coastal system, as well as the different
types of land use and land use changes within and behind the mangrove forests. Based on literature
and observations made during a one-week field trip in December 2024, local phenomena and historic
changes are linked to the processes and erosion drivers discussed in the previous chapters.

2.4.1. Land use
The land use in Bạc Liêu has changed significantly over the last decades. In the early 1990’s the main
agricultural production was rice cultivation. This was done extensively, but heavily reliant on seasonal
hydrological regimes. However, between 1990 and 2010, the region underwent significant changes
in both the area and structure of its farming systems. By the late 1990’s, driven by the high financial
returns from aquaculture, particularly shrimp farming, a substantial portion of rice-growing areas had
been converted to shrimp cultivation [45]. From 2000 till 2010 this trend continued, due to the financial
benefits and salt intrusion making the land less favorable for rice cultivation [46]. In 2015, the total land
coverage for aquaculture in Bạc Liêu was between 40,000 [46] and 130,000 hectares [50], making it
the main contributor to Bạc Liêu’s economy, with a total yearly seafood production of roughly 300,000
tons, yielding over 29 trillion Vietnamese Dong [50].

Figure 2.9 illustrates the land use change in Bạc Liêu between 2000 and 2010. The figure shows that
next to a shift from rice farming to aquaculture, the remaining rice farms intensified, switching from a
single to a double or a triple rice farming system. These land use changes caused a higher demand for
freshwater leading to more ground water extraction [40], ultimately leading to more subsidence [39], of
which the potential effects on erosion are explained in subsection 2.3.2.
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Apart from turning old rice farms into aquaculture, the aquaculture also started to exist within mangrove
forests. This so called ’mangrove integrated farming’ is less extensive and uses less groundwater. It
is is driven by both environmental and economic factors [25].

Figure 2.9: Land use in Bạc Liêu in 2000 (a) and 2010 (b) showing a large shift from rice cultivation to shrimp farming, and
mangrove forest to mangrove integrated shrimp farming (Adjusted from Pham et al., 2015 [45]).

In order to protect their farms, mangrove integrated farmers build small earthen dikes between the
natural mangroves and their fishponds (Figure 2.11). The extensive farms and adjacent villages are
protected by a bigger sea dike separating the mangrove forest from the land. The potential effects of
these structures on erosion rates are explained in subsection 2.3.5. Figure 2.10 shows a satellite image
of a coastal section of Bạc Liêu, with the dikes and mangrove sections indicated in different shades
and colors.
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Figure 2.10: Overview of coastal land use in Bạc Liêu. The sea (light blue) borders the natural mangrove forest (light green)
which is separated from the mangrove integrated fishponds (dark green) with an earthen dike (brown line). The fishponds are
separated from the hinterland with a concrete dike (black line). In the hinterland, many extensive fish farms can be observed.

Figure 2.11: Earthen dike separating natural mangroves from mangrove integrated fishponds

2.4.2. Subaqueous delta
The subaqueous part of the Mekong delta is relatively young and formed approximately 1000 years ago
[54]. It has a thickness of approximately 15m [31] and, along the coast of Bạc Liêu, consists mostly
of mud and muddy sand [59]. Based on high resolution Chirp sonar profiles from 2006/2007 [31] and
data from the Southern Institute of Water Resources and Planning (SIWRP), for which the collection
date and method are unspecified, the subaqueous delta in front of the Bạc Liêu coast reaches a water
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depth of approximately 20m below MSL at a cross-shore distance of approximately 20km. The map is
shown in appendix A.1

On the other hand, historic bathymetry maps from the British admiralty from 1881, show a maximum
depth of approximately 6.5m belowMSL at an offshore distance of more than 20km from the present-day
coast of Bạc Liêu. A section of the map is shown in appendix A.2. Although the old admiralty map was
made with a lower resolution and with less advanced measurement instruments, the great difference
in water depth between the historic and present state, suggests that a large scale degradation of the
subaqueous delta has taken place over the last century. This idea is further examined by Liu et al.
(2017) [30]. They found that the Mekong delta has a relatively shallow rollover point compared to other
large delta’s, and that the topset at the area in front of the Bạc Liêu coast is very poorly developed,
both implying that the subaqueous part of the mudflat is eroding.

This subaqueous degradation is most likely driven by changes in long shore sediment transport, either
caused by fluvial sediment supply deficit or changes in local oceanographic regime [56]. While these
processes are beyond the scope of this research, their apparent influence on the shape of the subaque-
ous delta and the resulting changes in cross-shore sediment transport are hypothesized to potentially
impact coastal erosion rates in Bạc Liêu, as discussed in subsection 2.3.3.

2.4.3. Coastline
Over the last 4,500 years, the Mekong Delta’s coastline has migrated about 200 km seawards, driven
by high rates of fine sediment deposition and rapid compaction, leading to the formation of the Cà
Mau peninsula [42]. However, a study by Anthony et al. (2015) [3] showed that this accretion has
slowed down and that large parts of the Mekong Delta’s coastline are now retreating. When zooming
in to the coast of Bạc Liêu (Figure 2.12), it becomes clear that some parts of the shoreline only have
a very narrow strip of natural mangroves (left), while other regions still have a relatively wide strip of
mangroves (right). There is no general consensus on why these local differences occur on such a small
scale, yet.

In order to prevent coastal erosion, the Bạc Liêu government has built different interventions near the
coastline such as pile rock breakwaters and bamboo fences. Some structures seem to be successful,
while others are failing.

Figure 2.12: Coastal section in Bạc Liêu shows local differences in current state of the natural mangrove forest.

2.5. Conclusion
The Mekong delta’s tides, combined with its monsoon dependent wave regime, create a complex
coastal sediment transport system. While tides dominate sediment transport on the east coast, residual
longshore currents driven by waves transport sediment from the river mouths in a southwestward di-
rection. Based on a numerical model by Marchesiello et al. (2019) [35], this littoral drift should promote
sedimentation and accretion along the coast of Bạc Liêu. However, studies by Anthony et al. (2015)
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[3] and Luijendijk et al. (2018) [32] show that the coast is, in fact, eroding. Additionally, Phan (2019)
[47] suggests that tidal currents are more perpendicular to the coast in Bạc Liêu, compared to adjacent
provinces. This leads to the assumption that cross-shore sediment transport processes play a key role
in the mechanisms driving coastal erosion in Bạc Liêu.

Drivers like land subsidence, sediment deficit, subaqueous delta degradation and the construction of
impermeable structures in the inter tidal zone have been hypothesized to cause coastal erosion in
the Mekong Delta, but a detailed understanding of their specific effects on individual coastal sections
remains limited. Furthermore, limited research has been conducted on how these drivers interact and
possibly strengthen each other.

The Bạc Liêu coast serves as an interesting study area to investigate erosion processes because of
the wide range in potential drivers and land use. Land subsidence due to groundwater extraction and
coastal squeeze and tidal flow restriction due to the construction of dikes and fishpond dams are all
closely linked to the regions’ aquaculture and agriculture industries. Sediment deficit and large scale
subaqueous delta degradation are driven by upstream human activities. All these theoretical drivers
could potentially play a role in the observed erosion patterns in Bạc Liêu. Most importantly, the high
economic and societal value of the land and its inhabitants, combined with previously failed efforts to
combat coastal erosion, make a deeper understanding of the underlying processes crucial.



3
Methods

In order to gain a further understanding of the processes driving coastal erosion in Bạc Liêu and answer
the research question(s), this study uses both numerical modeling and a qualitative analysis of cross-
shore bathymetry profiles within the mangrove forests. A one-week field campaign was conducted to
collect data that supports building the model and to perform the qualitative analysis. The model is used
to simulate the effects of the construction of sea dikes, subsidence and sediment deficit on erosion
rates and bed level change.

3.1. Analysis of elevation levels in mangrove forests
According to the theory explained in subsection 2.2.3, mangrove forests are able to adapt to RSLR
depending on the rate of RSLR, sediment availability and sedimentation rates. Additionally, the field
observations discussed in subsection 2.4.1 show that a large part of the mangrove forest is used as fish-
ponds and is excluded from the coastal system through an earthen dike. Consequently, no sediment
transport takes place in this area. Therefore, by assuming that subsidence rates in the natural man-
grove forests and fishponds are equal, differences in elevation levels can be used to make conclusions
about sediment availability and RSLR rates.

Elevation levels are collected using a Trimble R8s RTK GNSS device along a cross-shore transect.
Correct measurements start at the concrete dike, through the mangrove integrated fishponds, over the
earthen dike, up until the end of the natural mangrove forest at an interval of 5− 10m. Data from nine
transects has been collected over the last 2 years (Figure 3.1).

Figure 3.1: Nine test locations in Bạc Liêu
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By analyzing the bed level data, different patterns in elevation differences between natural mangrove
forests and fishpond areas can be identified. The elevation comparison can help determine whether
sediment accretion is keeping pace with RSLR or whether additional processes, such as sediment
deficits or hydrodynamic changes, are influencing erosion patterns.

A higher elevation in the fishponds compared to the natural mangrove forest may indicate that RSLR
is not the only factor playing a role in the erosion, and that external factors are likely playing a role as
well. While on the other hand, a lower fishpond area than the natural mangrove area at a stable coast,
suggests that sediment accretion is sufficient to compensate for RSLR. These interpretations will be
further explored in Figure 4.1.2, where the specific cases are analyzed

Additionally, historic satellite images from 1986 till 2022 (Appendix E) are used to calculate average
erosion and accretion rates, which are used and to further explain observed patterns in elevation levels

3.2. Numerical model
To further examine the effect of specific erosion drivers, a numerical model that is capable of simulating
hydrodynamics and morphodynamic responses is used. The main objective is to simulate the long-
term morphodynamic response to (the absence of) four erosion drivers: the construction of sea dikes
and fishpond dams, subsidence, an decreased suspended sediment conncentration and degradation
of the subaqueous delta.

3.2.1. Model choice and limitations
Mflat [61] is a 1D line model that is suitable for simulating hydrodynamic processes andmorphodynamic
responses on mudflats. It is an open-source MATLAB code that is able to model both cross-shore tidal
hydrodynamics, along with a stationary wave model on a 1D-, cross-shore, high resolution grid.

In order to derive solutions effectively and relatively fast, Mflat applies a simplification of the shallow
water equations, neglecting the cross-shore momentum equation and, thus, inertia and friction effects.
This is justified under the assumption that cross-shore velocities remain low.

Mflat computes sediment transport by using an advection-diffusion equation, and bed level changes
result from sediment transport changes and gradients. However, Mflat does not include flocculation
and consolidation processes, influencing settling and erosion properties of the sediment, which can
impact the mudflat morphodynamics.

Wave action is governed by a stationary wave energy balance. Wind input, wave breaking, and dissipa-
tion by friction collectively shape the gradient of wave energy across the mudflat. Mflat does not include
a function describing wave reflection. As a result, its direct effect on erosion (subsection 2.3.5) and
feedback effects (subsection 2.3.6) are neglected. Additionally, it includes a vegetation model which
can accurately calculate the effect of mangroves on wave dissipation and critical shear stress.

Despite its simplicities, Mflat reasonably quantifies processes relevant for erosion in Bạc Liêu in an
effective way. To minimize errors and obtain a representation that closely reflects real-world conditions,
the model needs to be set up with realistic parameters and have proper calibration.

3.2.2. Model set up & calibration
This section summarizes the model set up and calibration procedure. A more detailed description is
given in Appendix B

Bathymetry
Mflat calculates sediment transport and resulting bed level changes on an initial cross-shore bathymetry
profile. This initial profile is based on a combination of bathymetry measurements both in the mangrove
forest and fishponds (Living lab, 2023) and the subaqueous delta (SIWRP, n.d.). The data from transect
23-66 (Figure 3.1) has been chosen to represent the mangrove forest and fishponds, as the effects of
different erosion drivers will be more apparent on an initially wider forest. The used profile has a length
of 3.5km and is shown in Appendix B.1.
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Hydrodynamics
The waves in the model are represented by two parameters: The root mean squared wave height
(Hrms) and the peak period (Tp). Using a 20 year time series from Copernicus satellite program [14]
average values forHrms and Tp are obtained for both the dry season and wet season at a location 35km
offshore. As the domain of the model is only 3.5km, the transformation of the waves first needs to be
calculated over a larger domain, which is shown in appendix B.1. The wave transformation procedure
and its results are explained in appendix B.2.1.

The parameters governing the tides in themodel are the amplitude, phase and frequency of the different
tidal constituents. There are over eighty tidal constituents governing the tides of the coast of Bạc Liêu,
of whichM2, S2, N2, K2, P1, O1, K1 and Sa are most dominant [24][47]. It is assumed that using these
eight tidal constituents gives a sufficient representation of the tidal regime. A correction factor A0 is
applied to match high water peaks with reality (Appendix B.3.2).

Since winds in Bạc Liêu are mostly in longshore direction, wind effects are neglected. This assumption
is further motivated in Appendix B.2.2

Mangrove characteristics
Mflat has an extensive vegetation module, including the growth and spreading of seedlings as well as
the dissipative properties and sediment entrapment of grown plants. For the purpose of this research,
plants are modeled as fully grown at the beginning of the simulation. The height, diameter and density
of mangrove trees are used to calculate wave dissipation and are based on basic measurements during
fieldwork in 2023. The sediment entrapment capabilities of the mangroves are represented by locally
increasing the critical shear stress by a factorKc. The derivation of this factor is given in Appendix B.3.

Sediment characteristics and calibration
Sediment parameters determine the ability of particles to move. The most important parameters are
the fall velocity, the critical shear stress, an erosion parameter and the suspended sediment concen-
tration on the domain boundary (SSC). Using data from the Medium Resolution Imaging Spectrometer
(MERIS), Marchesiello et al. (2019) [35] calculated an SSC of approximately 0.5g/l. The other sed-
iment parameter values are not known for Bạc Liêu and, together with a few numerical parameters,
need to be calibrated.

Historic satellite images show that the coast at transect 23-66 is eroding with a rate of approximately
16.67m/y for the last eighteen years (Appendix E). This research assumes that the profile has not
reached equilibrium yet, and will keep eroding with the same rate. Additionally, it is assumed that the
foreshore will undergo some erosion and that the elevation of the mangroves stays constant. These
phenomena need to be reflected in the reference model. The whole calibration process is discussed
in Appendix B.3

Figure 3.2 shows a schematization of the model with its parameters. Used values can be found in
Appendix B.4
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Figure 3.2: Schematization of the used numerical model with important physical parameters indicated

3.2.3. Model scenarios
This section outlines the different scenarios simulated to assess the effects of various erosion drivers.

Reference simulation
First, following the calibration process, a reference simulation over 16morphological years is conducted.
In this reference simulation, the erosion drivers assumed for the current situation at transect 23-66
are applied. These include a suspended sediment concentration of 0.5g/l, the presence of dikes and
fishpond dams, current bathymetry and associated wave heights, and no subsidence (subsection 4.1.2).
Next, scenarios are simulated to assess the effect of different erosion drivers over the same period.

Subsidence
As discussed in subsection 2.3.2, large parts of Bạc Liêu are subsiding. Based on the model of Min-
derhoud et al. (2017) [39], subsidence is introduced in the model by lowering the bed level at a rate of
1.5cm/year over the entire profile. This should increase wave heights reaching the shore, and lower
the bed level over the entire profile, therefore increasing horizontal erosion rates (subsection 2.3.2).
According to the theory of subsection 2.2.3, if sufficient sediment is transported towards the coast, nat-
ural mangroves should be able to trap this sediment and accrete vertically at the same rate. To prevent
water from reaching the fishponds once the ground has subsided, the fishpond dam is raised with 0.4m.

Removal of fishpond dams
Subsection 2.4.1 discussed that dikes and fishpond dams were constructed within the mangrove zone
to protect mangrove integrated aquaculture farms and villages. Prior to the construction of dikes and
fishpond dams, the mangrove forest likely extended uninterrupted for multiple kilometers. By remov-
ing these barriers, tidal flow is restored, wave reflection is absent, and mangroves are not squeezed.
Therefore, based on the theory discussed in subsection 2.3.5, it is expected that removing the dikes will
decrease the horizontal erosion rate compared to the reference situation. This scenario is simulated
using an extended profile without dikes, as presented in appendix C.1.

Suspended sediment concentration
As discussed in subsection 2.3.3, historic delta channelization and the construction of upstream hy-
dropower dams have caused less sediment to reach the coastal system. This sediment deficit has
likely reduced the suspended sediment concentration. To assess the impact of this change, a scenario
with increased SSC is simulated. It is assumed that the historic SSC is 0.7g/l. It must be noted that this
value is not derived from measurements, as historic sediment data is lacking. Instead, it is a hypothe-
sized increase above the present day value to asses how a moderate increase in SSC can influence
long-term morphodynamic outcomes. It is expected that increasing SSC will reduce the horizontal
erosion rate compared to the reference.
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Historic foreshore
Based on the findings of subsection 2.4.2, the historic foreshore was likely at a higher elevation than
it is today. As the water depth is shallower across the profile, wave heights are expected to be lower
across the entire profile. To simulate this, boundary wave heights are recalculated on an elevated
profile (section C.2). It is expected that the lower wave heights will reduce the horizontal erosion rate.
Furthermore, because wave heights are recalculated based on a shallower historic foreshore, applying
these waves to the current foreshore is expected to reduce the depth of the current foreshore.

Combinations
While the individual driver simulations provide insight into the isolated impacts of each driver, they
also result in unrealistic scenarios, as different drivers are likely playing a role at the same time. By
combining different scenarios, a more accurate understanding of the real-world interactions between
these drivers is obtained. Table 3.1 shows used values and bathymetry for all modeled scenario.

Subsidence
rate

(cm/year)

Bathymetry Boundary
SSC (g/l)

Root-mean-squared
wave height at
boundary per season
(m)

Reference 0 Figure B.3 0.5 0.3 (dry), 0.23 (wet)
Subsidence 1.5 Figure B.3 0.5 0.3 (dry), 0.23 (wet)
No dikes 0 Figure C.1 0.5 0.3 (dry), 0.23 (wet)
Increased SSC 0 Figure B.3 0.7 0.3 (dry), 0.23 (wet)
Historic foreshore 0 Figure B.3 0.5 0.22 (dry), 0.19 (wet)
Subsidence + No dikes 1.5 Figure C.1 0.5 0.3 (dry), 0.23 (wet)
Subsidence + Increased
SSC

1.5 Figure B.3 0.7 0.3 (dry), 0.23 (wet)

Subsidence + Historic
foreshore

1.5 Figure B.3 0.5 0.22 (dry), 0.19 (wet)

No dikes + Increased
SSC

0 Figure C.1 0.7 0.3 (dry), 0.23 (wet)

No dikes + Historic
foreshore

0 Figure C.1 0.5 0.22 (dry), 0.19 (wet)

Increased SSC + Historic
foreshore

0 Figure B.3 0.7 0.22 (dry), 0.19 (wet)

Subsidence + No dikes +
Increased SSC

1.5 Figure C.1 0.7 0.3 (dry), 0.23 (wet)

Subsidence + No dikes +
Historic foreshore

1.5 Figure C.1 0.5 0.22 (dry), 0.19 (wet)

Subsidence + Increased
SSC + Historic foreshore

1.5 Figure B.3 0.7 0.22 (dry), 0.19 (wet)

No dikes + Increased
SSC + Historic foreshore

0 Figure C.1 0.7 0.22 (dry), 0.19 (wet)

Subsidence + No dikes +
Increased SSC + Historic
foreshore

1.5 Figure C.1 0.7 0.22 (dry), 0.19 (wet)

Table 3.1: Used bathymetry and values for subsidence rate, boundary SSC and boundary root-mean-squared wave heights for
all modeled scenarios.



4
Results

This chapter provides the results of the study. First, the measured cross-sections are presented and
analyzed, highlighting patterns and their implications for coastal erosion andmangrove dynamics. Next,
the results of the numerical model are examined, further assessing the impact of different drivers on
erosion rates.

4.1. Mangrove cross-sections analysis
This section presents the measured cross-sections and highlights the insights drawn from them.

A total of nine datasets were collected. However, only two complete transects from a 2023 field cam-
paign covered the entire profile (starting at the dike, through the fishponds and natural mangroves and
ending at the cliff). The remaining seven transects were either incomplete or likely contained measure-
ment errors, limiting their usefulness for the analysis. The complete transects are discussed in this
section, the incomplete transects are discussed in Appendix D. Of these seven transects, it must be
noted that none strongly confirmed or contradicted the outcomes of this research.

Of the two complete transects, one location has a very narrow strip of natural mangroves (transect
23-45) and one location a wide strip of natural mangroves (transect 23-66).

4.1.1. Transect 23-45
Figure 4.1 shows the cross-section of transect 23-45. The figure reveales that the fishponds lie partially
below MHW. Since mangroves typically begin growing from MHW (subsection 2.2.3), and fishponds
are excluded from the sediment transport system (subsection 2.4.1), the lower bed level likely results
from subsidence. Additionally, the figure shows that a part of the natural mangroves is at a higher
elevation than a large part of the fishponds. Assuming that both areas subside with the same rate, this
higher elevation is most likely attributed to the vertical accretion of the natural mangroves.

This idea is further examined by comparing the maximum height difference with the modeled subsi-
dence rates of Minderhoud et al. (2017) [39]. Figure 2.5 shows a cumulative subsidence of around
25cm between 1991 and 2015 and a predicted subsidence rate of around 1.5cm/y from 2015 onward
at the Bạc Liêu coast. This suggests that the total subsidence in 2024 should be approximately 38.5cm.
Figure 4.1 indicates that the lowest level inside the fishponds is at MSL+ 0.74m, while MHW and the
highest point of the natural mangroves, are at MSL + 1.1m, resulting in a 36cm difference. These
findings suggest that a part of the natural mangroves accrete at a rate similar to subsidence, indicating
some sediment deposition (See section 5.2 for further discussion). However, historic satellite images
(Appendix E) show that the coast is eroding, meaning that sediment deposition is not high enough to
keep the coast stable. The observed situation corresponds with situation c in Figure 2.4.

23
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Figure 4.1: Cross-section profile of a location with severe erosion. Mean sea level and mean high water are indicated with red
lines. The shaded areas correspond to the location of the fishponds (dark green) and natural mangroves (light green)

4.1.2. Transect 23-66
Figure 4.2 presents the cross-section of transect 23-66. The figure shows that both the fishponds
and natural mangroves, are approximately at MHW. Since the fishponds are disconnected from the
sediment transport system, and therefore cannot vertically accrete, it follows that subsidence is absent
or limited in this area, and does not substantially affect the erosion at this coastal section.

Subsection 2.2.3 explained that if a coastal section experiences little to no RSLR and receives enough
sediment, the coast should be stable or accreting. However, historic satellite images (Appendix E)
show ongoing erosion, implying that other drivers limit sediment deposition rates.

Figure 4.2: Cross-section profile of a location with moderate erosion and a wide natural mangrove strip. Mean sea level and
mean high water are indicated with red lines. The shaded area’s correspond to the location of the fishponds (dark green) and

natural mangroves (light green).

4.1.3. Spatial variations and erosion rates
Transect 23-66 and 23-45 are approximately 5km apart, but show notable differences in their current
state. Transect 23-66 has a wide strip of natural mangroves, while transect 23-45 is almost completely
eroded. The historical coastline evolution at transect 23-45 (Appendix E) shows that between 1986 and
2004 the coastline remained relatively stable, while from 2004 onward, the coast began eroding with
an average rate of approximately 10m/y. On the other hand, transect 23-66 accreted several hundred
meters between 1986 and 2004 before it began to erode at an average rate of approximately 16.7m/y.

These observations, along with the findings from the previous subsections, imply that transect 23-45
changed from a system with a stable shore line, experiencing RSLR but with large sediment deposition
(situation a in Figure 2.4) to an eroding system experiencing RSLR and low deposition rates (situation
c in Figure 2.4). Simultaneously, transect 23-66 transitioned from an accreting system with little to no
subsidence (situation b in Figure 2.4), to an eroding system. This suggests that sediment deposition
rates must have declined at both transects after 2004 and that an increased subsidence rate is not the
main driver causing this shift.
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4.2. Numerical model
This section presents the outcomes of the numerical model. First, the referencemodel, derived from the
calibration process (Appendix B.3), is introduced. Next, the results from scenario simulations are dis-
cussed. All scenarios, including the reference simulation, were simulated for 244 12-hour tidal cycles,
multiplied by a morphological factor of 50, resulting in over 16 morphological years.

4.2.1. Reference model
The bed profile evolution of the reference model is shown in Figure 4.3. It reasonably corresponds real-
world phenomena expected at transect 23-66, at least in terms of horizontal erosion rates for which
data is available. The computed horizontal erosion rate is 16.7m/year (Table 4.1), which reasonably
corresponds to the observed erosion rate over the past 20 years (Appendix E). Additionally, the natural
mangrove area remains vertically stable, with no significant accretion or erosion, aligning with the find-
ings in subsection 4.1.2. Lastly, the model predicts foreshore erosion which is likely exaggerated but
no data is available to verify this. This foreshore erosion is expected based on the theory discussed in
subsection 2.3.6. A detailed description of the reference model is provided in Appendix B.3.

Figure 4.3: Bed profile evolution of the reference model for sixteen morphological years

4.2.2. Individual impact of erosion drivers
This subsection presents the results of simulations examining the individual effects of drivers of erosion
such as subsidence, removal of dikes and fishpond dams, increased SSC and a shallower foreshore
(hence lower waves).

Subsidence
Figure 4.4 shows the bed profile evolution for the scenario with a subsidence rate of 1.5cm/year over the
entire profile. As predicted in subsection 2.3.2, the profile experiences an increased horizontal erosion
rate compared to the reference scenario (Figure 4.9, Table 4.1). However, contrary to the expectations
based on subsection 2.2.3, the remaining mangrove area does not remain vertically stable. Instead,
it lowers at an average rate of 1.3cm/year (Figure 4.5). This vertical bed profile evolution is slightly
lower than the subsidence rate, suggesting some deposition occurs. However, the deposition rates
are insufficient to offset the imposed subsidence. Possible reasons for this and implications on the
interpretation of this result are discussed in subsection 5.3.2.
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Figure 4.4: Bed profile evolution of a simulation with a subsidence rate of 1.5cm/year

Figure 4.5: Bed level evolution inside the natural mangrove area (marker 1) and fishponds (marker 2)

Removal of dikes and fishpond dams
Figure 4.6 shows the bed profile evolution for the scenario with no dikes and an extended mangrove
forest. The profile indicates a similar foreshore elevation horizontal erosion rate. In fact, Figure 4.9
suggests that horizontal erosion intensifies when the dikes are removed. These findings are inconsis-
tent with the conceptual relations described in subsection 2.3.5 and Figure 2.8 as it is expected that
removing dikes would lead to a decrease of horizontal erosion rates. Possible reasons and implications
on the interpretation of this result are discussed in subsection 5.3.3.

Figure 4.6: Bed profile evolution of a simulation with no dikes and extended mangrove forest
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Increased SSC
Figure 4.7 shows the bed profile evolution for the scenario with increased SSC. The profile indicates
a higher foreshore elevation and a lower horizontal erosion rate (Figure 4.9). This is consistent with
the conceptual relations described in Figure 2.8, which suggest that higher suspended sediment con-
centration allows for more sediment to settle. Furthermore, because the foreshore erodes less in this
scenario and even accretes near the foot of the cliff, lower waves reach the shore, causing reduced
erosion.

Figure 4.7: Bed profile evolution of a simulation with increased SSC

Historic foreshore
Figure 4.8 shows the bed profile evolution of the situation with reduced wave heights, due to a less
deep historic foreshore. It shows a higher foreshore, and a reduced horizontal erosion rate compared
to the reference situation (Figure 4.9). This is expected and consistent with the conceptual relations
shown in Figure 2.8 and the theory explained in subsection 2.2.1.

Figure 4.8: Bed profile evolution of a simulation with reduced wave heights.
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Figure 4.9: Comparison of simulated horizontal erosion rates at the cliff for five different scenarios. Numerical values for the
average erosion rates are shown in Table 4.1

The results indicate that the profile is sensitive to all drivers, showing an increase in horizontal ero-
sion rate when dikes are removed or subsidence is introduced and a decrease when the suspended
sediment concentration is increased or lower wave heights are imposed at the boundary. This aligns
with the hypothesis that observed erosion in Bạc Liêu is driven by a combination of drivers, rather than
just one. Excluding the dike removal scenario, all simulations show expected behavior based on the
conceptual relations presented in Figure 2.8.

Figure 4.9 shows that the model is most sensitive to wave height reduction. In this scenario, the
horizontal erosion rate reduces to 3m/year for the last 3.5 years (Table 4.1). This suggests that the
historic degradation of the subaqueous delta has had the most influence on current erosion rates.

4.2.3. Combinations
This section presents the most interesting findings from the simulations made with combined (absence
of) drivers. The bed profile evolution of all possible combinations are presented in Appendix F.

4.2.4. Historic scenario
The results from section 4.1 and Appendix E strongly suggest that transect 23-66 changed from an
accreting system to an eroding system, without experiencing subsidence. Therefore, the cause of this
shift is likely due to a decrease in SSC, increase of incoming wave energy and/or the construction of
dikes and fishpond dams. In a historic scenario, no drivers are present and therefore the bed profile
evolution is simulated without these drivers (Figure F.9).

Figure 4.10 shows the horizontal erosion with different combinations of drivers. Themost notable obser-
vation is that simulations with dikes removed always yield to a higher erosion rate. This is unexpected
and further discussed in subsection 5.3.3. Furthermore, it shows that when both historic wave heights
and higher SSC are combined, the coast becomes nearly stable, with only a horizontal erosion rate of
1.3m/year for the last 3.5 years (Table 4.1). The bed profile evolution of this combination (Figure F.6)
even shows some vertical accretion in the natural mangrove forest. This supports the hypothesis that
the historic degradation of the subaqueous delta and reduced sediment availability due to long term
sediment deficits (subsection 2.3.3) have had a large impact on the coasts stability.
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Figure 4.10: Comparison of simulated horizontal erosion rates at the cliff for scenarios with increased SSC, reduced wave
heights and without dikes combined. Numerical values for the average erosion rates are shown in Table 4.1

4.2.5. Sediment deficit vs subsidence
Next, simulations are made with subsidence, increased SSC and reduced wave heights. The resulting
horizontal erosion rates (Figure 4.11) demonstrate that when subsidence is introduced, erosion rates
increase across all scenarios. However, for the scenarios with historic wave heights, this increase is
limited and still stays well below the current reference scenario. This implies that the effect of subsi-
dence on the erosion of the coast is limited if sediment supply is sufficient, which is in line with the
theory discussed in subsection 2.2.3.

Additionally, it must be noted that in the scenario with subsidence, historic wave heights and increased
SSC (Figure F.10), the cliff starts to smooth out. This could indicate that the profile is evolving to a new
equilibrium profile without cliff.

Figure 4.11: Comparison of simulated horizontal erosion rates at the cliff for scenarios with subsidence, increased SSC and
reduced wave heights. Numerical values for the average erosion rates are shown in Table 4.1
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Simulation Average erosion rate (m/yr) Last 3.5 years (m/yr)
Reference 16.7 16.6
Subsidence 19.7 19.2
No dikes 17.7 17.1
Increased SSC 11 8.6
Historic foreshore 6.9 3
Subsidence + No dikes 20.3 20.4
Subsidence + Increased SSC 15 13
Subsidence + Historic foreshore 10.1 8.6
No dikes + Increased SSC 12.9 8.9
No dikes + Historic foreshore 7.7 3.9
Increased SSC + Historic foreshore 5.3 1.3
Subsidence + No dikes + Increased SSC 15.6 13.5
Subsidence + No dikes + Historic foreshore 10.3 9.7
Subsidence + Increased SSC + Historic Waves 8.8 8.1
No dikes + Increased SSC + Historic foreshore 5.7 2.3
Subsidence + No dikes + Increased SSC + Historic
foreshore

10 10.8

Table 4.1: Average horizontal erosion rates over 16 morphological years for each scenario
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Discussion

5.1. Main drivers of coastal erosion
The results presented in Chapter 4 suggest that erosion along the Bạc Liêu coast is not caused by
a single dominant process, but by the interaction of several erosion drivers. The observed elevation
levels in the cross-sections (section 4.1) point to spatially varying subsidence, and the numerical model
results (section 4.2) confirm that other drivers —such as foreshore shape, sediment availability, and
coastal infrastructure— also play a decisive role in shaping current erosion rates. This contradicts the
conclusion by Marchesiello et al. (2019), who suggested that subsidence is the main driver of erosion in
Bạc Liêu. Instead, it is argued that differences in subsidence rates have played a crucial role in historic
accretion patterns along the coast, while the consequences of long-term sediment deficits (reduced
SSC and degradation of the foreshore) are likely the main drivers of the ongoing erosion along the
whole coast. The role of dike construction remains uncertain due to unexpected modeling results and
a lack of academic consensus (subsection 5.3.3).

Additionally, findings from the historic coastline evolution (Appendix E) show that erosion/accretion
maps like those of Anthony et al. (2015) [3] and Luijendijk et al. (2018) [32] should be interpreted with
caution, as they cover the cumulative erosion/accretion over a period during which the Bạc Liêu coast
changed from an accreting or stable to an eroding system. Therefore, they may incorrectly classify
parts of the Bạc Liêu coast as accreting regions.

These findings highlight the complexity of erosion patterns and reinforce the need to critically evaluate
both field data and model outcomes. The following sections assess the reliability of the results, discuss
key methodological assumptions, and identify opportunities for future research.

5.2. Discussion of field data and mangrove cross-section analysis
The elevation profiles from transects 23-45 and 23-66 form a key part of this study’s argument regarding
the role of subsidence and sediment deposition. The results of section 4.1 suggest that local differences
in subsidence rates have caused a difference in historic accretion of the coast, while erosion at both
transects is likely driven by (a combination of) other drivers.

However, while the differences in elevation between fishponds and natural mangrove forests were
interpreted as indicators of sediment deposition and subsidence effects, several uncertainties arise
with this approach.

5.2.1. Limited spatial coverage
The qualitative analysis of elevation levels within mangrove forests (section 4.1) demonstrates the
potential of RTK GNSS data. However, of the nine collected cross-sections, only two covered the full
profile, while others were incomplete or potentially contained measurement errors. This limits spatial
coverage and the ability to generalize conclusions across the entire Bạc Liêu coastline.
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Additionally, while the two complete transects may be good case studies and show erosion patterns and
elevation levels that can be explained by existing theory, without validation against additional nearby
cross-sections, elevation levels may also be influenced by other factors than sedimentation and sub-
sidence. For example, the results from subsection 4.1.2 imply no subsidence since the fishpond is
approximately at MHW. However, this could also be influenced by local management practices such
as fishpond filling and other historic land modifications, not accounted for in this study. While this is
considered unlikely, it introduces uncertainty regarding the claim that no subsidence is taking place at
transect 23-66, and therefore weakens the conclusion that erosion must be driven by another driver
than subsidence.

5.2.2. Dynamic erosion processes
Another source of uncertainty in this analysis is the fact that measurements were taken at a single
point in time, while coastal erosion and sedimentation are dynamic processes influenced by seasonal
variations and storm events. Capturing data at a single time point does not account for these temporal
fluctuations. Consequently, the results from section 4.1 might have been different if the measurements
were made in another season or after an extreme event, potentially leading to different elevation levels
and other interpretations regarding vertical accretion rates.

For example, the results from subsection 4.1.1 suggest that part of the natural mangrove zone has
vertically accreted at a rate comparable to local subsidence. However, the observed high elevation
levels could also reflect recent short-term sediment deposition rather than gradual accretion keeping
pace with relative sea-level rise.

Moreover, since the measurements were conducted at the end of the wet season, it is possible that
the sediment contributing to the higher profile may not be retained in the long term, as increased wave
energy during the dry season could redistribute this material.

Although these uncertainties do not discredit the overall conclusions of the transect analysis, repeated
measurements over time would offer better insight into temporal dynamics, and limit the chance of
assessing misleading snapshots.

5.2.3. Uniform subsidence assumption
One of the key assumptions for this analysis is that subsidence rates have been, and continue to
be equal for the fishponds and adjacent natural mangroves. However, this assumption oversimplifies
reality as figure 2.5 shows that subsidence rates are spatially non-uniform and decrease in seaward
direction. Moreover, the results from section 4.1 demonstrate that two transects, only 5km apart, have
different subsidence rates. This variability suggests that the assumption of uniform subsidence may
not hold, meaning that fishpond areas could have experienced higher subsidence rates compared to
the natural mangroves.

This introduces uncertainty in the interpretation of the results in section 4.1. For example, if the fish-
ponds of transect 23-45 have subsided faster than the natural mangroves, the observed elevation
difference could primarily be the result of this difference rather than vertical accretion. This raises the
question whether the observed elevation differences can reliably be attributed to gradual sedimenta-
tion. This, just like ignoring seasonal fluctuations, introduces uncertainty to the dynamics behind the
observed elevation differences at transect 23-45. However, it does not influence the overall statement
that transect 23-45 has experienced more subsidence than transect 23-66.

5.2.4. Interpretation and relevance
Although the identified limitations bring uncertainty to the results, section 4.1 demonstrates the potential
of using RTK GNSS data to qualitatively assess the presence of subsidence and sediment deficits. The
uncertainties and limitations described above do not strongly discredit the statement that the difference
in fishpond elevations at transect 23-45 and transect 23-66 is likely due to a difference in subsidence.
Additionally, the historic coastline evolution shows that both transects began eroding after 2004. These
findings contradict the hypothesis of Marchesiello et al. (2019) [35] that subsidence is the main driver
of coastal erosion in Bạc Liêu. Instead, it suggests that reduced SSC, subaqueous delta degrada-
tion and/or dike construction also play a notable role in the erosion after 2004, while the difference in
subsidence rates likely explains the difference in observed accretion rates before 2004.
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The limitations identified in the previous subsections highlight several opportunities for future research
that could help validate this statement and strengthen the understanding of erosion processes along
the Bạc Liêu coast

5.2.5. Future research directions
First and foremost, additional data should be collected. This includes complete cross-shore transects
at multiple locations, covering areas with varying historic erosion and accretion patterns. This would
allow for validation of the findings presented in section 4.1 and enable more general conclusions to be
drawn about the influence of subsidence and sedimentation along the Bạc Liêu coast.

Additionally, measurements should be repeated at the same locations over consistent time intervals.
This would allow for the analysis of temporal variability and help capture the influence of short-term
factors such as storm events, seasonal sediment dynamics, and longer-term trends related to RSLR
or sediment deficit.

Lastly, instead of qualitatively comparing elevation levels of the fishponds and natural mangroves, more
exact measurements of subsidence and bed level change could be carried out. This could be done by
deploying long-term water loggers in the natural mangrove forest or installing fixed sediment monitoring
poles, similar to the approach applied by Van Bijsterveldt et al. (2023) [60] in a different study area.

5.3. Discussion of the numerical model
The results presented in section 4.2 provide useful insights in the behavior of the system in the presence
or absence of different erosion drivers. However, the simplifications and assumptions made in the
numerical model, introduce uncertainty to the interpretation of these results.

5.3.1. Validity of boundary conditions and tidal constituents
The most important boundary conditions governing the morphodynamic responses in the model are the
wave characteristics and SSC. Used values are mostly based on data, but with their implementation in
Mflat certain issues arise that influence the results.

For the waves, the boundary values were determined by running a larger model (Appendix B.2.1) and
calculating the wave heights for the boundary of the smaller model. This wave transformation process
was done at one fixed tidal level, while in the small model, the obtained values are imposed at the
boundary for the whole simulation with fluctuating water levels. This results in unrealistically high waves
at the boundary of the model during low tide. Consequently, waves tend to break almost immediately
at the boundary during low tide, leading to an overestimation of wave-induced bed shear stresses and
erosion rates.

Moreover, the simulations with historic wave heights were made with the current bathymetry, while the
wave height values were obtained with wave transformation on an elevated foreshore without cliff. This
inevitably alters the way the waves behave, and as a result, waves reaching the cliff in this scenario are
not the same as they would have been on the actual historic bathymetry. Therefore, the wave heights
near the cliff (and thus the horizontal erosion rates) should be interpreted with caution. They do not
represent a true back-in-time simulation, because the nearshore bathymetry is mismatched with the
imposed wave climate. Instead, the outcomes illustrate a relative comparison of the erosion rate with
a less energetic wave forcing.

Another limitation of the wave height derivation is the simplification to seasonal average values. This
neglects inter-seasonal variability and storm events, which influence the morphodynamic evolution.
Even though this has been accounted for by calibrating the model to observed erosion rates, ignoring
these effects makes the model biased towards the mean, and limits the insights it provides about all
relevant erosion processes.

Just as the waves, the SSC is also imposed as a constant boundary condition, this is a simplification
of reality as the SSC is seasonally governed by longshore currents (section 5.4). Moreover, the choice
of SSC for the historic situation is based on an assumption rather than data. The results show that the
SSC reduction from 0.7g/l to 0.5g/l due to ongoing sediment deficit has had large impacts on erosion
rates and the stability of the foreshore. However, there is no evidence that this reduction is indeed
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this large. If SSC was historically lower than the assumed 0.7g/l, its effects would have been less
pronounced and erosion rates would be higher. On the other hand, if the historic concentration was
higher than 0.7g/l, erosion rates would be even lower.

Lastly, the eight tidal constituents used as input in the model do not lead to an accurate representation
of the observed water levels (Figure B.10). This is due to a discrepancy between how the amplitude and
phase values are obtained and the way Mflat interprets these. Namely, the phases calculated by Phan
et al. (2019) [47] andHu et al. (2001) are local phases whileMflat uses standardized equilibrium phases.
As discussed in appendix B.3, the main implication of the phase difference is the overestimation of
sediment deposition in the mangrove area, due to high high water peaks. This is compensated in the
calibration by introducing a correction factor A0.

5.3.2. Calibration trade-offs and overfitting
Introducing A0 reduces both the high and low water levels, thereby decreasing the frequency and
depth of inundation across the entire profile. Figure B.10 shows that the imposed maximum water level
peaks align with observed peaks, but the number of peaks exceeding 1m are less than reality. As a
result, the mangrove forest is inundated less frequently than in reality. This reduction in inundation
decreases the amount of sediment reaching the mangroves at high tide, limiting the model’s ability to
reproduce vertical accretion in scenarios with gradual subsidence, as expected based on the theory in
subsection 2.2.3.

Therefore, the simulations with subsidence likely underestimate the bed level in the natural mangrove
area, and consequently overestimate water flowing inside. Consequently wave action at the cliff is
underestimated, resulting in an underestimate of the horizontal erosion rate at the cliff for simulations
with subsidence.

Another notable artifact of the model is the low bed level of large parts of the foreshore. While foreshore
erosion is expected, the modeled rates appear unrealistically high. Due to the lack of validation data,
it cannot be ruled out that the low foreshore bed levels result from calibration trade-offs.

As explained in subsection 3.2.1, Mflat does not include wave reflection, limiting the model’s capacity
to simulate cliff toe erosion. However, as this was considered an important feature of the phenomeno-
logical calibration, erosion at the toe was forced by applying more erosive sediment settings across the
entire profile, which also led to an exaggeration of foreshore erosion. Additionally, to reproduce cliff toe
erosion and horizontal erosion rates close to observed values, wave friction parameter fw was fixed to
a low value to allow more wave energy to reach the cliff. This, however, also increased wave energy
over the rest of the foreshore, further exaggerating foreshore erosion.

A final, more fundamental limitation of the calibration process is the risk of overfitting. The model
was tuned to reproduce expected phenomena on a specific transect. The focus was laid on matching a
horizontal erosion rate of approximately 16.67m/year while keeping themangroves vertically stable and
allowing for erosion at the toe of the cliff. Achieving this required iterative tuning of different parameters.
While this produced plausible results, it may have done so for the wrong reasons.

As the model was calibrated to produce one single outcome, tuning the parameters likely compensated
for general Mflat limitations, such as neglecting the momentum balance and simplifying sediment trans-
port processes (subsection 3.2.1). This improves the results for this specific case, rather than actually
fitting the parameters to realistically describe the underlying physical processes. Therefore, the cur-
rent parameter configurations might not lead to realistic results in situations other than the reference
case. This limits the general applicability of the model and introduces uncertainty to the scenario results
presented in section 4.2.

5.3.3. No dike model
The results show an increase in the horizontal erosion rate when the fishpond dams are removed
and the land is modeled as one large natural mangrove forest without dikes. According to the theory
discussed in subsection 2.3.5, this outcome is unexpected, and can likely be attributed to a combination
of calibration trade-offs, general Mflat limitations, and alternative physical interpretations.

First, because Mflat does not account for wave reflection at the fishpond dams, local erosive forces in
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the scenarios with dikes are underestimated. As a result, removing the dike does not change anything in
this regard. Furthermore, because of the introduction of A0, tidal flow and consequent gross sediment
fluxes are underestimated in the model, so removing the dike only marginally affects net sediment
fluxes. This limits any beneficial effect that dike removal might otherwise have on erosion rates.

Additionally, due to the constant fall velocity of 0.1mm/s, sediment settles rapidly in shallow mangrove
waters, preventing sediment from reaching deep into the mangrove forest. However, in reality, smaller
particles with even lower fall velocity will stay in suspension longer and travel deeper into the forest.
The result is that the model underestimates how far the sediment is transported into the mangrove
forest, therefore limiting the positive effect of dike removal. Moreover, the absence of consolidation
in the model may also lead to an overestimation of erosion rates in the no-dike scenario. In reality,
sediment behind the dike is likely to be more consolidated (increased τcr) and therefore more resistant
to erosion when first re-exposed to tidal flow. By treating all sediment as equally erodible, the model
neglects this resistance, potentially exaggerating the response to dike removal.

Apart from these model limitations, the resulting increased horizontal erosion rate in the no-dike sce-
nario could also be explained with an alternative physical interpretation: removing the dike increases
tidal flow and bed shear stresses across the entire profile, which consequently enhances sediment
suspension and leads to net erosion of the profile. While this interpretation contrasts with the findings
of Winterwerp et al. (2013) [67], similar effects have been observed along Chinese coastlines [68],
suggesting that dike removal can, under certain conditions, increase erosive forces.

Therefore, given the model limitations, parameter assumptions, and differing theoretical interpretations,
the effect of dike removal remains inconclusive.

5.3.4. Interpretation and relevance
The results from subsection 4.2.2 indicate that increased SSC and lower wave heights imposed at
the boundary strongly decrease the horizontal erosion rates, especially when combined. Although the
numerical values of these parameters are uncertain and might not perfectly reflect historic real-world
conditions, the model does show the sensitivity of the system to these historic changes. This aligns with
the results of the transect analysis, as it shows that changes in wave climate and SSC due to historic
sediment deficit likely played a substantial role in the change from an accreting or stable system to an
eroding system after 2004.

Furthermore, it is found that the role subsidence has on horizontal erosion rates is highly limited when
SSC is increased and wave heights are reduced (Figure 4.11). This finding aligns with the work of Van
Bijsterveld et al. (2023) [60]. Therefore, it is argued that the model is effective in qualitatively assessing
the relative influence of three out of four drivers. However, due to the limitations and uncertainties,
numerical outcomes should be used with caution.

5.3.5. Future research directions
Although the model provides insights into the effect the erosion drivers have on erosion rates at the
Bạc Liêu coast, future research could enhance the model by addressing the limitations discussed in
the previous subsections.

Themost valuable improvement to the current model would be recalculating the tidal constituent phases
as equilibrium phases instead of local phases. This would enhance the accuracy of water level rep-
resentation and eliminate the use of A0. Consequently, it is expected the effects of various erosion
drivers would be represented more accurately, as the model would better capture the amount of water
flowing into and out of the mangrove zone. In particular, subsidence effects and the impacts of remov-
ing dikes and fishpond dams would be better reflected, as these effects are more subtle and rely more
strongly on inundation time than the increase of SSC.

Next, the model could be further improved by implementing dynamic boundary conditions. Doing so
would enhance the model’s capability to account for seasonal fluctuations of SSC, and storm events,
providing greater insight into the effects of various erosion drivers on erosion patterns and sediment
dynamics at shorter time scales. Additionally introducing a secondary sediment fraction with lower
fall velocity and critical shear stress would better capture the horizontal spread of sediment into the
mangrove forest and potentially yield more realistic outcomes for the scenarios with subsidence or



5.4. Longshore currents 36

without dikes.

Finally, the current model could be improved by validating it against real-world data, such as flow ve-
locity measurements, bathymetric surveys, and other cross-sections. This would increase the model’s
reliability, allowing for more predictive capabilities and quantitative analysis.

5.4. Longshore currents
A more fundamental limitation of this study is the exclusive focus on cross-shore sediment transport
and erosion processes, with the influence of longshore currents largely neglected. This assumption
is partly justified based on theoretical work from Phan et al. (2019) [47], who hypothesized that tidal
currents are more perpendicular to the coast in Bạc Liêu compared to other provinces. Furthermore,
Marchesiello et al. (2019) [35] suggested that erosion patterns in Bạc Liêu are likely driven by local
man-induced erosion drivers, predominantly affecting cross-shore sediment transport.

This assumption allows for a more manageable analysis of different erosion drivers and model set-up.
However, it must be noted that the Bạc Liêu coast is subject to a complex hydrodynamic regime, where
cross- and longshore processes interact.

5.4.1. Implications on results
By neglecting longshore sediment transport, this study assumes that erosion and accretion patterns are
governed by local cross-shore processes and that longshore processes only determine the boundary
conditions. This introduces certain uncertainties to the interpretation of the results from chapter 4.

For example, the results from subsection 4.1.3 suggest that the differences in historic erosion and
accretion rates between transect 23-45 and 23-66 are likely due to differences in subsidence rates.
However, this could also be (partly) explained by longshore sediment transport gradients, which are
not captured in this analysis.

Additionally, the suspended sediment concentration is modeled as a constant boundary condition,
whereas in reality, sediment availability naturally varies both spatially and temporally as a result of
longshore transport dynamics. Therefore, by neglecting longshore contributions, the model does not
capture potential sediment influxes or deficits from adjacent coastal sections, potentially resulting in
an oversimplified sediment budget and underestimating variability in erosion and accretion rates over
time.

5.4.2. Future research directions
To address the limitations presented in the previous subsections, future research should include long-
shore currents into both the field analysis and numerical modeling.

Although the hypothesis that radial tidal currents causing perpendicular flows towards the Bạc Liêu
coast [47] is strongly motivated, flow velocity measurements should be made to validate whether the
flow velocities are indeed more perpendicular near the coast of Bạc Liêu compared to other provinces.

Additionally, future research could focus on developing a more advanced 2- or 3D model, capturing all
hydrodynamic processes governing the erosion in Bạc Liêu.



6
Conclusion

This chapter synthesizes the key insights and outcomes of this research. It revisits the main research
question and summarizes the findings for each sub-question. Additionally, recommendations for the
Mangrove Living Lab project are presented.

6.1. Main findings
The main goal of this research was to assess how different erosion drivers influence cross-shore sed-
iment transport processes and erosion rates along the coast of Bạc Liêu. To address this goal, four
sub-questions were defined.

The first sub-question explored how historic shifts in land use and foreshore morphology have influ-
enced key erosion drivers. A literature analysis revealed that after 1990 agriculture intensified or tran-
sitioned to aquaculture. This has led to more groundwater extraction and consequent subsidence. Ad-
ditionally, field observations showed that the construction of a sea dike and fishpond dams within the
mangroves has disconnected a large part of the mangrove forest from the tidal system. This reduced
the tidal prism and hindered landward mangrove migration, resulting in mangrove squeeze. Finally,
based on a historic map and literature it was found that long-term river sediment supply deficits have
deepened the subaqueous delta, allowing larger waves to reach the shore and reducing sediment
availability for redistribution.

The second sub-question focused on the individual effects of subsidence, sediment deficits, and sea
dike construction on horizontal erosion rates. Using a numerical model, each driver was individually
simulated and compared with a reference simulation that represented the current and expected state
of the coast. The simulations showed that introducing the assumed historic values for the wave heights
and SSC reduced the horizontal erosion rate the most, thereby implying that historic and ongoing sed-
iment deficits accelerate erosion at the coast of Bạc Liêu. Furthermore, the introduction of subsidence
caused the coast to erode faster, indicating that subsidence also contributes to erosion in some parts
of the Bạc Liêu coast. A scenario without dikes was also modeled but resulted in inconclusive results.

The third sub-question investigated the possible combinations of different drivers. The numerical model
showed that a combination of reduced wave heights and increased SSC almost completely stops the
horizontal erosion and overshadowed the impact of subsidence. Additionally, an analysis on elevation
levels inside the mangroves indicated that some parts of the coast experience more subsidence than
others, while the observed erosion rates are similar. This further suggests that a combination of higher
waves and reduced sediment availability caused by fluvial sediment deficits is the main driver of erosion
in Bạc Liêu.

The final sub-question assessed the spatial variations in erosion along the coast of Bạc Liêu. From the
elevation analysis, two locations were considered: one location with a narrow strip of natural mangroves
experiencing large subsidence rates (23-45) and one with a wide strip without subsidence (23-66). His-
toric satellite images showed that the coastline at location 23-45 remained at a stable position between
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1986 and 2004, while the coastline at location 23-66 migrated over 600 meters in seaward direction
during the same period. After 2004, both locations started to erode. Therefore, this historic difference
in accretion, likely driven by spatially varying subsidence, explains the large variations in coastline
positions along the Bạc Liêu coast, rather than present-day erosion alone.

Overall, this study demonstrates that coastal erosion in Bạc Liêu is driven by a complex, spatially
varying interplay between different drivers. In particular, historic and ongoing fluvial sediment supply
deficits have caused large-scale degradation of the delta, increasing wave energy at the shoreline
and reducing sediment availability along the entire coast. Additionally, spatially varying subsidence
associated with groundwater extraction can locally amplify erosion and has limited coastal accretion
in the past, resulting in pronounced differences in current coastline positions. Finally, although the
construction of sea dikes and fishpond dams in the intertidal zone appears to further contribute to
erosion, the extent of this impact could not be conclusively determined due to the numerical model’s
limitations and differing theoretical interpretations.

6.2. Recommendations for the Mangrove Living Lab
This study has improved the understanding of how subsidence and the effects of fluvial sediment deficit
interact to drive erosion along the Bạc Liêu coast, yet it also highlights certain limitations. To address
these gaps and help validate current findings, future Mangrove Living Lab field campaigns could focus
on expanding spatial and temporal coverage of complete elevation transects, implementingmore robust
subsidence monitoring methods, and conducting flow velocity measurements. Additionally, improving
the current numerical model or developing more advanced models will help gain better insight and
knowledge of coastal erosion processes in Bạc Liêu. Finally, the role of dike construction needs to be
further examined in order to get a complete picture of all governing processes.

6.3. Final remarks
This study represents a first attempt to systematically assess how multiple drivers collectively shape
coastal erosion in Bạc Liêu. While further research is needed to validate outcomes and refine the quan-
titative understanding of each driver’s contribution, it provides new insights into the relative influence
of drivers and spatial variations. By building on these findings, future research can deepen the knowl-
edge of local erosion dynamics and support the development of integrated solutions that protect both
the communities and ecosystems of Bạc Liêu.
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A
Recent vs historic bathymetry

This chapter presents a recent and historic bathymetry map
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A.1. Recent bathymetry

Figure A.1: Coastal bathymetry of Bạc Liêu relative to MSL. The data was provided by SIWRP in 2023 and is linearly
interpolated between data points.

A.2. Historic bathymetry
Figure A.2 shows a section of a admiralty map from 1881. The map shows a water depth of 3fathom
relative to low water at a location 20km from the present day coast.

3ftm = 5.5m
MLW − 5.5m = MSL− 6.5m
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Figure A.2: Coastal bathymetry of Bạc Liêu in 1881 in fathoms relative to low water [1]



B
Model set up

This chapter discusses the model set up and used parameters.

B.1. Initial bed profile
The initial bed profile consists of a combination of two measurements. A cross-shore bathymetry mea-
surement inside the fishponds and natural mangrove area (transect 23-66, Living Lab 2023) and a
cross-section from a bathymetry map of the Bạc Liêu coast (SIWRP, n.d.). The locations are given in
Figure B.1. Figure B.2 shows the resulting cross-section, which is artificially extended at the seaward
side with a slope of approximately 0.0001

Figure B.1: Location of the cross-sections taken for the initial bed profile

As this report focuses on the erosion of the coastline and mangroves, a zoomed in version of the
cross-section profile will be used for sediment transport simulations. This zoomed in profile consists of
elevation levels of the concrete dike at the land side, the fishponds, the earthen dike, a channel, the
natural mangrove forest, a cliff and the bathymetry of up to 2.4km off shore (Figure B.3).

47
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Figure B.2: Resulting large scale cross-section of the Bạc Liêu coast.

Figure B.3: Zoomed in cross-section of the Bạc Liêu coast, indicating different zones of the profile.

B.2. Hydrodynamics
B.2.1. Wave transformation
The waves in the model are represented by two parameters: The root mean squared wave height
(Hrms) and the peak period (Tp). Using a 20 year time series from the Copernicus satellite program
[14] average values for Hrms and Tp are obtained for both the dry season (November till April) and wet
season (May till October) at a location 31km offshore. As the domain of the model is only 3.5km, the
transformation of the waves first needs to be calculated over a larger domain (Figure B.2). For this, a
simplified Mflat model is used.

First, the average significant wave heightHs and peak period are obtained by analyzing the Copernicus
dataset. As Mflat takes Hrms as input, Hs needs to be converted by:

Hrms =
Hs√
2

(B.1)

[20]

The results are shown in Figure B.4 and in Table B.1.

Tp(s) Hs(m) Hrms(m)
Dry season 4.35 0.8 0.57
Wet season 3.83 0.56 0.40

Table B.1: Input values for large wave transformation model
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(a)

(b)

(c)

(d)

Figure B.4: 20 years of significant wave heights (a,b) and peak periods (c,d) in both the dry (a,c) and wet (b,d) seasons [14].
Averages are indicated with a black dotted line



B.2. Hydrodynamics 50

Next, Mflat calculates the wave height profiles over the cross-section. The small model starts at x =
27.6km. The results are shown in Figure B.5 and Table B.2.

Hrms(m) at x = 27.6km
Dry season 0.30
Wet season 0.23

Table B.2: Output of wave transformation model

(a)

(b)

Figure B.5: Transformed Hrms in the dry (a) and wet (b) season
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B.2.2. Wind
Using a 11 year time series from Copernicus satellite program [14] wind speeds and directions are
calculated for both the dry and wet season. The results are plotted in the wind roses in Figure B.6.
Average values are shown in Table B.3

(a) (b)

Figure B.6: Wind roses of the dry (a) and wet (b) season. Counted by wind direction, weighted by wind speeds.

Average wind speed (m/s) Average direction (◦)
Dry season 5.67 77.95
Wet season 3.82 241.87

Table B.3: Average values for wind speed and direction in the dry and wet season.

However, since Mflat is a cross-shore model, the cross-shore component of the wind speeds need to
be calculated. The coast of Bạc Liêu is shifted 70◦ from North, leading to a cross-shore direction at
160◦. The cross-shore wind component (Ucross) is given by:

Ucross = U cos(θwind − θcross) (B.2)

where:

U = the average wind speed
θwind = the average wind direction
θcross = the cross-shore direction (160◦)

This leads to cross-shore wind speeds of:

Dry season: 0.78m/s

Wet season: 0.54m/s

Mflat calculates the wind driven energy (Sw) by:

Sw =
cgρu

2
10[

8a2b
(

16gE
a2ρu4

10

) 1
2b−1

] (B.3)

Where:
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cg = Group velocity of the waves
ρ = Air density
u10 = Wind speed
E = Wave energy
g = Gravity
a, b = Coefficients

Since the calculated cross-shore wind speed components are small compared to the real wind speed
(factor 0.14), and the formula shows that wind energy scales with u2 and u4, the effect to the wind
driven energy is even smaller (factor 0.02 and 0.0004). Therefore, it is assumed that the calculated
cross-shore wind components will have a minimal effect on the wave height and sediment transport,
and can therefore be neglected.

B.3. Calibration
In order to use Mflat as a tool to model the effects of different erosion drivers, the model needs to
accurately represent current real world morphological phenomena. However, sediment data is lacking
and different other physical parameters, that influence the model’s outcome, are not known. Therefore,
the model must be calibrated using a phenomenological approach, as limited quantitative validation
data is available. This means that calibration is done by reproducing qualitatively observed behaviors
rather than by minimizing numerical errors against measurements.

As described in appendix B.1, the bathymetry of the model is based on the profile of cross-section tran-
sect 23-66. Therefore the aim is to simulate morphodynamic behavior similar to the behavior observed
at this location. Appendix E shows that between 2004 and 2022, the mangrove fringe at transect 23-66
has been horizontally retreating with an average rate of 16.67m/year. This report assumes that the sys-
tem has not reached equilibrium yet, and that this erosion rate stays constant over time. Additionally,
it is assumed that the mangroves will stay at the same elevation. Lastly, subsection 2.3.6 showed how
the foreshore can change from a convex-up to a more concave-up profile and therefore, it is expected
that the foreshore will erode.

The goal of the calibration is to achieve plausible model behavior in line with the expected morphody-
namic phenomena. The approach is iterative, combining trial-and-error with conceptual understanding
of different parameters.

B.3.1. Calibration parameters
An overview of calibration parameters and their initial values is given in Table B.4 and are conceptually
explained below.

Parameter (unit) Initial value
Fall velocity (m/s) 0.0005

Critical shear stress (Pa) 0.25
Erosion factor (kg/m2/s) 0.00005

Maximum slope (-) 0.01
Wave friction factor Equation B.6
Diffusion coefficient 6

Vegetation critical shear stress adjustment parameter 0
Water level correction factor (m) 0

Table B.4: Overview of calibration parameters and their initial values before tuning.

Fall velocity
The fall velocity is the velocity of a sediment particle sinking to the bottom. It determines sediment
deposition rate in a grid cell by:
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D = cw (B.4)

Where:

D = The sediment deposition rate (g/m2s)
c = The sediment concentration (g/m3)
w = The fall velocity (m/s)

Therefore, a higher fall velocity results in faster settling of suspended sediment, limiting lateral transport
and favoring vertical accretion, leading to steeper and higher profiles.

Critical shear stress
The critical shear stress is the stress required to initiate motion of a settled particle. It determines
erosion rates in a grid cell by:

E =

{
M (τtot − τe,cr) for τtot ≥ τe,cr

0 for τtot < τe,cr
(B.5)

Where:

E = erosion rate (g/m2s)
M = erosion factor (kg/m2/s)
τtot = total shear stress (Pa)
τe,cr = critical shear stress for erosion (Pa)

Therefore, a higher critical shear stress leads to a profile that is harder to erode, leading to higher and
steeper profiles.

Erosion factor
The erosion factor determines how fast sediment is eroded once the bed shear stress exceeds the
critical threshold. It determines erosion rates with equation B.5. A higher erosion factor leads to more
erosion and therefore to lower and less steep profiles.

Maximum slope
The maximum slope is a threshold parameter that prevents steep slopes. Each timestep a filter mimics
avalanching steep slopes until the threshold is met. This factor is important for the purpose of this
research since cliffs at the mangrove fringe are observed. It is assumed that this cliff can only move
horizontally and approximately keeps it original slope. The value of the maximum slope controls the
rate of this artificial avalanching, thereby influencing the horizontal erosion rate of the cliff.

Wave friction factor
The wave friction factor (fw) determines the amount of wave energy dissipated by friction and is calcu-
lated in Mflat with:

fw = e5.213(kb/A)0.194−5.977 (B.6)

Where:

kb = physical roughness length scale (m)
A = wave excursion (m)

fw is used to determine wave dissipation due to bed friction with:

Df = ρfw|urms|3 (B.7)

Where:
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ρ = water density (kg/m3)
fw = wave friction factor (-)
urms = root-mean-squared orbital velocity (m/s)

Therefore, a higher fw leads to more wave dissipation, causing lower waves to reach the shore, leading
to less erosion.

Vegetation critical shear stress adjustment parameter
The vegetation critical shear stress adjustment parameter (Kc) is a parameter that is used to locally
adjust the critical shear stress for area’s where mangroves are growing. This parameter is needed
to mimic the capabilities of mangroves to trap sediment and make the soil less erodible. It locally
increases the critical shear stress with:

τcrit = τcrit + (1 +KcWbg/Wbg,max) (B.8)

Where:

• Wbg = below ground biomass (kg)
• Wbg,max = below ground biomass of a matured tree (kg)

Therefore, a higher value for Kveg leads to a higher locally increased critical shear stress.

B.3.2. Calibration process
The calibration process is divided into three phases. First, the initial exploration phase, where many
parameters were changed to understand their role and the sensitivity of the model. Next, the second
phase wheremore focused adjustments weremade. And lastly, the third phase, where final refinements
were made. This subsection summarizes the calibration processes, highlighting the crucial steps made
to obtain the final model configurations.

Initial exploration
The initial exploration phase was mainly focused on understanding the role of the sediment parameters:
critical shear stress, fall velocity and the erosion parameter. To isolate the effect of a parameter, only
one parameter was changed for every run. The effects of the parameters became clear and matched
the expected outcomes based on the conceptual descriptions from subsection B.3.1. It also became
clear that changing the sediment parameters have a bigger effect on the profile’s elevation than the
slope.

However, the first runs were still far from realistic, implying problems that can not be fixed by tweaking
sediment parameters and call for more fundamental changes to the model. Figure B.7 shows that the
model does not show any of the required phenomena: The foreshore is (partially) accreting, the cliff at
the mangrove fringe smooths out and the fishponds have accreted vertically.

Figure B.7: Bed profile evolution of initial model
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Increasing maximum slope
In the initial runs, the cliff at the mangrove fringe smooths out. This is due to the initial very small
maximum slope (0.001). An iterative process was used to test maximum slope values between 0.002
and 0.2. Low values continued to show cliff smoothing, whereas high values stopped horizontal erosion
almost entirely. A maximum slope of 0.05 preserved the original cliff shape reasonably well, while
still showing horizontal erosion. Figure B.8 shows the updated profile. In addition to increasing the
maximum slope, sediment parameters were also adjusted to reduce profile steepness. The diffusion
coefficient was set to 5m/s to improve numerical stability.

Although the profile shows improvements compared to figure B.7, the heightened elevation level in the
mangrove forest, horizontal erosion rates and foreshore are still not as expected.

Figure B.8: Bed profile evolution with adjusted sediment parameters, maximum slope of 0.05 and diffusion coefficient of 5m/s

Derivation of A0

Figure B.8 shows that the model overestimates sediment deposition in the mangrove zone, indicating
that high water levels may be exaggerated. Comparing the models water level input (Figure B.10a)
with observed water levels near the coast of Bạc Liêu (Figure B.10b) confirms this and shows that high
water peaks in the model reach up to MSL + 2.2m, while the real world data shows maximum water
levels at MSL+ 1.5m. This difference is likely caused by a mismatch in the phase reference between
the tidal constituent derivation method and MFlat’s internal handling of the phase. To correct for this,
a factor A0 = 0.7m is introduced. This vertical offset reduces all modeled water levels, aligning peak
levels with observed values. Figure B.10c shows that Mflat now uses water level peaks at roughly
the same level as the observed water levels. The trade-off is that low and mean water levels are also
reduced, this leads to an underestimation of inundation in certain tidal periods.

Figure B.9 shows the resulting bed profile after applying the water level correction. Unrealistic sed-
imentation in the natural mangrove forest no longer occurs, indicating improved vertical water level
representation. However, the figure also shows that horizontal erosion at the cliff has stopped. This
is likely due to the reduced water levels decreasing the inundation duration and frequency at the cliff
toe, thereby limiting the periods during which waves can erode the cliff. Additionally, the lower water
depth causes increased wave energy dissipation offshore, resulting in smaller waves reaching the cliff,
causing a reduction in wave induced shear stress.
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Figure B.9: Bed profile evolution with A0 = 0.7m
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(a) Observed water level

(b)Water level input in MFlat based on tidal constituents without A0

(c)Water level input in MFlat based on tidal constituents corrected with A0 = 0.7

Figure B.10: Comparison between observed water levels (a) and input water levels for MFlat, before (b) and after (c)
introducing A0

Fixing fw
Mflat calculates wave dissipation using a wave friction parameter (equation B.7). However, due to the
lower water level, this dissipation gets overestimated, leading to less erosion at the cliff. To address
this, the dynamic formulation (equation B.6) was replaced with a fixed value. An iterative calibration
was performed, testing values between 0.008 and 0.08. A value of 0.01 was found to produce the
most realistic balance between wave energy dissipation and nearshore erosion. Figure B.11 shows
the resulting bed profile evolution.



B.3. Calibration 58

Figure B.11: Bed profile evolution with fw = 0.01

Final sediment parameter refinements
The profile of Figure B.11 shows relatively good behavior, with a retreating cliff, stable elevation levels
in the mangrove forest and a foreshore slope close to the original. However, final refinements in the
sediment parameters are needed to make the model as accurate as possible. The foreshore still shows
accretion and the foot of the cliff is too high. At the same time, the profile now shows an average
horizontal erosion rate of only 7m/year.

Figure B.12: Erosion rates of cliff front (at z = 1m) before final refinements

Sediment parameters at this point are:

• Fall velocity = 0.0001m/s

• Critical shear stress = 0.25Pa

• Erosion parameter = 0.0005kg/m2/s

According to the insights from subsection B.3.1, a lower profile can be obtained by reducing the critical
shear stress and fall velocity or increasing the erosion parameter. These actions should also increase
the horizontal erosion rate. The fall velocity already has a low value from previous calibrations, therefore
the final refinements will focus on the critical shear stress and the erosion parameter.

An iterative calibration was performed, testing values between 0.15Pa and 0.25Pa for the critical shear
stress and values between 0.0005kg/m2/s and 0.001kg/m2/s for the erosion parameter. A critical
shear stress value of 0.20Pa and an erosion parameter value of 0.0007kg/m2/s were found to keep
the elevation of the foot of the cliff, while showing erosion on the foreshore. However, with these
configurations, the horizontal erosion rate is too high (Figure B.13).
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Figure B.13: Erosion rate of mangrove fringe with final sediment parameter configurations

Introducing Kc

To lower the horizontal erosion rate, the last step is to introduce the vegetation critical shear stress
adjustment parameter (Kc). This locally increases the critical shear stress where the mangroves are
growing, slowing down the erosion, while keeping the foreshore at the same level.

After an iterative process, a Kc value of 0.9 was found to accurately adjust the critical shear stress in
order to get an erosion rate of 16.71m/year. This is considered close enough to the observed erosion
rate of 16.67m/year. The final profile and horizontal erosion are shown Figure B.14 and Figure B.15,
respectively.

Figure B.14: Bed profile evolution of final model

Figure B.15: Erosion rate of mangrove fringe of final model
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Final remarks on calibration
The goal of the calibration was to obtain a model that exhibits observed or expected phenomena at
transect 23-66. This was done by tweaking sediment parameters and the numerical diffusion coefficient,
fixing the wave friction coefficient (fw) and introducing parameters A0 andKc. The final model showed
expected behavior with a vertically stable and horizontally retreating mangrove zone, and a foreshore
that erodes.

However, it must be noted that the foreshore erosion can not be validated with real world data and is
likely over exaggerated due to the introduction of A0, fixing fw and tuning the sediment parameters to
more erosive values. Additionally, the phenomenological approach of the calibration process leads to
uncertainty in the quantitative validity of the models results. Therefore, the model can only be used to
qualitatively analyze the differences between different scenario simulations and not be used for more
detailed, quantitative predictions. Other implications on the results are discussed in chapter 5.

B.4. Model parameters
Table B.5: Mflat input table

Type Parameters (unit) Value Source

Wave data RMS wave height dry season (m)
RMS wave height wet season (m)
Peak period dry season (s)
Peak period wet season (s)

0.30
0.23
4.35
3.83

Copernicus Satellite
data [14] and wave
transformation (Ap-
pendix B.2.1)

Tidal constituents Amplitude M2 (m)
Phase M2 (◦)
Amplitude N2 (m)
Phase N2 (◦)
Amplitude S2 (m)
Phase S2 (◦)
Amplitude K2 (m)
Phase K2 (◦)
Amplitude K1 (m)
Phase K1 (◦)
Amplitude O1 (m)
Phase O1 (◦)
Amplitude P1 (m)
Phase P1 (◦)
Amplitude Sa (m)
Phase Sa (◦)
Correction A0 (m)

1.08
118
0.07
65
0.39
177
0.05
180
0.67
3
0.45
310
0.16
340
0.16
280
0.7

Phan et al. (2019)
[47], Hu et al. (2001)
[24]

Sediment characteristics Fall velocity (m/s)
Critical shear stress (Pa)
Erosion factor (kg/m2/s)
Chézy factor (m1/2/s)
Suspended sediment concentration
(-)

0.0001
0.2
0.00007
60
0.5

Calibration (Appendix
B.3

Mangrove characteristics Plant density (/m2)
Average diameter (m)
Height (m)

0.625
0.07
7

Living Lab (2023)

Model parameters dx(m)
dt(s)
Diffusion coefficient (unit)
Morphological factor
Maximum slope
fw(−)
Kc(−)

10
5
5
50
0.05
0.01
0.9

Calibration (Appendix
B.3



C
Scenario set up

C.1. Extended mangrove forest without dikes
To simulate the absence of dikes and fishpond dams, the small profile from Figure B.3 is adjusted. The
high elevation levels from the dikes are removed, and the profile is extended in landward direction for
500mwith the same slope as the original profile and a random offset. The foreshore and hydrodynamics
are kept constant.

Figure C.1: Transect 23-66 adjusted. The dike and fishpond dam are removed and profile is extended with 500m

C.2. Historic wave transformation
To simulate how the system behaved with the historic foreshore and associated the current profile is
simulated with wave heights associated a historic bed levels. The British admiralty map (Appendix A.2),
shows that the historic profile was less deep than the current profile. However, the maps low resolution
and uncertainties in the location of the shoreline don’t allow for an exact profile recreation. Therefore,
to model the effect of a historic, less eroded foreshore, the entire foreshore is elevated with 1.9m and
wave transformation is redone. Figure C.2 shows the used profile, Figure C.3 shows the resulting wave
heights.
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Figure C.2: Representation of the historic foreshore used for the new wave transformation.

(a)

(b)

Figure C.3: Transformed Hrms in the dry (a) and wet (b) season on the historic foreshore
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Cross section results

This chapter discusses the incomplete transects made during field campaigns in 2023 and 2024. The
locations of all transects are shown in Figure 3.1. The results of the complete transects (23-45 and
23-66) are discussed in section 4.1.

D.1. Results
D.1.1. Transect 23-22
Transect 23-22 (Figure D.1) is located in an area without fishponds. It starts at the concrete dike
and extends towards the seaward edge of the natural mangrove forest. Only a small strip of natural
mangroves is left, which approximately lies at MHW. Since no reference measurements were taken
behind the dike, it is not possible to draw conclusions about relative contributions of subsidence and
sediment deposition in this area.

Figure D.1: Cross section of transect 23-22

D.1.2. Transect 23-34
Transect 23-34 (Figure D.2) is located in an area without fishponds. It starts at the concrete dike and
extends towards the end of the natural mangrove forest. The location is eroding but still has a relatively
wide strip of natural mangroves, which approximately lie at MHW. Since no reference measurements
were taken behind the dike, it is not possible to draw conclusions about relative contributions of subsi-
dence and sediment deposition in this area.
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Figure D.2: Cross section of transect 23-34

D.1.3. Transect 23-44
Transect 23-44 (Figure D.3) is located in an area with fishponds. The cross section starts at the earthen
dike and extends towards the end of the natural mangrove forest. The location is eroding but still has
a relatively wide strip of natural mangroves. The mangroves lie approximately at MHW, but elevation
levels are fluctuating more than in previous transects. Since no reference measurements were taken
behind the dike, it is not possible to draw conclusions about relative contributions of subsidence and
sediment deposition in this area.

Figure D.3: Cross section of transect 23-44

D.1.4. Transect 24-0
Transect 24-0 (Figure D.4) is measured at approximately the same location as transect 23-34. However,
unlike transect 23-34, it neither starts at the dike nor ends at the edge of the natural mangrove forest.
The figure shows that mangroves are positioned at MHW, similar to transect 23-34.

Since the two transects are made approximately one year apart, they could have been useful to monitor
the change of the coast and potentially indicate subsidence. However, due to the unknown exact
location of transect 24-0 relative to transect 23-34, and the use of a larger interval (20–30 m instead of
5–10 m), such comparisons are not possible.
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Figure D.4: Cross section of transect 24-0

D.1.5. Transect 24-1
Transect 24-1 (Figure D.5) is conducted at approximately the same location as transect 23-66. It starts
at the concrete dike, but stops at the earthen dike and doesn’t include the natural mangrove forest.

A comparison with transect 23-66 shows that elevation levels inside the fishpond area are a few decime-
ters higher in 2024 than they were one year earlier, while the crest of the concrete dike stays at roughly
the same level. This implies vertical accretion, which is assumed to be impossible in the fishpond area,
especially at the observed rates. Also, the observed peak at x = 450m can not be explained. This sug-
gests that measuring errors or wrong references were made. Inside the fishponds there is an elevated
path. It is likely possible that measurements were done at the height of this path, instead of the ground
where the mangroves are growing.

Figure D.5: Cross section of transect 24-1 and 23-66

D.1.6. Transect 24-2
Transect 24-2 (Figure D.6) is located at the Hòa Bình 1 windmill farm. The cross section starts at the
concrete dike, through the visitor center of the windmill farm, through the fishponds, over the earthen
dike, to the edge of the natural mangrove forest. The figure shows that the area disconnected from the
sediment transport system lies more than 1.5m above MHW and the natural mangroves. The visitor
center of the wind farm has high economic value (restaurant, coffee shop, new buildings). Therefore it
is likely possible that the whole visitor area is artificially elevated to reduce flood risk. Also, an elevated
path is going through the fishponds. It is likely possible that measurements were done at the height of
this path, instead of the ground were the mangroves are growing.
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Figure D.6: Cross section of transect 24-2

D.1.7. Transect 24-3
Transect 24-3 (Figure D.5) is conducted at approximately the same location as transect 23-45. The
figure shows that elevation levels inside the fishpond area are a up to onemeter higher in 2024 than one
year earlier, while the crest of the concrete dike stays at roughly the same level. This, again, suggests
that measurements were done at one of the elevated paths through the fishponds instead of the ground
were the mangroves are growing, making a proper comparison impossible.

For the natural mangrove area, GPS data shows that a different route through the mangroves was
chosen in 2024 compared to 2023. This could explain the longer natural mangrove forest in 2024
compared to 2023. The 2024 transect also shows a higher elevation than in 2023. Since the same
route was not taken, it is impossible to determine whether this is due to vertical accretion of the region
or an original spatial variation in elevation levels.

Figure D.7: Cross section of transect 24-3 and 23-45

D.2. Conclusion
From the nine transects made in 2023 and 2024, seven were considered to be incomplete or not useful
to analyze the relative contribution of subsidence and sediment deposition rates. To make this analysis,
it is crucial to have reference measurements from an area which is disconnected from the sediment
transport system. This reference measurement is lacking in transect 23-22, 23-34, 23-44 and 24-0.

Additionally, when comparing transects from different years at the same location, it is important that
the way the data is collected, as well as the exact location, is correct and constant. The fishponds at
transect 24-1, 24-2 and 24-3, seem to be at unrealistic elevation levels, especially when comparing
them to one year earlier.
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Historic coastline evolution

This chapter presents the historic coastline evolution of transects 23-45 and 23-66.
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E.1. Transect 23-45

(a) Coastline position in 1986

(b) Coastline position in 2004

(c) Coastline position in 2022
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E.2. Transect 23-66

(a) Coastline position in 1986

(b) Coastline position in 2004

(c) Coastline position in 2004
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Bed profile evolution with combined

drivers

F.1. No dikes + subsidence

Figure F.1

F.2. No dikes + increased SSC

Figure F.2
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F.3. No dikes + historic wave heights

Figure F.3

F.4. Subsidence + increased SSC

Figure F.4

F.5. Subsidence + historic wave heights

Figure F.5
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F.6. Historic wave heights + increased SSC

Figure F.6

F.7. No dikes + subsidence + increased SSC

Figure F.7

F.8. No dikes + subsidence + historic wave heights

Figure F.8
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F.9. No dikes + historic wave heights + increased SSC

Figure F.9

F.10. Subsidence + historic wave heights + increased SSC

Figure F.10

F.11. No dikes + Subsidence + historic wave heights + increased SSC

Figure F.11
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