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Abstract

Mangroves are productive ecosystems. Degradation of mangroves has been observed since the
1970s, due to a variety of reasons. Successful rehabilitation focuses on restoring conditions
suitable for mangroves. Sediment availability has been shown to positively impact mangrove
growth. Therefore, it can likely play a role in mangrove rehabilitation. This research aims to
explore if the rehabilitation of coastal mangroves is possible using a sediment nourishment.

A process analysis is performed, to identify the processes driving sedimentation on a man-
grove coast. This analysis uses a schematised, cross-shore, one-dimensional model, based on
global data of mangrove coasts. Convex, linear and concave bottom profiles are used. The
forcing on the coasts consists of three different wave heights, tidal ranges, and sea level rise
rates. A homogeneous mangrove forest is present above mean sea level.

Sedimentation within the mangrove forest is caused by a combination of processes. Waves
pick up the sediment, which is transported by the tide. Tidal asymmetry then drives the ac-
tual sedimentation in the forest. An increase in asymmetry results in increased sedimentation.
Mangroves increase the flood dominance of slack water asymmetry, but also cause an ebb dom-
inant peak flow velocity and duration asymmetry. Dependent on the tidal range, the influence of
mangroves on net sedimentation can either be null, negative or positive. Sea level rise increases
sedimentation within the mangrove, by enhancing slack water asymmetry.

The main tipping point identified is the gradient of the bed slope in cross-shore direction.
If the slope becomes milder towards the shore, i.e. a convex coast, this value is negative. If the
slope becomes steeper, which is the case for concave coasts, it is positive. The tipping point is
when the slope does not change towards the shore. The gradient of the slope then is zero. The
net sedimentation is considerably less for concave coasts than for convex coasts.

Sediment nourishments can increase sedimentation in the mangrove forest. Four nourish-
ment designs were simulated, using the same model as for the process analysis. The designs
varied in location and achieved depth across the coast. Three design considerations for a suc-
cessful sediment nourishment have been identified, which are firstly the obtained bed level by
the nourishment, secondly the slope of the original bed, and thirdly the location of the nour-
ishment. First, the obtained bed level by the nourishment influences the quantity of sediment
pick-up. Higher bed levels increase the sedimentation within the mangrove, by increasing sed-
iment mobilisation rates. Second, the slope of the original bed largely influences the feasibility
of a nourishment. Due to mild bed slopes, the construction of a nourishment is difficult and
large volumes for a nourishment are required. Finally, the location of the suppletion should
be close to the mangrove. If the nourishment is located far offshore, the sediment is not trans-
ported towards the mangrove. Rather, it then is transported away from the coast. This thesis
has shown the rehabilitation of mangroves using a sediment nourishment is possible.
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Chapter 1

Introduction

Mangroves are productive ecosystems, providing utility to both humans and the environment.
They function as carbon sink, nursery for fish, water purification system, and supply of timber
(Barbier et al., 2011). Furthermore, mangroves function as coastal protection. They stabilise the
coast by trapping sediment and by attenuating waves with their typical root system (Winterwerp
et al., 2020). This typical root system is shown on figure 1.1. The latter ecosystem service is
rather important, as globally more and more people move to the coasts (Bouma et al., 2014).
These people require coastal protection, offered by the mangroves.

Figure 1.1: Left: Avicennia root system. Right: Rhizophora root system system (Janssen-
Stelder et al., 2002)

Since the 1970s, global mangrove area decline has been observed. Annual degradation
rates varying between 1-3% are often cited (Friess et al., 2019). To fight mangrove degradation,
many countries have laws in place to protect these ecosystems (Lugo et al., 2014). Furthermore,
rehabilitation efforts to increase mangrove cover are undertaken, albeit with varying success
rates (Dale et al., 2014). Despite these efforts, mangroves have continued degrading in the 21st
century (Friess et al., 2019).

Five reasons for mangrove degradation can be identified (Friess et al., 2019). These are:
habitat conversion, harvesting of trees, pollution, extreme weather events, and relative sea level
rise (r-SLR). Successful mangrove rehabilitation focuses on restoring suitable conditions for
mangroves (Lewis, 2009). This thesis aims to find if sediment nourishments can contribute to
rehabilitating mangroves.
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1.1 Background information on mangroves

1.1.1 Mangrove degradation
Since the 1970s, mangrove decline has been observed. About 25-30% of global mangrove
extent has been lost over the past 50 years (Polidoro et al., 2010). Five reasons for mangrove
degradation can be identified. These are: habitat conversion, harvesting of trees, pollution,
extreme weather events, and relative sea level rise (Friess et al., 2019).

When mangroves are degraded, two import functions are lost. First and foremost, the
ecosystem services they provide are gone. Secondly, soil surface elevation can also be lost
(Cahoon et al., 2003). After an event of mass mangrove extinction peat, thus the soil, col-
lapsed. This hinders re-establishment of mangroves, as they require their habitat to be above
MSL (Ricklefs & Latham, 1993).

Mangrove losses are both human and naturally induced (Thomas et al., 2017). For example,
when mangrove habitat is converted, people use the land for another purpose. Apart from the
cutting of mangrove trees, the abiotic conditions change such that mangroves cannot establish
themselves anymore (Winterwerp et al., 2013). Next to the fact that degradation occurs because
of a change in biotic or abiotic conditions, it can be a social issue (Friess et al., 2019). However,
the social aspect of mangrove degradation is not considered for this research. Humans can also
contribute to the rehabilitation of mangroves, offsetting their negative impact on mangroves,
which is covered in subsection 1.1.2.

1.1.2 Mangrove rehabilitation
Successfully rehabilitating mangroves can be achieved by reinstating the conditions in which
they can prevail (Lewis, 2009). This is called Ecological Mangrove Rehabilitation. If the reason
for degradation is not removed, replanting mangroves will lead to the loss of the newly planted
trees (Kodikara et al., 2017). For every reason of degradation, it holds true that rehabilitation is
easier when the mangroves have not yet completely vanished (Lewis III et al., 2016). Next to
the fact that ecosystem services are higher when mangroves are present, rather than gone, is that
the growth and establishment of a rehabilitated mangrove can take up to five years (Mazda et
al., 1997). Therefore, rehabilitation should be undertaken before mangroves are gone entirely.

In practice, mangrove rehabilitation projects success rates vary a lot. Some projects report a
90%+ mangrove survival rate, whereas others see all mangroves dying within a short time span
(Lovelock & Brown, 2019; Kodikara et al., 2017). This is because mangrove rehabilitation
projects are often seen as ‘one-off projects’, with little knowledge being transferred to other
projects (Lewis III et al., 2019). Projects often fail due to a disregard for the hydrodynamic
criteria of mangroves: they are planted on coasts with the wrong conditions, e.g. in the wrong
tidal zone or in high-energy wave areas (Primavera & Esteban, 2008).

Surface elevation has been found to be essential in the re-establishment of mangroves in
aquaculture ponds (Oh et al., 2017). Lower elevations lead to an increase of inundation. This
reduces seedling establishment and hinders growth rates (Krauss et al., 2008). However, higher
elevation levels lead to relatively higher growth rates. Increasing surface elevation within a
mangrove can therefore contribute towards their rehabilitation.

Measures to rehabilitate mangroves, by enhancing sedimentation, consist in the form of
permeable dams. These constructions have been investigated in both Demak, Indonesia and
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in the Lower Mekong Delta, Vietnam (Winterwerp et al., 2013; Albers & Schmitt, 2015). By
constructing respectively a permeable and a T-shaped dam, sedimentation was enhanced on the
tidal flat. Due to surface level gain, mangroves were able to regrow on these locations (Winter-
werp et al., 2020). A soft solution, using sediment, however, has not yet been investigated.

1.1.3 Soil surface elevation within mangroves
Mangrove surface elevation is not only made up of sediment, but also consists of biological and
geological components (McIvor et al., 2013). The geological components, such as changes to
the sea level due to El Ninõ and isostatic adjustments, are regional longer-term processes. Their
timescales are three to four years and decadal respectively (Moy et al., 2002; Spada, 2017).
The short term is governed by biological and sedimentary processes. Sediment and roots play a
major role, but there are six known processes that govern short term surface elevation (McIvor
et al., 2013), shown on figure 1.2.

Figure 1.2: (Sub)surface processes influencing surface level elevation (McIvor et al., 2013)

Short term changes in surface elevation come from processes on the surface of the soil,
i.e. accretion and erosion, or from processes on the sub-surface of the soil, i.e. expansion and
shallow subsidence. The accretion and erosion of material can be both organic and inorganic
matter, e.g. roots or sediment respectively. Sub-surface processes consist of the consolidation
or expansion of soil, due to a change in water content in the pores, the growth or decomposition
of roots, and the compaction and rebound of soils under the weight of the matter above. The
relative effect these processes have, determine the rates of elevation change within a mangrove
(McIvor et al., 2013).

Biotic soil processes in mangroves are not understood well. They have an inherent variabil-
ity, due to ecological differences, e.g. in growth rates (Lambers & Poorter, 1992). Under equal
conditions, one root system might grow more rapidly than the other, resulting in different ele-
vation gains. Another reason for the limited understanding is the large variation within species.
Some 73 species exists (Spalding et al., 2010), the global distribution of mangrove species is
shown on figure 1.3, which makes that not all mangrove forests are created equal. Considering
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the inherent variability of mangroves, the focus of this research will lay on the abiotic, meaning
non-biological, processes.

Figure 1.3: Global mangrove species distribution

Sediment plays a significant role in surface elevation level and in mangrove growth in gen-
eral. After storms, large sedimentation rates are observed. However, under regular conditions
the sediment often erodes again (Smith et al., 2009). This is not to state that under regular con-
ditions, sedimentation cannot occur. In New Zealand, several mangroves are expanding due to
an increase in sediment availability (Horstman, Lundquist, et al., 2018). In the Mekong Delta
in Vietnam, during the wet season in summer, sediment deposition occurs. During the winter
monsoon, sediment erosion takes place (Nardin et al., 2016). Krauss et al. (2014) found that in
regions with sufficient sediment supply, mangroves kept pace with sea level rise. Furthermore,
data has shown that in areas with sediment available, surface elevation is maintained relative to
sea level rise (Lovelock, Cahoon, et al., 2015). Under what conditions sediment is eroded or is
able to accrete, during both regular and extreme events, has not yet been described.

Van Maren & Winterwerp (2013) state that the main generator of sediment transport in
cross-shore direction on an intertidal flat is tidal asymmetry. This is due to the combination of
fine sediment properties and the hydrodynamic asymmetries. Two lag effects are scour lag and
settling lag (Van Maren & Winterwerp, 2013). Settling lag is the distance a particle travels when
the flow has fallen below the critical shear stress for erosion, before settling on the bed. Scour
lag is the difference between the greater critical shear stress for erosion than for suspension,
which causes a net sedimentation effect. SLR has a damping effect on tidal asymmetry. Due to
greater depths on the intertidal, both the peak current asymmetry and slack water asymmetry
are reduced (Guo et al., 2018).

When large quantities of sediment are supplied, mangroves may be buried (Terrados et al.,
1997; Ellison, 1999). If the pneumatophores, or aerial roots, are fully covered, the tree usually
dies, due to low oxygen levels. If the sedimentation rate is such that the roots are not completely
buried, but buried significantly, growth is retarded. Exact rates of maximum sedimentation
have not been defined, as this depends on local factors and on sediment characteristics (Ellison,
1999). Very fine sediment is more harmful than coarser sediment (Ellison, 1999). Terrados et
al. (1997) found mortality of seedlings increased and growth reduced for Rhizophora sp. when
a sudden sediment layer is deposited.

Understanding how and if sediment can play a role in solving r-SLR, as well as under-
standing the tipping points for which behaviour changes, is the main goal of this thesis. It has
been shown sediment availability can prevent mangroves from drowning due to sea level rise.
However, how these processes work has yet to be understood more thoroughly.
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1.2 Problem statement

Mangroves are productive ecosystems, providing vital ecosystem services. However, since the
1970s, degradation of mangroves has been observed. Rehabilitation efforts are undertaken, al-
beit with varying success rates. Sediment can likely play a role within mangrove rehabilitation.
Surface elevation has been shown to be key to mangrove establishment. Furthermore, in places
with abundant sediment supply mangroves are expanding.

How sediment can be used has not yet been investigated. To do so, first an understanding of
the coasts typical for mangroves is required. This is obtained by performing a process analysis.
Using the results, possible sediment nourishment strategies are investigated and evaluated.

1.3 Aim & objectives

Considering the problem statement, the following aim of this thesis has been defined:

The aim of this research is to determine if and how the rehabilitation of coastal man-
groves using a sediment nourishment is possible.

To reach the research aim, three objectives have been formulated. These are:

Objective 1. To identify the processes driving sedimentation on a mangrove coast.

Objective 2. To identify tipping points, for which sedimentation behaviour changes drasti-
cally across the coast.

Objective 3. To determine the possibilities and design considerations of a sediment nourish-
ment, to influence the sedimentation within the mangrove.

1.3.1 Approach

Objective 1. To identify the processes driving sedimentation on a mangrove coast, a pro-
cess analysis is performed. This allows for an understanding of the interactions between the
hydrodynamic processes and sediment transport.

The process analysis will be performed in a schematised model, following a step-wise ap-
proach. A schematised model is used, rather than a case location. That allows knowledge
transfer to several locations rather than being valid for a single site. Gradually, complexity is
added by including more hydrodynamic forcings in the model. This step-wise approach enables
an understanding of the processes by themselves, but also their interaction with one another.

Objective 2. Tipping points are identified by determining where behaviour identified in the
process analysis changes drastically. The results of the process analysis are carefully analysed
and interpolated. This allows for the identification of tipping points found on mangrove coasts.
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Objective 3. Several nourishment designs will be tested on a mangrove coast, to compare
and analyse their behaviour. The nourishment designs are created using limitations of dredging
vessels. The analysis of the design is based on the resulting sedimentation within the mangrove
forest, the nourishment volume required to obtain that sedimentation, and the constructability
of the nourishment.

1.4 Scope
The scope of this study is limited to the hydrodynamic processes of the mangrove coasts. The
behaviour is investigated under regular, non-extreme event, conditions on a schematised coast.
Ecological processes are not considered in the research. The time-scale is 1 month. Feedback
interactions on the intertidal are not considered, due to short-time scale model and the quantity
of scenarios investigated.

1.5 Reader guide
In chapter 2, the schematised model is presented, to investigate the processes driving sedimen-
tation within the mangrove. Chapter 3 covers the various scenarios simulated, and then presents
the results of the process analysis. Chapter 4 gives a global overview of processes on a man-
grove coast, and aims to identify tipping points for which behaviour changes. A discussion on
the obtained results is also presented. Furthermore, a conceptual model for mangrove coasts
is presented. In chapter 5, several nourishment designs are tested and compared, to evaluate
possible nourishment strategies for mangrove coasts. The conclusion is presented in chapter 6.
Finally, in chapter 7, recommendations are made for applications and future research.



Chapter 2

Methodology

In this chapter, the model to perform the process analysis is presented. First, the model is
described in section 2.1. Then, in section 2.2, the model is validated. Section 2.3 performs a
sensitivity analysis. Section 2.4 concludes the chapter by summarising the model.

2.1 Model description

The schematised model for the process analysis should simulate the behaviour of mangrove
coasts with a shallow foreshore. The model is one-dimensional in the cross-shore, and is made
using global data observed at mangrove coasts. One dimension is appropriate, as mangrove
coasts coasts experience forcing mainly in the cross-shore direction, due to their shallow fore-
shore (Le Hir et al., 2000). Furthermore, a one-dimensional model is the least complex, al-
lowing a thorough understanding of the basic processes and their interactions. The global data
allows for a description of generic mangrove coasts, with conditions that are commonly found
on these types of coasts. These three characteristics - bottom profile, tide, waves, and sea level
rise - are chosen such that they represent observed conditions. The values for these character-
istics are presented in chapter 3.

Delft3D is chosen as an appropriate modelling program, since it is able to simulate the
behaviour on a mangrove coast. In this section, first Delft3D will shortly be discussed. Then,
model settings will be given. After the model settings, boundary conditions are stated. Then,
initial conditions are discussed.

2.1.1 Delft3D
The schematised model of the coast is created in Delft3D, a process-based software package
developed by Deltares, which can simulate hydrodynamics, sediment transport, waves, and
morphodynamics. Delft3D consists of several modules that can be run either independently
or jointly. The modules used for the process analysis are a flow and a wave module, named
Delft3D-FLOW and Delft3D-WAVE respectively.

Flow module The flow module is a multi-dimensional (2D or 3D) hydrodynamic and sedi-
ment transport simulation program, which calculates non-steady flow and transport phenomena.
The non-steady flow can result from meteorological, i.e. wind, and tide, forcing. Furthermore,
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forcing can come from pressure gradients due to free surface gradients or density gradients. It
is calculated on a boundary fitted grid (Deltares, 2021a).

Delft3D-FLOW calculates the flow and transport by solving the horizontal equations of
motion, the continuity equation and the transport equation for conservative constituents. The
flow is calculated by using the one-dimensional shallow water equations. Sediment transport
in Delft3D can be modelled for cohesive and non-cohesive sediment types. As this con-
cerns a mud coast, cohesive sediment is selected. Cohesive sediment transport is based on
the Partheniades-Krone formula. It compares computed bed shear stresses versus the critical
bed shear stress to calculate erosion fluxes. Deposition is calculated using the concentration,
settling velocity, and a dimensionless reduction factor (Deltares, 2021a).

Wave module The wave module in Delft3D is based on the SWAN (Simulating WAves
Nearshore) model of the TU Delft, in which waves are described using a two-dimensional
wave action density spectrum. The wave action density is the wave energy density divided by
relative frequency, N(σ ,Θ) = E(σ ,Θ)/σ . It seems possible to predict waves with reasonable
accuracy using the spectral distribution of the second order moment of the waves, albeit not
sufficient to fully describe the waves statistically (Deltares, 2021b).

The evolution of the wave spectrum is described by the spectral action balance equation. In
SWAN, waves are generated by wind. Dissipation of waves occurs by white capping, bottom
friction and depth-induced breaking. Furthermore, wave energy is shifted between frequencies
by non-linear wave-wave interactions, i.e. as triads and quadruplets.

2.1.2 Settings
The model settings are important, as this concerns a schematised model. The influence of all
settings on the results should be understood. Furthermore, the model should be reproducible.
In table 2.1, all model parameter settings are presented. All settings are presented and some
important ones are highlighted.
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Table 2.1: Parameter settings for Delft3D

Parameter Value Unit Description
Flow module parameters

dt 0.0125 min Time step
dx offshore 150 m Grid dimension on offshore boundary
dx intertidal 5 m Grid dimension in the intertidal boundary

C 65 m1/2/s Chézy roughness parameter
ρ 1025 kg/m3 Water density

HEV 1 m2/s Horizontal eddy viscosity
HED 10 m2/s Horizontal eddy diffusivity
dmin 0.01 m Minimum depth for flow calculation

gammax 0.5 - Additional parameter to limit wave height
Advection scheme Cyclic - Advection scheme for momentum

Flag for velocity output #glm# - Lagrange flow velocities output
Sediment transport parameters

ρhs 1600 kg/m3 Reference density for hindered settling
ρs 2650 kg/m3 Specific density
ρs 500 kg/m3 Dry bed density
ws 1 ·10−4 m/s Settling velocity
τcr,e 1 ·10−1 Pa Critical bed shear stress for erosion
τcr,s 1 ·103 Pa Critical bed shear stress for sedimentation
M 1 ·10−2 kg/m2/s Erosion parameter

dmin,sed 0.1 m Minimum depth for sediment calculation
Wave parameters

Wave direction 270 ° Wave direction
Tp 4 s Peak wave period
γ 3.3 - JONSWAP peak enhancement factor

dmin 0.1 m Minimum depth for wave calculation
γ 0.5 - Depth induced breaking parameter

Mangrove parameters

Stem

Cd 1.0 - Stem drag coefficient
Nplants 0.7 1/m2 Number of stems per m2

Height 4.5 m Stem height
Diameter 0.3 m Stem diameter

Root

Cd 0.8 - Root drag coefficient
Nplants 125 1/m2 Number of roots per m2

Height 0.2 m Root height
Diameter 0.01 m Root diameter

Advection scheme for calculation The advection scheme is the numerical method to cal-
culate the advection terms in the momentum equation. Three options exist: Cyclic, Flood or
Waqua. The first two are possible choices for this model.

On first hand, the Flood scheme may seem logical: it can accurately calculate flooding and
drying of cells. However, this scheme is more appropriate for short term runs, such as a dike
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breach, with a limited time span and small time step. This is due to the fact that the integration
of the advection term is explicit, and therefore the time step is restricted by the Courant number.

The Cyclic scheme on the other hand, integrates the advection term implicitly. Thus, the
time step is not limited by the Courant number. This means a larger time step can be used,
without losing stability in the model. Therefore, the Cyclic scheme is used.

Minimum depth for flow calculation The minimum depth for flow calculation is a balance
between the Flow model stability and realistic flow velocities. If a small depth is chosen, e.g.
< 0.01 m, then a small time step is required to have no model instabilities. However, if a
large minimum depth is chosen, then computed flow velocities in the intertidal area become
unrealistically large. This is due to the fact that a cell that changes from dry to flooded needs
to fill the entire volume of the cell. Therefore, a value of 0.01 m has been chosen.

Minimum depth for wave calculation The minimum depth for waves is based on a choice
of realism versus stability. On one hand, waves propagate into small - but not tiny - depths
when using a small depth, i.e. 0.1 m. However, wave calculations in even smaller depths, such
as 0.01 m, result in unstable numerical calculations. The wave height then exceeds the breaker
criterion, due to numerical artefacts. Therefore, 0.1 m has been chosen.

Depth induced breaker parameter The wave breaker criterion for shallow coasts has been
investigated to be 0.5 for slopes of 1:1000 (Salmon et al., 2015). Therefore, this value is chosen
in both the Flow model, as gammax, and in the Wave model, as γ .

Figure 2.1: Cross-shore location of mangroves in the model

Mangrove parameters A homogeneous mangrove distribution is present above MSL, of
mangrove species Avicennia marina, as shown on figure 2.1. This is a pioneer-type mangrove
species, which grows in a variety of conditions. The species is found on many locations around
the globe (Alvarez Cruz, 2008). The mangrove vegetation is schematised as cylinders.

The root density per m2 has been observed to be varying between 50-250 (Norris et al.,
2017; Horstman, Bryan, et al., 2018). A value in the middle of the range, being 125, is chosen.
Roots have a Cd that varies between 0.5-1.0, and have a height of 0.2 m. For the Cd, a value of
0.7 is assumed. The stem diameter varies between 0.1-0.4 m, and has a Cd of 1.0 (Alvarez Cruz,
2008; Volvaiker et al., 2018). The trees can grow up to 10 meters high (Alvarez Cruz, 2008).
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2.1.3 Grid
The Flow module and the Wave module each require a computational grid. They have been
visualised on figure 2.2.

Figure 2.2: Flow and wave grids (not to scale)

Flow grid Delft3D requires a 2D flow grid. However, the interest lays in a 1D model. There-
fore, a quasi-1D model is used. In cross-shore direction, the model is 7,500 m, whereas in the
longshore direction, the model is 15 m. Thus, the cross-shore dimension is way larger than the
longshore dimension, and a quasi-1D model is obtained. The flow grid has a dimension dx of
150 meters in the offshore and in the intertidal a cell size dx of 5 m. The width dy is equal for
each cell, and is 5 meters. The refinement between the intertidal and the offshore is gradual, the
cell size reduces with steps of dxi+1 = dxi/1.2, which is the limit set in the Flow user manual
(Deltares, 2021a). This refinement is required, as larger grid cells cause an instability due to
a combination of drying/flooding of cells with the falling/rising of the water level. However,
having small cells in the offshore cells leads to large calculation times.

Wave grid Two wave grids are used for the wave module. A large, 20 x 20 km, grid, and
a small grid, which is 15 x 7,800 m. The large grid consists of 50 x 50 cells, all are 400 x
400 m. The large grid requires these dimensions for two reasons. First, in the x-direction, the
waves should enter the model on offshore conditions. That is because the wave data consists of
offshore conditions. Deep water waves hold true when:

h > 0.5∗L0 L0 =
gT 2

2π
=

9.81 ·42

2π
= 25 m hreq = 0.5 ·25 = 12.5 m

Extrapolating the convex profile slope on the boundary requires a wave grid of 20 km to fulfil
this criterion. Secondly, the width or y-direction, should be this wide due to ‘shadow effects’,
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which means that wave energy is lost through the boundaries. Using a sufficiently wide com-
putational grid moves the ‘shadow effects’ outside the flow grid, which is the area of interest
(Deltares, 2021b).

The small, nested model has cells exactly equal to the flow grid, but with two extra cells in
the x-direction on the offshore boundary. This accounts for the ‘shadow zone’, which has some
inaccuracies in the wave height. The zone is not a problem if it is outside of the area of interest,
which is the flow model, thus these two extra cells are necessary.

In the wave grid, it is specified how and what Flow module quantities should be used. It is
chosen to not use any flow quantities on the large grid, as it lays mostly outside the flow model.
For the small wave grid, the hydrodynamics, being water level, current, and bathymetry, are
used and extended to the wave grid.

2.1.4 Boundary conditions

Figure 2.3: Boundary conditions for Flow and Wave module

Flow boundaries The flow model has four boundaries. Three of those, shown in red on
figure 2.3, are closed boundaries, meaning flow cannot enter or exit the model. The interest
is in the cross-shore direction, which allows for the closed boundaries in dx direction. On the
open boundary condition a water level is imposed, which consists of the tide and sea level rise,
and a sediment concentration.

The water level is expressed in terms of an M2 component, an S2 component, and if sea
level rise is included in the model, an A0 component. Their values are presented in chapter 3,
section 3.1.

The sediment boundary is added as a constant concentration of 0.1 kg/m3, which equals 100
mg/L. This is a value commonly cited as present on mangrove coasts (Furukawa et al., 1997).
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Wave boundary The wave module consists of four open boundaries, wave energy can enter
and exit the model through all the boundaries. One boundary condition is applied, on the
‘eastern’ boundary. There, the wave conditions as specified in table 3.1 are applied.

2.1.5 Initial conditions

Water level The initial water level is set to the spring tide water level. This is to make sure
all cells have been wet once, which results in less initial instabilities. Furthermore, starting at
high water reduces the spin-up time in the model.

Sediment concentration The initial sediment concentration in the model is set to 0 kg/m3.
Combined with a spin-up time, this results in the most realistic sediment distribution in the
model (Van Maren, n.d.).

2.1.6 Key assumptions

Morphostatic simulations It is chosen not to include morphodynamics, nor an erodible bot-
tom, in the model. Sediment that settles and be picked up and moved within the model, but no
sediment can be eroded from the fixed bed layer. Furthermore, the bed level does not change
when sediment settles on the bed. There are a couple of reasons to not include a varying bed
level.

The first is that the forcing, by the tide and waves, on the profile does not necessarily corre-
spond to the equilibrium profile for that forcing. This comes from the fact that global databases
have been used to select the boundary conditions. If morphodynamics would be included,
the profile would first shift to its equilibrium profile, thereby influencing the observations and
sedimentation rates.

The second reason is that a choice is made to investigate short term behaviour, rather than
long term behaviour. This is done, as a sediment strategy usually is for the short term. Updating
bed levels is not as relevant on this short term, as it is on a longer term simulation.

Finally, morphodynamics are interesting to look into feedback loops. However, the feed-
back is investigated by looking into the different profiles, rather than having a longer-term
simulation for one coastal profile.

Having sediment pickup in the model, without having morphodynamics, could cause unre-
alistic sedimentation rates. Due to the absence of morphodynamics, negative feedback loops
are not present. Any damping effect they have on sediment transport is not included. This
could lead to non-realistic sediment transport rates.

Ecology It is assumed that the mangrove forest is present above the ‘original’ mean sea level,
and is homogeneous in its vegetation. When sea level rise is added, the location of the man-
groves is not changed. The reasoning for this assumption is that if the mangrove forest would
change with SLR, it would only change the location of where the processes occur, rather than
showing new interactions. A homogeneous forest is assumed, as detailed data of mangrove
distribution in a forest is lacking, thus the model is made based on data of other research.
Ecological processes, such as the growth of trees and roots, are not included in this research.
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Fine sediment dynamics The fine sediment dynamics are schematised. This means a con-
stant critical bed shear stress is used, whereas in reality consolidation of bed material would
occur. As morphodynamics are excluded, the absence of consolidation is not an issue. Floc-
culation has not been included, as this depends on local factors such a salinity and turbulence
(Kranck, 1973; Winterwerp, 2002).

The formation and streaming of fluid mud has been shown to be a considerable driver
of respectively wave damping and sedimentation (Winterwerp et al., 2020). However, much
remains unknown about these fluid mud processes.

Considering the purpose of the process analysis, which is to understand the processes driv-
ing sedimentation, flocculation, consolidation, and the formation of fluid mud, are excluded
from the model. They are important factors in the exact behaviour, but they are not expected to
be the drivers of sedimentation. Therefore, they are excluded from the model.

Model duration A single model run will be 1 month and 4 days long. This consists of a
hydrodynamic spin-up time of 4 days, and two spring-neap tidal cycles. The first spring-neap
tidal cycle is to allow the sediment to spread through the model, whereas the second is used for
the analysis.

A relatively short model duration of roughly one month, rather than a longer duration, is
most appropriate for this research. Given that the boundary conditions are constant, and the
quantity of model combinations, a longer model duration would result in excessive computing
time. Over one spring-neap tidal cycle all phenomena on the coast have occurred. A longer
model duration would be appropriate for feedback loops, however these are not the area of
interest of this research.

Extreme events and barotropic currents It is assumed no extreme events occur during the
model simulation. This is due to the fact that this model has been created for regular condi-
tions. For a storm event, model setting most likely have to change. Barotropic currents are not
considered. These depend on salinity, temperature, and set-up due to wind, which are all local
effects. Therefore, they are not added to this schematised model.

2.1.7 Model output

The main output of the process analysis will be an overview of the abiotic processes acting
on the mangrove coast, with their standalone effect and the influence they have on each other
and the mangrove coast. To assess the abiotic processes, flow velocities and sediment fluxes
require investigation. These are analysed per model simulation, by creating overview plots.
The overview plots are cross-shore snapshots in time during spring tide, over a 12 hour period,
with various water levels, accompanied by maximum bed shear stresses, flow velocities, and
sediment transport rates. Maximum bed shear stresses are used, rather than mean bed shear
stresses, as this is a more relevant measure for fine sediment pick-up (Deltares, 2021a).

Tidal asymmetry is analysed, as this is a significant driver of sediment transport (Van Maren
& Winterwerp, 2013). Tidal asymmetry is investigated by evaluating the flow velocity and
sediment transport rates over a 12 hour period during spring tide, on 4 bed levels. The bed
levels are -5.0, -0.5, +0.0, and +0.5 m. Net sediment fluxes are evaluated by integrating the
sediment transport at one location, for a spring-neap tidal cycle. Net intertidal sedimentation is
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computed by integrating the sediment transport at LAT. The net sediment transport above MSL
is computed by integrating net sediment transport at MSL.

Using the aforementioned data and analyses, the hydrodynamic processes driving sedimen-
tation, and tipping points can be evaluated.

2.2 Model validation

Usually, a model is calibrated and validated based on a real-life data set. However, as this is a
schematised model, such a data set does not exist. Therefore, the model cannot be validated nor
calibrated based on a real-life scenario, but it will be validated using an analytical calculation.

Calibration means tweaking the parameters such that model behaviour is equal to real-life
behaviour. In this situation, with a schematised model, calibration therefore is not required.
Understanding the impact of model parameters on the results is, though. Therefore, a sensitivity
analysis is performed in section 2.3.

The model is validated by calculating flow velocities analytically, and comparing these to
the observed flow velocities in the model run without any waves. Analytical flow velocities on
a shallow bed can be calculated by (Le Hir et al., 2000):

u(x) =
πR

βTtide
(2.1)

With u(x) the flow velocity, R the tidal range, β the slope, and Ttide the tidal period. As seen on
figure 2.4, the flow velocity in the model is almost exactly equal to the calculated flow velocity,
below MSL. For values above MSL, the formula does not hold true. There, the flow velocity
reduces until it reaches zero (Le Hir et al., 2000). This behaviour is seen in the model.

Figure 2.4: Model validation by comparing analytically calculated maximum flow velocities
with observed maximum flow velocities in the model
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Some model artefacts can be seen in around MSL, in the form of a noisy maximum flow
velocity signal. These artefacts cause a slight variation within the model behaviour. These do
not form a problem for the model results, as these errors are in the order of 0.01 m/s. This
means that their influence on the sediment flux is minor. Therefore, it can be concluded that
the model works appropriately.

2.3 Sensitivity analysis
In this section, the sensitivity analysis is performed. Hydrodynamic, sediment transport and
mangrove parameters are tested on their influence on net sedimentation. Some of the param-
eters influence the stability of the model, which has been discussed in section 2.1, others in-
fluence the model behaviour quantitatively. The parameters that influence the stability of the
model are discussed qualitatively, whereas the parameters that influence behaviour quantita-
tively are compared on their relative influence on net sedimentation in the intertidal and above
MSL.

The net sedimentation is defined as the sediment transport, integrated on either LAT for
intertidal sedimentation, or at MSL for MSL sedimentation. All sensitivity analysis runs have
been performed on a linear coast, with a tidal range of 0.8-1.5 m, and a significant wave height
Hs of 0.6 m. Three values per parameter are tested: the one used in the report (denoted by M
in the tables), a larger value (L) and a smaller value (S). In appendix A, plots are presented of
the sensitivity to the varying parameters.

2.3.1 Hydrodynamic sensitivity analysis
The parameters tested in the hydrodynamic sensitivity analysis are presented in table 2.2.

Table 2.2: Sensitivity analysis: hydrodynamic parameters

Parameter S M L Unit
Minimum calculation depth for flow 0.001 0.01 0.1 [m]

Grid dimension dx 1.5 5 30 [m]
Calculation scheme for momentum Flood Cyclic [-]

Chézy parameter C 40 65 90 [m
1
2/s]

Minimum calculation depth for flow The minimum calculation depth for flow is a param-
eter that influences the model stability. A larger minimum depth for flow calculations, such
as 0.1 m, leads to unrealistic slack water. The flow velocity goes from 0 m/s to its maximum
almost instantly. For the smaller value of 0.001 m, the model become unstable. 0.01 m is a
value that does not have significant instabilities, but does show slack water behaviour.

Grid dimension dx The grid dimension dx impacts the model stability. Increasing the grid
dimension dx scales the computation time inversely proportional. 5 m leads to 7 hours, a 1.5 m
grid results in 15 hours, whereas 30 m leads to 1 hour. However, a dx of 30 m does not capture
the rising tide correctly. Flow velocities are rather high on the front of the tidal wave. This
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comes from the way cells are flooded: when going from dry to wet, the flow velocity depends
on the volume required to fill the cell. A large dx therefore gives high flow velocities going
from dry to wet. On the other end of the spectrum is the small dx, of 1.5 m. This leads to an
unstable model, giving a saw tooth velocity profile.

Calculation scheme for momentum The calculation scheme for momentum is a stability
parameter. For equal model settings, the flood scheme is unstable, whereas the cyclic scheme
is stable. The cyclic scheme has an implicit time step, while the flood scheme has an explicit
time step. The explicit time step imposes a restriction on the length of the time step for a stable
calculation, resulting in a longer simulation time (Deltares, 2021a). Therefore, for a longer
simulation time, the cyclic scheme is appropriate.

Chézy parameter C The Chézy parameter influences model behaviour quantitatively, by
changing the influence of the bed on the flow. The higher value , 90 m

1
2/s, is found in literature

for several mud coasts (Van Rijn, 2020). The lower value of 40 m
1
2/s is cited for estuaries,

where mangroves are also observed (Toffolon et al., 2006).
An increase of 40%, from 65 to 90 m

1
2/s, leads to an increase of the net sedimentation

above MSL by 69%, and in the intertidal of 200%. A reduction of 40%, from 65 to 40 m
1
2/s,

increases the net sedimentation above MSL by 17%. Sedimentation within the intertidal is
reduced by 13%.

The variation of the net sedimentation with varying Chézy parameters means that the bot-
tom roughness is of significant influence on the results.

2.3.2 Sediment transport sensitivity analysis
The parameters for the sensitivity analysis of sediment transport are shown in table 2.3 below.

Table 2.3: Sensitivity analysis: sediment transport parameters

Parameter S M L Unit
ws 0.05 0.1 0.5 [mm/s]
τcr,e 0.05 0.1 0.5 [N/m2]
M 0.001 0.01 0.1 [kg/m2/s]
cb 0.05 0.1 0.5 [kg/m3]

Sediment parameters do not influence hydrodynamics, they only change the quantity of
the sedimentation. This is due to the fact that this concerns a morphostatic model, where no
feedback is present between the bed and the forcing. All parameters are quantitative parameters.

Settling velocity ws A larger settling velocity, increasing by 400%, reduces net sediment
import above MSL by 39%. It increases net sediment transport by 17% within the intertidal.
The reason for this reduction in the mangrove, but an increase in the intertidal, can be found in
the fact that sediment is able to settle in the intertidal, where it is not mobilised anymore due
to lower maximum bed shear stresses. It then does not reach the mangrove anymore, thereby
reducing the net sedimentation in the mangrove (Van Maren & Winterwerp, 2013). A smaller
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settling velocity, reducing by 50%, reduces net sediment transport rates above MSL by 8%.
Within the intertidal, a smaller settling velocity decreases net sediment transport by 18%. This
reduction in sedimentation can be found in the fact that during larger tides, the sediment is not
able to settle altogether (Van Maren & Winterwerp, 2013).

Critical bed shear stress for erosion τcr,e A larger critical bed shear stress, increasing by
400%, increases net sediment transport above MSL by 57%. Within the intertidal, sediment
transport increases by 259%. Reducing the critical bed shear stress by 50% increases net sed-
iment transport above MSL by 9%. Net sediment transport within the intertidal reduces by
8%.

Erosion parameter M Increasing the erosion parameter M by 900%, does not change the
results. Net sediment transport within the intertidal and above MSL remain constant. A reduc-
tion of 90% of the erosion parameter increases net sediment transport above MSL by 18%. It
increases net sediment transport within the intertidal by 22%.

Sediment boundary concentration cb A larger sediment concentration, increasing by 400%,
increases the intertidal and MSL net sediment transport by 400%. Reducing the sediment
boundary concentration by 50% reduces both the intertidal and MSL net sediment transport by
50%.

2.3.3 Mangrove parameter sensitivity analysis

The mangrove parameters analysed are shown in table 2.4. The values for the mangrove param-
eters have been cited in literature as appropriate values for Avicennia marina (Alvarez Cruz,
2008; Norris et al., 2017; Horstman, Bryan, et al., 2018). The large values are the upper end of
the range, whereas the small values are on the low end.

Table 2.4: Sensitivity analysis: sediment transport parameters

Parameter S M L Unit
Roots

Number of plants 50 125 200 [m−2]
Cd 0.5 0.7 0.9 [-]

Stem
Number of plants 0.33 0.7 1.0 [m−2 ]

Cd 0.8 1.0 1.2 [-]
Diameter 0.15 0.3 0.45 [m]

Root parameters

It has been found that varying the root parameters does not influence the net sediment transport
in the intertidal, nor above MSL. They do influence model behaviour.
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Stem parameters

It has been found that varying the stem parameters does not influence the net sediment transport
in the intertidal, nor above MSL. They do influence model behaviour.

2.3.4 Influential parameters
Three parameters are identified that influence net sediment transport significantly. These are
the Chézy parameter, the critical bed shear stress τcr,e, and the sediment boundary condition cb.

2.4 Model summary
In summary, a schematised 1D model has been created. The reason to chose for a 1D model
is due to the cross-shore dominance on shallow foreshores (Le Hir et al., 2000). The main
assumptions underlying the schematised model are that there are no morphodynamics. The
mangroves are fixed and homogeneous above MSL. The grid size used in the dx direction in
flow model varies from 150 m in the offshore towards 5 m within the intertidal. The dy cell
dimension is 5 m. The sediment boundary consists of a fixed concentration of 0.1 kg/m3.

The sensitivity analysis has shown that the Chézy parameter, sediment boundary concen-
tration, and critical bed shear stress for erosion influence the net sediment transport most sig-
nificantly.

Using these model settings, a stable model has been created. It allows for an investigation
in the abiotic processes driving sedimentation in mangroves.
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Chapter 3

Results

In this chapter, the scenarios for the model simulations are covered. Afterwards, the results
are presented. The goals of this chapter are to find out how the processes work at different
mangrove mud coasts and to investigate which hydrodynamic processes drive sedimentation
in a mangrove. Several figures are shown, explaining model behaviour. For overviews of all
model simulations, the reader is referred to appendix B.

The scenarios are presented in section 3.1. The system behaviour without mangroves is
discussed in section 3.2. Section 3.3 discusses the impact of mangroves on the coast. In section
3.4, the impact of SLR is shown. Finally, section 3.5 presents the main findings.

3.1 Process analysis scenarios

For the process analysis, a step-wise approach is used, which gradually adds complexity. This
allows an understanding of the processes by themselves and the influence they have on each
other. The different steps are:

1. Tide
2. Tide and waves
3. Tide, waves, and mangroves
4. Tide, waves, mangroves, and sea level rise

SLR is added lastly, to be able to first analyse how the coasts behave under regular conditions
and to then see the impact of SLR on the behaviour of the coast. SLR is tested on one bottom
profile, to reduce calculation time. It is expected that the changes in behaviour due to SLR do
not change per coast (Guo et al., 2018).

In each of the steps, characteristics are varied on three bottom profiles. The characteristics
are based on global data, and are presented in subsection 3.1.1 below. This results in a variety
of model simulations, which are presented in subsection 3.1.2.

3.1.1 Characteristics
The schematised model consists of boundary conditions and bottom profiles that are varied per
run. Three values are chosen for each of the varying characteristics. In table 3.1, all the values
are presented. The discretisation of the characteristics found on mangrove coasts is described
in this subsection.
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Table 3.1: Characteristics for schematised model

Condition Small Medium Large
Bottom profile Concave Linear Convex
Average bed slope 1:1000
Tidal range R 0.4 - 0.6 m 0.8 - 1.5 m 1.0 - 2.0 m
M2 component 0.5 m 1.15 m 1.5 m
S2 component 0.1 m 0.35 m 0.5 m
Significant wave height Hs 0.3 m 0.6 m 1.0 m
Peak wave period Tp 4 s 4 s 4 s
Wind speed u10 2.5 m/s 5 m/s 7.5 m/s
Sea level rise 0.2 m 0.4 m 0.6 m

Bottom profile The most commonly observed average bed slope for mangrove coasts is
1:1000, as shown on figure 3.1a (Athanasiou et al., 2019). The most common closure depth,
which is the depth for which no significant change in bottom profile is observed during a time
interval, associated with these slopes is 6 m. This is shown on figure 3.1b (Athanasiou et al.,
2019). The bed slope of 1:1000 and the closure depth of 6 m are used as characteristic values
in the model.

(a) Common bed slopes for mangrove coasts (b) Closure depth for bed slope 1:1000

According to Winterwerp et al. (2013), the offshore shape of the coast determines if a
mangrove coast is either stable or unstable. A stable coast keeps its shape constant, which
allows for mangrove colonisation. An unstable coast on the other hand has a shape that changes
and does not allow for mangrove colonisation. A convex coast is assumed to be stable, whereas
a concave coast is assumed to be unstable. The instability comes from an interaction of near-
shore wave-induced mobilisation of the sediment, which is transported offshore by the tide. For
a convex coast it is exactly the other way around: waves mobilise sediment offshore, which is
transported onshore by the tidal current. For this research, it is interesting to understand what
the role of the shape of the foreshore is in terms of r-SLR rates. Therefore, three bottom profiles
shapes haven been chosen, as shown on figure 3.2.

The bottom profiles chosen are concave, linear, and convex. The shapes of these profiles
is shown on figure 3.2. The exact shapes are based on (Van Maren & Winterwerp, 2013). The
profiles in the model all start at -6 m on the offshore boundary. The onshore boundary is at
+1.65 m. With a slope of 1:1000, this results in a model of 7650 m.
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Figure 3.2: Bottom profiles, not to scale

Tide Three different tidal ranges have been defined: 0.4-0.6 m, 0.8-1.5 m, and 1.0-2.0 m.
They are defined by an M2 and S2 component. The values have been based on tidal ranges
from different locations around the globe, from research by Lovelock, Cahoon, et al. (2015);
McIvor et al. (2013); Albers & Schmitt (2015); Winterwerp et al. (2020). Furthermore, a global
tidal database, filtered on mangrove coasts, has also been used, to quickly evaluate if the tidal
ranges by these researchers are in the correct range (Ray & Center., 1999).

Waves Along mangrove coasts, different significant wave heights are observed. For this re-
search, the offshore significant wave heights chosen are Hs = 0.3, Hs = 0.6, and Hs = 0.9 m. All
have a peak wave period Tp of 4 s (Ray & Center., 1999; Lovelock, Cahoon, et al., 2015; McIvor
et al., 2013; Albers & Schmitt, 2015; Winterwerp et al., 2020). It has been chosen to vary the
wave heights, but keep the peak period constant, to see the effect of a varying wave height. A
shorter peak period would result in higher bed shear stresses on equal depths compared to a
longer peak period, given that wave heights are equal.

Usually, wave heights vary over time, due to changing wind conditions. However, for this
model, a constant wave height is set at the boundary. The wind speed u10 that accompanies
each wave height is 2.5 m/s for 0.3 m, 5 m/s for 0.6 m and 7.5 m/s for 1.0 m. These have been
based on observations of wind velocities accompanying wave heights (NOAA, 2006).

One important note is that the wave height is not a constant wave height set at the boundary.
The waves are described by a JONSWAP-spectrum, with a peak coefficient γ of 3.3, with its
peak at the Hs given.

Sea level rise Many different sea level rise prognoses exist, such as Bamber et al. (2019),
Le Bars et al. (2017), and the commonly known IPCC report (Oppenheimer & Hinkel, 2019).
They all predict varying rates of sea level rise by the year 2100. Lots of uncertainty exists within
each scenario, due to varying emission rates, the contribution of the melting of ice sheets and
differences in locations, but all agree that sea level rise will exceed historic rates and that it is
probable that sea level rise will be at least +1.0 m by 2100.

Due to the variety in scenarios and variability per location, it is chosen to use three levels of
sea level rise: 0.2, 0.4, and 0.6 m. These rates will probably all be exceeded in the future, but
the exact moment in time is not yet known, as that depends on the local and global influences.
Furthermore, r-SLR rates rates also vary per location, due to different bed level subsidence
rates. This would make an analysis in time impossible. Due to the variability, the rates are
added as an instant change in MSL. Using these three rates of sea level rise, an analysis based
on a scenario is possible.
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3.1.2 Model variations
The different model combinations that are obtained from the variations in characteristics, are
presented in table 3.2. First, model runs are performed with just a tide on a bottom profile.
Then, waves are added. Afterwards, mangroves are included in the model. Finally, model sim-
ulations are performed with SLR. The SLR simulations are performed on just the convex coast,
as literature has shown this is a stable, importing coast (Winterwerp et al., 2013). Therefore,
SLR on concave or linear coasts is not expected to present itself in reality. Thus, no simulations
are performed for these types of coasts.

In table 3.2, the S denotes ‘small’, M stands for ‘medium’, and L means ‘large’. The values
for these characteristics are shown in table 3.3.

Table 3.2: Scenarios

Bottom
Tide Waves Mangroves

Sea level rise (only convex)

profile 20 cm 40 cm 60 cm

Concave
and
Linear
and
Convex

R: S Hs: 0
R: S Hs: S R: S Hs: S R: S Hs: S R: S Hs: S R: S Hs: S

R: S Hs: M R: S Hs: M R: S Hs: M R: S Hs: M R: S Hs: M

R: S Hs: L R: S Hs: L R: S Hs: L R: S Hs: L R: S Hs: L

R: M Hs: 0
R: M Hs: S R: M Hs: S R: M Hs: S R: M Hs: S R: M Hs: S

R: M Hs: M R: M Hs: M R: M Hs: M R: M Hs: M R: M Hs: M

R: M Hs: L R: M Hs: L R: M Hs: L R: M Hs: L R: M Hs: L

R: L Hs: 0
R: L Hs: S R: L Hs: S R: L Hs: S R: L Hs: S R: L Hs: S

R: L Hs: M R: L Hs: M R: L Hs: M R: L Hs: M R: L Hs: M

R: L Hs: L R: L Hs: L R: L Hs: L R: L Hs: L R: L Hs: L

With

Table 3.3: Values for scenario

Tidal range (R) Significant wave height (Hs)
S 0.4 - 0.6 m 0.3 m
M 0.8 - 1.5 m 0.6 m
L 1.0 2.0 m 1.0 m
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3.2 System behaviour without mangroves

This section investigates the behaviour of the coasts without mangroves present. Both the
simulations with just a tide and those for tide & waves are investigated.

The tide, for all tidal ranges and all profiles, does not allow for sedimentation in the man-
groves. Bed shear stresses remain below the critical bed shear stress, meaning that no sediment
is picked up. Sediment transport, which is the lower right panel on figure 3.3, is only present
on the offshore boundary of the model. Sediment enters the model on the boundary, due to the
boundary condition imposed. Some sediment, below a certain water depth, settles. The rest is
exported.

Figure 3.3: Cross-shore overview of tidal run during spring tide on convex profile. Tidal range
of 1.0-2.0 m, significant wave height of 0.6 m.

The flow velocity profile varies depending on the coastal shape. A concave bottom has
a decelerating flow velocity towards the coast, a linear bottom has a constant flow velocity,
whereas on the convex bottom flow accelerates towards the shore. This is shown on figure 3.4.

Figure 3.4: Cross-shore observed maximum flow velocities for concave (left), linear (middle),
and convex (right) profiles, for a tidal range of 1.0-2.0 m.
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Waves pick up sediment, as seen on figure 3.5. The critical bed shear stress is exceeded
across the entire domain, which mobilises sediment and keeps it in suspension. On the bottom
right panel, it is seen that over the entire model stretch, sediment is transported.

Figure 3.5: Cross-shore overview of tide and wave run during spring tide on convex profile.
Tidal range of 1.0-2.0 m, Hs of 0.6 m.

For waves with a height of 0.3 m, not all sediment is kept in suspension, as seen on figure
3.6. At 12:00, on the landward boundary, τ < τcr. Then, sediment is able to settle. If waves
are larger than 0.6 m, the bed shear stress exceeds the critical bed shear stress all the time
everywhere, except for in the intertidal. If the critical bed shear stress is exceeded, no sediment
is able to settle.

Figure 3.6: Cross-shore overview of bed shear stresses and sediment transport of tide and wave
run during spring tide on convex profile. Tidal range of 1.0-2.0 m, Hs of 0.3 m. Water level and
flow velocity equal to figure 3.5.

Figure 3.7 shows the differences in net sediment import above MSL during one spring-
neap tidal cycle. It is visible that for the different coastal profiles, net sediment import changes.
Furthermore, larger tidal ranges lead to an increase in net sediment import compared to smaller
tidal ranges. These differences can be attributed to the variations in tidal asymmetry.

Another observation is that waves of 0.3 m, with the lowest Hs ratio, cause more sedimen-
tation than larger waves of either 0.6 or 1.0 m. An explanation for this can be found in the fact
that the smaller waves do not exceed the critical bed shear stress in the deep end all the time.
That results in some sediment being able to settle, which is then picked again, when the critical
bed shear stress is exceeded. For the larger waves, the maximum bed shear stress exceeds the
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Figure 3.7: Net transport of sediment above MSL during a spring-neap tidal cycle for three
bottom profiles, no mangroves. Hs/R is the ratio of significant wave height over tidal range.

critical bed shear stress all the time. Therefore, this settlement is not observed, resulting in
a larger outflow of sediment on the offshore boundary. Due to the sediment not flowing out
of the offshore boundary with waves of 0.3 m, it can end up in the intertidal. This causes the
difference between sedimentation for smaller waves of 0.3 and larger waves of 0.6 m and 1.0
m. The difference between sediment transport on the offshore boundary is shown on figure 3.8.

Figure 3.8: Variations in sediment transport on offshore boundary due to varying wave heights,
for a convex profile with a tidal range of 0.8-1.5 m. Arbitrary moment in time.

Tidal asymmetry without mangroves

The tidal asymmetry has been plotted for a tidal range of 1.0-2.0 m, and a wave height of 0.6
m, at -5.0, -0.5, +0.0, and +0.5 m, on figure 3.9.

In deep water, at -5.0 m, the velocity and sediment transport profiles are all symmetrical.
Sediment transport follows the flow velocity, however delayed by 30 minutes.

At -0.5 m, the tide is not symmetrical anymore. Ebb holds on for longer, creating ebb
dominance. However, the flow reversal is flood favoured, shown by the skewness of the flow
velocity profile. This creates flood dominance. By looking at the sediment transport, it is seen
that the overall system is flood dominant. More sediment is transported towards the intertidal
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due to the flood dominance. A convex coast is able to transport more sediment than a concave
coast, which can be attributed to larger slack water asymmetry for a convex than a linear and
concave coast. The duration of flow reversal is equal, but the flow velocity differences between
the convex coast are larger than the concave coasts.

At MSL, the asymmetry change is the as seen at -0.5 m. The tidal duration increases in ebb
dominance, but slack water asymmetry also increases. Slack water asymmetry increase can be
seen in the increase in skewness. The net result is a stronger flood dominance.

For +0.5 m, the same holds true as at MSL. Ebb duration is longer than flood duration, and
skewness again increases.

Figure 3.9: Tidal asymmetry for concave, linear and convex profiles, during spring tide without
mangroves present. Tidal range of 1.0-2.0 m, significant wave height of 0.6 m. Shown at depths
of -5.0 m (outer left), -0.5 m (middle left), +0.0 m (middle right), and +0.5 m (outer right).

Summary of the system behaviour without mangroves

In short, the tide is able to transport sediment, but does not pick it up. Waves pick up sediment,
which the tide then transports. Depending on the coastal shape, flow velocities towards the
intertidal change, which result in varying sedimentation rates.

3.3 Impact of mangroves

Mangroves add roughness to the water column, with their roots and stems. Over the entire
domain, results are similar to when waves are present, but in the intertidal, the influence of
mangroves is visible. Their influence can be seen on figure 3.10, from x-coordinates 3,000-
6,200 m. The water level contains a gradient, and flow velocities as well as bed shear stresses
are changed.

Due to the added roughness, water cannot flow freely in and out of the mangrove forest.
This reduces flow velocities, and induces a water level gradient. The water level gradient causes
acceleration and deceleration of the water, which influences tidal asymmetry. Furthermore, the
mangroves cause a variation in sedimentation. This is shown on figure 3.11.
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Figure 3.10: Cross-shore overview of mangrove run during spring tide on convex profile. Tidal
range of 1.0-2.0 m, significant wave height of 0.6 m.

The impact of mangroves on net sediment transport depends on the hydrodynamic condi-
tions coast. For a large tide on a convex coast, more sediment is transported above MSL with
mangroves than without. However, on the same coast with a medium tide, the impact of man-
groves is negative. Then, less sediment is imported, compared to a coast without mangroves.
The net import rates of the various combinations is shown on figure 3.11. Differences in sedi-
mentation are caused by variations in tidal asymmetry and in bed shear stresses. Variations in
bed shear stresses within the forest depend on the length the flow travels through a mangrove,
as shown in table 3.4.

Figure 3.11: Net transport of sediment above MSL during one spring-neap tidal cycle for three
bottom profiles, with mangroves included. Hs/R is the ratio of significant wave height over
tidal range.

Tidal asymmetry with mangroves

The tidal asymmetry has been plotted for a tidal range of 1.0-2.0 m, and a wave height of 0.6
m, at -5.0, -0.5, +0.0, and +0.5 m, on figure 3.12.
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In deep water, at -5.0 m, there are no changes compared to waves. The signals are symmet-
rical, with a delay of 30 minutes for the sediment transport.

In the intertidal at -0.5 m, the influence of mangroves becomes visible. The ebb duration
is longer than the flood duration, creating ebb dominance. Furthermore, the peak velocity also
becomes ebb dominant: the peak ebb velocity is larger than the peak flood velocity. This
peak ebb velocity asymmetry is caused by the outflow acceleration, due to the water level
gradient. Slack water asymmetry increases, compared to the no-mangrove situation. The latter
asymmetry dominates. The total system is flood dominant, causing a net import in the system.

At MSL, the same asymmetries are observed. A peak, ebb dominant, flow velocity asym-
metry is present. The tidal duration is also ebb dominant. Slack water is flood dominant.
However, the asymmetry has increased. Slack water is dominant over the asymmetries, creat-
ing a net importing, flood dominant system. The impact of mangroves is clearly visible, when
compared to the no mangrove situation. Maximum flood velocities have reduced, due to the
increased roughness in the water column. Maximum ebb velocities increase, due to the water
level gradient.

In the mangrove, at +0.5 m, no export occurs, whereas import is seen. The mangroves
hinder flow: during flood the flow velocity of 0.1 m/s, rather than 0.15 m/s. Asymmetries
are enhanced by the mangrove, peak velocity and duration asymmetries have become more
ebb dominant. Slack water has increased in its flood dominance. The system remains flood
dominant.

Similarly to the situation with no mangroves, the system is flood dominant. It imports more
sediment than it exports.

Figure 3.12: Tidal asymmetry for concave, linear and convex profiles, during spring tide with
mangroves present. Tidal range of 1.0-2.0 m, Hs of 0.6 m. Shown at depths of -5.0 m (outer
left), -0.5 m (middle left), +0.0 m (middle right), and +0.5 m (outer right).

Bed shear stresses in the mangrove

Bed shear stresses above MSL change for the situation with and without mangroves, causing
a variation in sedimentation within the mangrove area. Similarly as for the situation with-
out mangroves, tidal asymmetry is the main driver for differences in net sediment transport.
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However, the tidal asymmetry does not explain the differences in sedimentation between tidal
ranges. The bed shear stresses in the mangrove forest are influenced by the vegetation, and
depend on the distance the flow travels through the forest and the flow velocities. Dependent
on the bottom profile and tidal range, the length of the flow through the mangrove varies. The
lengths of the flow through the mangrove, during spring tide, has been shown in table 3.4.

Table 3.4: Length of the flow through the mangrove during spring tide

Tidal range
Bottom profile

0.4-0.6 m 0.8-1.5 m 1.0-2.0 m
Concave 200 m 490 m 645 m
Linear 300 m 750 m 1000 m
Convex 365 m 960 m 1310 m

The influence of vegetation on the bed shear stresses is plotted of figure 3.13. For a flow
that travels a small distance through vegetation, during the tidal range of 0.4-0.6 m, bed shear
stresses are almost equal between runs with and without mangroves. The mangrove has not yet
influenced the flow. However, the differences can be seen at tidal ranges of 0.8-1.5 and 1.0-2.0
m. For 0.8-1.5 m, bed shear stresses are reduced. Due to the slowing of the flood, bed shear
stresses hold on for longer. This can be seen as more non-zero lines being plotted in the middle
bottom panel, compared to the middle upper panel of figure 3.13. If a tidal range of 1.0-2.0 m,
is present, the same behaviour holds observed. Bed shear stresses are reduced, albeit a stronger
reduction, and hold on for longer.

Figure 3.13: Cross-shore comparison of bed shear stresses in the intertidal for runs with (bottom
panels) and without mangroves (upper panels), on a convex coast with tidal ranges of 0.4-0.6
m (left panels), 0.8-1.5 m (middle panels), and 1.0-2.0 m (right panels) during spring tide.

The outflow acceleration reduces sedimentation on the intertidal, shown on figure 3.14,
compared to a coast without mangroves. For the convex coast, which has a longer distance
of flow through the mangrove, the difference is largest. This results in a larger decrease in
intertidal sedimentation. For the concave coast, the outflow acceleration is not as strong. The
negative flow velocity is smaller compared to that of the convex coast. This explains the smaller
differences between intertidal sedimentation for concave coasts with and without mangroves.
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Figure 3.14: Net transport of sediment above LAT, during one spring-neap tidal cycle for three
bottom profiles scenarios, mangroves included. Hs/R is the ratio of significant wave height over
tidal range.

Summary of the system behaviour with mangroves

Summarising, dependent on the tidal range, mangroves change the behaviour of the coast.
The added roughness caused by mangroves increases ebb velocities at MSL and reduces flood
velocities above MSL. For small tidal ranges, the mangroves do not impact the behaviour.
However, for large tidal ranges, mangroves can either have a negative or positive impact on the
net sedimentation, compared to a coast without mangroves. This depends on the distance the
flow travels through the mangrove, which depends on the tidal ranges. For a longer distance
the effect is positive, whereas it is negative for a shorter distance.

3.4 Impact of sea level rise
Sea level rise increases water depths, thereby changing the coast’s behaviour. Due to the in-
creased water depths, the influence of the bottom on the water is reduced. This can be seen in
a reduction in bed shear stresses, as shown on figure 3.15. Furthermore, sedimentation rates
increase.

Sedimentation rates increase due to SLR. This is visible on figure 3.16. The sediment
boundary condition is applied as a concentration in kg/m3. An increase in sea level increases
the volume of water. Therefore, the amount of sediment that enters the model also increases.
However, it can be seen that the change in net sedimentation differs for varying tidal ranges
and rates of SLR. For example, for a medium tidal range and small waves, the increase in net
sedimentation is smaller than for a large tidal range. This can be attributed to changes in the
tidal asymmetry, which are explained below.

Another change caused by SLR is the reduction in maximum bed shear stresses, due to
increased water depths. For no-SLR, critical bed shear stresses are not exceeded on the offshore
boundary of the model for waves with Hs = 0.3 m. This effect increases with SLR rates,
resulting in an increase in import, as shown on figure 3.17. The export, or negative transport,
of waves with Hs = 0.3 m is smaller than waves with Hs = 0.6 m, whereas the import is equal.
This explains the increasing difference between the net import for smaller waves of 0.3 m and
larger waves of 0.6 m and 1.0 m, seen on figure 3.16.
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Figure 3.15: Cross-shore overview of 0.4 m SLR run during spring tide on convex profile. Tidal
range of 1.0-2.0 m, significant wave height of 0.6 m.

Figure 3.16: Net transport of sediment into the mangrove during one spring-neap tidal cycle on
a convex profile, with mangroves, at a bed level of 0.0 m. Three SLR rates, 0.2 m left, 0.4 m
middle, 0.6 m right. Hs/R is the ratio of significant wave height over tidal range.

Figure 3.17: Variations in sediment transport on offshore boundary due to varying wave heights,
for a convex profile with a tidal range of 0.8-1.5 m and SLR of 0.2 (left), 0.4 (middle), and 0.6
m (right). Arbitrary moment in time.
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Increasing SLR rates lead to higher sedimentation rates, but not to a change in sediment
distribution. The distribution of sediment in the mangrove does not change, as shown on figure
3.18. Most sediment ends up at the seaward edge of the forest, while at the landward side less
sedimentation is observed.

Figure 3.18: Cross-shore overview of net sediment transport into the mangrove forest during
one spring-neap tidal cycle, for varying SLR rates. Convex profile, tidal range 0.8-1.5 m and
Hs = 0.6 m.

Tidal asymmetry with sea level rise

The tidal asymmetry has been plotted for a tidal range of 1.0-2.0 m, and a wave height of 0.6 m,
at -5.0, -0.5, +0.0, and +0.5 m, on figure 3.19. This allows for comparison of the three different
SLR scenarios on the convex coast.

It can be seen that on the deep end, no change in flow velocity is present, and the signal
remains symmetrical. The water depth has increased, thus the bed has less influence on the
flow. Therefore, this is to be expected. The amount of sediment transported has increased, due
to the boundary condition being applied as kg/m3. The sediment transport remains delayed.

At -0.5 m, the asymmetry changes. Slack water asymmetry remains dominant. For increas-
ing SLR rates, the slack water asymmetry increases. The flow velocity gradient increases per
rate of SLR, when going from ebb to flood. It decreases from flood to ebb. The ebb duration
and peak ebb flow velocity asymmetry both increase, compared to no SLR. With increasing
SLR, the peak ebb velocity increases and is delayed. The system remains flood dominant,
transporting more sediment towards the shore than offshore.

At MSL, tidal asymmetry again changes with varying rates of SLR. The ebb duration in-
creases with increasing SLR, as well as the peak in flow ebb flow velocity. Slack asymmetry
also increases. More export is observed, however import also increases. For all rates of SLR
the flow remains flood dominant.

At +0.5 m, flood dominance prevails. The flood slack duration decreases with increasing
SLR rates, thereby increasing the slack water asymmetry. However, the ebb duration also
increased. The slack water asymmetry is dominant over the longer ebb duration, which is
seen in the sediment transport. thus the system remains flood dominant. Almost no export is
observed.
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The enhancement of tidal asymmetries for increasing rates of SLR can be attributed to
the larger distance the flow flows through the mangrove forest. The effect of the mangrove
increases, as more flow experiences resistance.

Figure 3.19: Tidal asymmetry for 0.2, 0.4 and 0.6 m SLR, during spring tide with mangroves
present. Tidal range of 1.0-2.0 m, significant wave height of 0.6 m. Shown at depths of -5.0 m
(outer left), -0.5 m (middle left), +0.0 m (middle right), and +0.5 m (outer right).

Summary of the system behaviour with sea level rise

Concluding, SLR changes how much the flow feels the bottom, and increases sedimentation
rates. Tidal asymmetries are increased due SLR: slack water increases in flood dominance, but
both peak flow and duration asymmetry increase in their ebb dominance. Sea level rise does
not change the spatial sediment distribution across the mangrove.

3.5 Summary of results
Using this process analysis, a generic understanding of the abiotic processes on a mangrove
coast is obtained. The tide is able to transport sediment, but does not pick it up. Sediment
pick-up is caused by waves, after which the sediment can be transported by the tide. Depend-
ing on the coastal shape, flow velocities towards the intertidal change, which result in varying
sediment transport rates. These varying transport rates are caused by changes in tidal asym-
metry. Mangroves increase roughness in the water column. Dependent on the length of the
flow through the mangroves, this effect causes either a net increase or decrease in sedimenta-
tion. Sea level rise increases water levels, which reduces the bottom influence on the waves and
therefore reduces bed shear stresses. More water flows through mangroves, thereby increasing
tidal asymmetry.
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Chapter 4

Analysis of results

Using the knowledge obtained in chapter 3, the results are analysed. An overview of interac-
tions discovered is presented in section 4.1. Then, tipping points are identified in section 4.2.
Section 4.3 discusses the model results and behaviour. Lastly, section 4.4 presents a conceptual
model of mangrove coasts.

4.1 Overview of processes
On figure 4.1, the interactions discovered in chapter 3 are presented. The arrows showing
interactions are numbered. Then, the numbers are listed, which explain the effect that the
processes have on each other.

Figure 4.1: Interactions overview map
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1. Bottom profile - Waves: The bottom profile influences where the largest part of wave
reduction occurs. Dependent on the slope and depth, it influences over which distance
waves do not ‘feel’ the bottom, which enables a larger difference in import between
smaller and medium wave heights. In reality, when waves do not influence the bed, no
changes in bed level would be observed.

2. Bottom profile - Tide: The bottom profile influences tidal velocities by variations in the
bottom slope. A milder slope increases flow velocities, whereas a steeper slope reduces
them. This also influences tidal asymmetry, by increasing slack water asymmetry. In
this manner, the slope indirectly influences sediment transport. Furthermore, if the slope
becomes milder/steeper in the cross-shore direction, the flow velocities increase/decrease
accordingly. This enhances tidal asymmetry.

3. Bottom profile - Mangroves: The bed slope, thus the bottom profile, influences how
much mangrove forest prevails above MSL. As mangroves habit the intertidal above
MSL, a flatter slope in the intertidal results in a larger mangrove habitat.

4. Tide - Waves: The tide influences water levels, which influences where and how much
the waves feel the bottom. A small tidal range results in a more consistent location of
the bed shear stresses, whereas a large tidal range increases the variability of bed shear
stresses. Furthermore, waves come closer to the mangrove with a larger tide.

5. Tide - Sediment transport: The tide is the main transporter of sediment. A larger tidal
range causes more sedimentation, whereas a smaller tidal range results in less sedimen-
tation. This can be attributed to flow velocities. Larger flow velocities, caused by both an
increase in tidal range and a flatter bed slope, increase sediment transport. Furthermore, a
larger tidal range allows for sediment to intrude further into the mangrove. The tide itself
does not influence tidal asymmetry, this is caused by the bed and mangroves. Enhanced
flood dominant tidal asymmetry increases sedimentation.

6. Waves - Sediment transport: Waves pick up sediment, by causing maximum bed shear
stresses in excess of the critical bed shear stress. Furthermore, waves keep sediment in
suspension by exceeding the critical bed shear stress.

7. Mangroves - Waves: Mangroves allow for less wave intrusion on the intertidal. This
results in lower bed shear stresses on the intertidal. Added roughness in the water col-
umn due to vegetation and lower bed shear stresses on the intertidal, results in different
behaviour.

8. Mangroves - Tide: Mangroves hinder tidal flows by adding roughness to the water col-
umn. This induces a water level gradient, resulting in acceleration and deceleration of
the water in and out of the mangrove. Depending on the distance of the flow through the
forest, the acceleration increase or reduces. The accelerating water influences the tidal
asymmetry, thus tidal behaviour.

9. Mangroves - Sediment transport: Mangroves influence the sediment transport by al-
tering tidal asymmetry. Due to the acceleration of water out of the forest, the impact
of mangroves on intertidal sedimentation is negative. Within the upper intertidal, above
MSL, the impact of mangroves can either be zero, negative or positive. This depends on
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the distance the flow travels through the mangrove, which alters bed shear stresses. If the
flow is sufficiently long through the forest, mangroves provide a ‘sheltered area’ in which
sediment can settle more easily, compared to a coast without mangroves. However, for
flows that travel a shorter distance through the forest, bed shear stresses are not reduced,
but they do hold on for a longer duration.

10. SLR - Waves: Sea level rise causes waves to have less influence on the bottom. If the
wave height does not cause suspension of sediment all the time, as is the case with waves
of 0.3 m, this results in more net import in the system in these simulations. This is due
to the fact that the settled sediment is re-suspended, and then transported towards the
mangrove. Another effect SLR has on the waves is that it shifts the area in which they
influence the bed further landwards.

11. SLR - Sediment transport: Sea level rise influences sediment transport in two manners.
Firstly, due to the sediment boundary condition - applied as kg/m3 - more sediment enters
the model. This is because a larger volume of water is present on the offshore boundary.
The extra sediment finds its way towards the shore, thereby increasing sedimentation.
However, in reality however the total quantity of sediment available will most likely not
increase. Secondly, SLR influences sediment transport by varying the tidal asymmetry.
This results in slight changes in sedimentation rates.

12. SLR - Tide: SLR shifts the intertidal further into the mangrove, causing flows deeper
within the forest. This results in more flow being hindered by the mangrove vegetation,
causing variations in tidal asymmetry. The changes in tidal asymmetry are seen by an
increase in flood dominance of slack water asymmetry, as well as an increase in ebb
dominance in tidal duration asymmetry and peak ebb velocity. Two reasons are identified
for the change. The first is that, due to the assumption of a mangrove not moving with
SLR, flows through the mangrove are longer. The second reason is that increase in water
level reduces the bed’s influence on the flow.

13. Sediment transport - SLR: In this model, sediment transport does not influence sea
level rise. However, in reality, increased sediment transport towards the mangrove re-
duces r-SLR.

14. Sediment transport - Mangroves: This interaction is not included in the model, but
should be stated for completeness. Mangroves require sediment transport to exist, as
they require surface level elevation.

4.2 Tipping points
Having identified the cross-shore behaviour of mangrove coasts, tipping points can be iden-
tified. Tipping points are certain values for which an exceedance of that value changes the
behaviour significantly (Van Nes et al., 2016). Tipping points should therefore be sought for
values for which the regular behaviour does not hold true anymore. The tipping points will
be investigated by comparing the observed characteristics, such as flow velocities, bed shear
stresses and sedimentation rates between coasts. First, the tipping points for the bottom pro-
file are presented. Then, the tide is discussed. Afterwards, the wave tipping point is covered.
Thirdly, the tipping points for mangroves are touched upon. Finally, sea level rise is covered.
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4.2.1 Bottom profile
The bottom profile influences the flow velocities and the sediment transport capacities on the
shore. As seen in equation 2.1, the flow velocity depends on the tidal range and the bed slope. A
gradually decreasing slope towards the coast therefore has an increasing flow velocity towards
the coast. It has been shown that a concave coast imports less sediment than a linear coast, and a
linear coast imports less sediment than a convex coast, given that they have equal hydrodynamic
conditions. The slack water duration is equal for all coasts, but with larger flow velocities are
observed, depending on the slope of the coast. This increases the dominance of the slack water,
and therefore net sedimentation.

Therefore, the tipping point identified is the gradient of the slope in cross-shore direction,
shortly denoted as dβ /dx, in which β is the bottom slope. If dβ /dx < 0, flow velocities increase
towards the shore and sedimentation increases above MSL. If dβ /dx > 0, flow velocities are
reduced and less sediment is imported. The tipping point is dβ /dx = 0, which is when the
cross-shore gradient of the bed slope goes from positive to negative.

4.2.2 Tide
The tide moves the water, resulting in flow velocities. The flow causes bed shear stresses,
as well as sediment transport. It has been shown that without waves, the tide does not pick-
up sediment. The tide only transports sediment. Two tipping points are defined, for which
behaviour changes across the coast.

Firstly, the tidal range reduces or is completely damped. This stops the flow of water,
reducing sediment available and ultimately a complete starvation of sediment. An example of
where this happened is the Oosterschelde, where tidal barriers blocked tidal flows such that
a tidal reduction took place (Nienhuis & Smaal, 1994). This tipping point is also seen in the
process analysis. With reducing tidal range, the net sediment transport reduces in the mangrove.
Thus, when the tide is damped, it does not cause any flow velocities, and therefore does not
move any sediment.

The second tipping point for this behaviour is the tidal range such that the flow velocities
cause bed shear stresses in exceedance of the critical bed shear stress, τb ≥ τcr. Then, the tide
can pick-up sediment.

In reality, a morphodynamic response is expected when either of these tipping points is
exceeded (Maan et al., 2015). If tidal ranges are small, a milder slope will most likely form. If
the tidal range is such that τb ≥ τcr, then a steeper slope of the bed will be formed. Therefore,
these are theoretical tipping points that will most likely not occur in practice.

4.2.3 Waves
Waves cause large bed shear stresses, which mobilises sediment and keeps it in suspension. The
sediment can then be transported towards the mangrove. The large bed shear stresses causes
exceedance of the critical bed shear stress of the sediment. Two tipping points are observed, for
which this behaviour changes drastically. The first is when waves are so small, the critical bed
shear stress is not exceeded anywhere. Then, sediment is not picked up at all. This behaviour
is seen in the simulations without waves. Sediment enters the model, due to the boundary
condition, but is not kept in suspension. It all settles far offshore. No sediment is transported
towards the mangrove area. The second tipping point is when the critical bed shear stress is



4.2. Tipping points 41

not exceeded on the offshore boundary during low tide, but is exceeded during flood. Sediment
settles and is not exported out of the model. The sediment is mobilised again during flood
and then transported towards the mangrove. This is observed for wave heights Hs = 0.3 m,
explaining the higher quantity of net sedimentation for smaller waves.

These tipping points explain the observed model behaviour. In reality, feedback interactions
are expected, which damps this behaviour (Maan et al., 2015). Sedimentation would take place
such that an equilibrium is found between the critical bed shear stress and the bed shear stresses
observed on the coast. Thus, it is expected that these tipping points do not occur in reality, but
are seen due to the modelling approach.

4.2.4 Mangroves

Mangroves increase roughness in the water column, thereby influencing flow velocities and
tidal asymmetry. Dependent on the length, the mangroves either have no effect, a net negative
effect, or a net positive effect on sediment import, compared to a situation without mangroves.
Therefore, two tipping points exist for mangroves, determined by the length of the flow through
the mangrove.

The first tipping point is when going from a short distance of flow through the mangrove,
to a ‘medium’ length. For small tidal ranges, mangroves have no effect on the flow, nor on the
net sedimentation in the mangrove. This is the case for a flow going through the forest for less
than 500 meters. This behaviour changes when the distance increases, up to 1,000 m. Then, the
impact of mangroves on net sedimentation is negative compared to a no mangrove situation.
This is observed for a large tidal range on a concave coast and a medium tide on a convex coast.
The bed shear stresses are slightly reduced in the forest, but they hold on for a longer period.
This causes the sediment to be kept in suspension. Less sedimentation occurs, compared to a
no-mangrove situation.

The second tipping point is when mangroves change the behaviour from a negative to a
positive effect on net sedimentation, compared to a no mangrove situation. This is the case
when flow through the mangrove is sufficiently long. This is observed when the distance of
flow through the mangrove exceeds 1,000 m. Then, bed shear stresses are reduced significantly.
This reduction results in more sedimentation within the mangrove.

The length of the flow through the forest can be reduced or increased, resulting in different
tipping point, depending on the vegetation. The mangrove influence on the flow comes from the
roughness of the vegetation. If the forest has denser or stiffer vegetation, the distances found
here will reduce. The influence of the vegetation then increases. Reversely, if the forest is less
dense or more flexible, then the distances for which the behaviour is observed increases, or it
is not observed altogether.

4.2.5 Sea level rise

Sea level rise increases water depths, and shifts the intertidal shorewards. The shift results in the
movement of the intertidal area towards the mangrove area, where more roughness is present.
The increased roughness in the intertidal enhances tidal asymmetry. Slack flood dominance
increases, but peak flow velocity and duration asymmetry increase in ebb dominance. The
result is an increase in sedimentation, for increasing rates of sea level rise.
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These findings are based on a mangrove forest that does not move with increasing mean
sea level. This is covered in section 4.3. Most importantly, no tipping point is observed for sea
level rise.

4.3 Discussion
The discussion consists of two parts. Firstly, the model results are evaluated and compared to
literature. Secondly, the model limitations are discussed.

4.3.1 Reflection on process analysis results

Hydrodynamic behaviour

The flow has been shown to be inversely proportional to the bed slope. Concave profiles have
flows decelerating towards the intertidal, whereas a convex slope has a flow accelerating to-
wards the intertidal. Within the intertidal, the flow velocities decreases. Le Hir et al. (2000)
share these observations.

Mangroves have been shown to slow down flows (Janssen-Stelder et al., 2002). This can be
seen on figures 3.9 and 3.12, on the panels at +0.0 and +0.5 m. When mangroves are absent,
flow velocities are about 30% higher than when they are present.

Bed shear stresses reduce within the mangrove forest (Etminan et al., 2018). This is caused
by the increased drag within the water column, due to the presence of vegetation. Figure 3.13
shows this. Bed shear stresses are reduced by up to 50% by mangrove vegetation.

Tidal asymmetry

Convex coasts have been shown to be importing more sediment than concave coasts. Convex
coasts have an increasing flow velocity towards the shore, which enhances slack water tidal
asymmetry. Winterwerp et al. (2013) state that convex coasts, with mangroves present, accrete
sediment. The reason why convex coasts are more importing is mainly due to the fact that
slack water asymmetry increases. This is supported by Friedrichs (2012), who states that fine
sediment is most sensitive to slack water asymmetry.

Mangroves induce ebb tidal asymmetry (Mazda et al., 1995). This comes from the friction
within the forest, and is controlled by the vegetation density. A reduction in vegetation den-
sity lowers tidal asymmetry, whereas an increase increases tidal asymmetry. Comparing the
results for a coast with and without mangroves shows similar findings. Without vegetation,
tidal asymmetry is lower than for a coast with vegetation.

It is seen that SLR results in an increase in tidal asymmetry. However, Guo et al. (2018)
argues that SLR leads to a relative reduction in tidal asymmetry. This is due to the fact that
an increase in water level results to a decline of the effect the bed has on the flow. Due to
the assumption of mangroves not moving within the model, SLR shifts the intertidal towards a
region with more roughness, thereby increasing tidal asymmetry.

The growth and decomposition of mangroves under SLR conditions, as well as SLR itself,
have unknown temporal components. The time frame of the response of mangroves on sea level
rise, e.g. the (de)composition of roots, is dependent on local conditions (Lovelock, Adame, et
al., 2015; Sidik et al., 2016). The decomposition results in a reduction of roughness, thus to
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less tidal asymmetry. Therefore, in reality, it is expected that SLR results to an increase in net
sedimentation, but less than observed in the model.

Sedimentation behaviour

It has been found that waves stir up sediment, and the tide then transports the sediment. Without
waves, no sediment is stirred up. This can be seen in the simulations without waves. If a tide
is absent, then the sediment is not transported. Extrapolating the results for different tidal
ranges shows this. This is in accordance with Winterwerp et al. (2020). They state that the tide
transports sediment that is stirred up by waves.

The distribution of sediment within the mangrove in the model simulations is similar as
found in literature (Janssen-Stelder et al., 2002; Van Santen et al., 2007). Sedimentation rates
are highest at the seaward edge of the mangrove, and lowest at the landward edge. This results
from a reduction in the current velocity within the mangrove. Furthermore, less sediment is
transport to the landward edge, as this is only flooded during spring tide.

Observed net sedimentation rates are in the order of 1.5 ton/m per spring-neap tidal cycle
for no SLR. As there are 26 spring-neap tidal cycles, this would mean a net sedimentation of
roughly 39 ton/m/year. Assuming 1.6 ton/m3 gives 24 m3/m/year of sedimentation. Roughly 50
% of the sediment ends up in the first 200 meters of the mangrove, as seen on figure 3.18. This
would mean that average sedimentation rates are 6 cm/year within the first 200 meters. This
is in line with sedimentation rates made in the dry season on a mangrove coast in Indonesia,
where rates of the order 5 cm/yr are seen (Sidik et al., 2016).

Mangrove roots have been schematised as uniformly distributed cylinders above MSL, with
a diameter of 0.01 m and a height of 0.2 m. The roots enhance tidal asymmetry because they
add roughness in the water column. Horstman, Bryan, et al. (2018) found that roots with a
uniform height underestimate sedimentation rates in a mangrove. Roots with varying heights
increase turbulence in the flow, which enhances sedimentation. In reality, roots have varying
heights. Therefore, sedimentation rates are potentially higher in practice.

Historically, sedimentation rates increase with sea level rise (Lovelock, Adame, et al., 2015;
Friess et al., 2019). This has also been found in these simulations. Net sedimentation increases
with increasing SLR rates. The increase in net sedimentation can be partially attributed towards
the increase in roughness within the intertidal. Another slight contribution to the increase in net
sedimentation is the way the sediment boundary condition is applied, namely in kg/m3. It can
be seen that the models are sediment supply limited. Sediment transport rates are equal if wave
height, thus sediment transport capacity, increases. This has also been shown in the sensitiv-
ity analysis, where a change in sediment boundary concentration is correlated 100% with net
sedimentation. With increasing SLR, i.e. an increase in the volume of water, more sediment
enters the model and more sedimentation is observed. In reality, it is expected that the sediment
available does not increase with increasing water levels. Therefore, the net sedimentation rates
with SLR are slightly overestimated due to the boundary condition.

It has been found that for increasing SLR rates, the net sedimentation within the mangrove
increases and the distribution of the sedimentation across the mangrove stays the same. For
larger sedimentation rates, it is expected that this would lead to an expansion of the intertidal
in the offshore direction. An expanding intertidal does not yet have vegetation, as this needs
to grow. Therefore, the roughness is less than within the mangrove. It is expected that the
distribution of the sedimentation does not remain the same, sedimentation will most likely
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occur on the intertidal as well. Furthermore, it is expected that on the intertidal, sedimentation
will be less than within the mangrove, due to the absence of vegetation.

4.3.2 Model limitations

Fine sediment schematisation

The fine sediment in the model has been schematised without consolidation nor flocculation.
Flocculation changes the settling velocity, due to the formation of larger sediment flocs (Winter-
werp, 2002). Consolidation changes the critical bed shear stress over time (Torfs et al., 1996).
The bed initially has a lower critical bed shear stress, which increases gradually.

Both of these properties influence net sedimentation, as seen in the sensitivity analysis in
section 2.3. (Van Maren & Winterwerp, 2013) shared these observations. They found that
a changing the critical bed shear stress, which consolidation does, and changing the settling
velocity, which flocculation does, changes the behaviour quantitatively.

It is expected that when flocculation is included, the sedimentation above MSL decreases,
but within the intertidal increases. When consolidation is included, a larger net sediment trans-
port is expected, both above MSL and within the intertidal.

Morphodynamic response

A morphostatic bed has been assumed for these simulations, which influences the model be-
haviour. As stated in section 4.2, a morphodynamic response is expected when the tipping
points of the tide and waves are exceeded. Above MSL, the critical bed shear stress is not
exceeded often, and sediment is able to deposit. That deposition would lower deposition rates,
as less water then flows towards the sedimentation location (Maan et al., 2015). Therefore, it
is expected that a morphodynamic model leads to a reduction in sedimentation above MSL as
defined in the model, and towards an expansion of the upper intertidal flat.

The absence of a morphodynamic response is expected to be the main reason the sediment
distribution for varying SLR rates does not change. When SLR increases, the net sediment
transport within the mangrove increases. However, in reality a morphodynamic feedback loop,
as described above, would limit this behaviour. An expanding intertidal mud flat is expected,
rather than a sediment distribution remaining equal.

Minimum depth for flow module

The minimum depth for the flow module causes model artefacts, seen as sudden increases in
flow velocities, at the edge of the tidal wave. They are caused by the emptying and filling of
cells. The model artefacts are rather insignificant. Their duration is short, they are present
in shallow water depths, and they occur over a small distance. The impact of these artefacts
on the results in minor. They do not hinder the understanding of the processes on mangrove
coasts. Furthermore, their impact on the net sedimentation is small, due to their insignificance.
A model without artefacts would slightly reduce net sedimentation. The artefacts increase flow
velocities, therefore they increase net sedimentation. However, the artefacts are of no issue for
this research.
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4.4 Conceptual model

In this section, a conceptual model is presented. This gives an insight in the regular behaviour
of the mangrove coasts. Furthermore, it allows for a preliminary assessment in the possible
results of a nourishment in a mangrove, without performing any calculations. The model is
shown on figure 4.2, and then explained below.

Figure 4.2: Conceptual model of mangrove coast

Three major components to sedimentation within the mangrove are identified. These, not
coincidentally, are the major components of sediment dynamics (Bosboom & Stive, 2012). The
components are sediment pick-up, sediment transport, and tidal asymmetry. Their combination
controls the total amount of sedimentation within the mangrove.

4.4.1 Sediment pick-up
Sediment pick-up is the first component of sediment dynamics. Without sediment pick-up,
no sediment would be transported towards the mangrove, as there would be an absence of
sediment. Due to model limitations, sediment pick-up did not increase with an increasing
maximum bed shear stresses. However, in reality, a larger maximum bed shear stress will
result in more sediment pick-up. This is shown in the Partheniades-Krone formula.

The two components of sediment pick-up are wave height and the bed level elevation (ζ ).
The tidal range (see section 4.2) which would cause bed shear stresses in excess of the crit-
ical bed shear stress is not considered, due to the expected morphodynamic response. The
combination of waves and ζ can cause large maximum bed shear stresses, which pick up the
sediment.
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On figure 4.2, a positive correlation between both the bed level and the wave height are
shown. This means that an increase in either wave height or ζ results in an increase in sediment
pick-up.

A positive correlation between sediment pick-up and sedimentation exists. If more sediment
is in the water, more sedimentation can occur in the mangrove, assuming no other factors are
influenced.

4.4.2 Sediment transport
Sediment transport is the second component of sediment dynamics. Sediment transport moves
sediment from location to location. Two components of sediment transport are identified on
mangrove coasts. The first is the tide, the second one is the bottom profile.

A larger tidal range causes larger an increase in flow velocities, which increases the sed-
iment transport capacity. A reduction in tidal range reduces flow velocities, which reduces
sediment transport.

A steeper bed slope reduces flow velocities, whereas a milder bed slope increases flow
velocities. A reduction/increase in flow velocities reduces/increase sediment transport.

A positive correlation between sediment transport and sedimentation exists. If more sed-
iment is transported towards the mangrove, more sedimentation can occur in the mangrove,
assuming no other factors are influenced.

4.4.3 Tidal asymmetry
Tidal asymmetry is the main driver of sediment deposition. Tidal asymmetry requires a bit
more explanation than sediment pick-up and transport, due to the different interactions the
components have. The three main components that cause and change tidal asymmetry are sea
level rise, the bottom profile, and mangroves.

Tidal asymmetry can be either flood or ebb dominant. A more asymmetric - flood dominant
- tide results in more sedimentation within the mangrove. If the tide becomes more asymmetric
in the ebb direction, sediment is exported. A more symmetric tide results in less sedimentation.
All coasts, both with and without mangroves, have shown to be flood dominant, meaning they
all import sediment.

Increasing rates of sea level rise cause enhanced tidal asymmetries. This is because the
intertidal is shifted further into the vegetation. Slack water asymmetry becomes more flood
dominant, whereas the peak flow velocity, as well as the duration asymmetry, become more
ebb dominant.

The tipping point dβ /dx influences tidal asymmetry. If dβ /dx is negative, the slope reduces
shorewards. This leads to increased flow velocities towards the shore. As the tidal signal
does not change, this increases slack water asymmetry. When dβ /dx is positive, slack water
asymmetry is reduced, compared to a negative dβ /dx. Thus, dβ /dx therefore influences tidal
asymmetry.

Depending on the length of the mangroves, tidal asymmetry is changed. Slack water asym-
metry in general increases in flood dominance. Peak flow velocity asymmetry, however, in-
creases in ebb dominance. No definitive answer exists for the mangrove influence on tidal
asymmetry, as this greatly depends on the local conditions.
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Sediment nourishment on a mangrove coast

In this chapter, designs for a sediment nourishment on a mangrove coast are made and evalu-
ated, to find design considerations.

First, the model set-up is covered in section 5.1. Then, considerations for the constructabil-
ity of nourishments are given in section 5.2. Section 5.3 discusses several nourishment designs.
Results are presented afterwards in 5.4. Then, in section 5.5, the different designs are evaluated.
Finally, in section 5.6, design considerations for a sediment nourishment are presented.

5.1 Sediment nourishment model set-up

The model used for the sediment nourishment is largely the same as for the process analysis,
presented in chapter 2. Three changes are applied to the model. The first change is that bed
level updates are enabled. Enabling these updates allows for an insight in the erosion of the
nourishment. The second change is that an erodible sediment layer is applied to the model, with
a uniform thickness of 10 cm. This layer is required to find where erosion takes place across
the coast. The third and final change to the model is a change in the erosion coefficient M. In
the process analysis, it was set at 0.01 kg/m2/s. However, this results in unstable model runs
when used with an erodible layer, as shown in appendix C. In the process analysis, using 0.01
kg/m2/s did not lead to instabilities. This is due to the fact that erosion rates are significantly
lower, due to the absence of an erodible layer. However, with the erodible layer, 0.01 kg/m2/s
causes high erosion rates, and therefore instabilities. Thus, it is lowered and set at 5 · 10−5

kg/m2/s (Maan et al., 2015).
It has been shown that a concave coast is able to import less sediment than a convex coast,

with equal concentrations entering the coast. Thus, applying a sediment nourishment to in-
crease sedimentation is most relevant for a concave coast. The nourishments are therefore
evaluated on a concave coast.

The tidal range used for the simulation is 0.8-1.5 m, and the waves have a significant wave
height of 0.6 m. Mangroves are present above MSL. The combination of tide and wave is
chosen as it has been shown in chapter 3 that this results in almost equal, but very slightly less
sedimentation with mangroves present. Therefore, this is a relevant combination to enhance
sedimentation.

The simulations are performed without SLR. There are two reasons for running the simu-
lations without SLR. The first reason is that there are no tipping points observed for SLR in
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the hydrodynamics. Thus, there will not be a point for which behaviour changes drastically.
The second is that SLR causes increased sedimentation rates, as shown in chapter 3. However,
exact rates cannot be quantified using a theoretical model. Therefore, running simulations with
SLR does not result in more useful knowledge.

The model output, which is used for the analysis of the results, is similar to the process
analysis. This is defined in subsection 2.1.7. The only difference is that the tidal asymmetry is
evaluated at -3.0 m, rather than +0.5 m, because the nourishments are present until that depth.

Using these settings, a model is obtained that gives insight in the evolution of the sediment
nourishment under regular conditions.

5.2 Constructability of nourishments

A sediment nourishment can be used in two manners: to increase sediment availability, or to
change the bottom profile of the coast for a longer duration (Laboyrie et al., 2018). Increasing
the sediment availability requires the disposal of sediment with similar properties as found on
the coast. To change the bottom profile on a longer timescale, sediment with a higher critical
bed shear stress than found on the coast is required. The former can result in increased sed-
imentation by increasing sediment transport rates due to increased mobilisation, whereas the
latter can increase net sediment transport by changing flow velocity profiles and tidal asymme-
try. The tipping point, as found in section 4.2, of the onshore direction cross-shore gradient of
the bed slope dβ /dx, can be influenced by changing the bottom profile.

The two types of dredgers regularly used to nourish coasts are a cutter suction dredger
(CSD) and a trailing suction hopper dredger (TSHD) (Laboyrie et al., 2018). The differences
lay in the way the sediment is dislodged, how the sediment is transported, and where sediment
is stored temporally. For this purpose, the latter two aspects of the dredgers are interesting. The
different vessels have different disposal methods.

A CSD has no way of storing sediment on board. Therefore, all dredged sediment is either
pumped directly into a barge, or pumped through a pipeline to the disposal location (Laboyrie
et al., 2018). The placement of the sediment is therefore limited by the draught and capacity of
the barges, or by the length and location of the pipeline.

A TSHD can store sediment in its hopper. It can empty its hopper in three ways: rainbow-
ing, pumping through pipes, and dumping through its bottom doors (Laboyrie et al., 2018).
Pumping sediment through pipes requires the construction of the pipes, and requires fuel to run
the pumps. This method is most expensive, but it can place sediment further onshore on shal-
low coasts. Rainbowing does not use pipes, but uses the pumps to dislodge sediment through
a nozzle. It can place the sediment less far onshore, compared to pumping through pipes, due
to draught limitations of vessels (IADC, 2014). Dumping through the doors is the cheapest
option, as gravity is used to move the sediment, however this requires increased water depths.
Depths are limited on mangrove coasts and the loaded maximum draught of small TSHDs is in
the order of 5 meters (IADC, 2014). This further limits the nourishment designs.

The exact considerations vary per type of vessel and project. However, both a CSD and a
TSHD are suitable for creating a sediment nourishment on a mangrove coast.

Various disposal strategies to increase sediment availability exist. All sediment can be
placed at once, such as the Zandmotor (Huisman et al., 2021). Cross-shore flow velocities can
then be influenced, changing the hydrodynamic behaviour of the coast, and a large quantity
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of sediment is available. Another possibility is to perform sediment suppletions over a longer
period of time, such as the Mud Motor (Baptist et al., 2019). Sediment availability increases
over a longer period, but the hydrodynamics do not change. This requires a sediment importing
system within the intertidal. It has been shown that the coasts investigated all are importing,
meaning that this can be a viable strategy.

Considering the purpose of this research, which is to investigate the design considerations
for a sediment nourishment, several nourishment designs are tested. This allows for an investi-
gation of the obtained result versus the effort, i.e. the location, quantities, required to nourish
the coast. The construction of the nourishment is not considered, as that lays out of the scope
of this research. The constructability of the sediment nourishment is considered.

5.3 Sediment nourishment designs
Sediment nourishments can not only increase sediment availability, but they can also change
the hydrodynamics on the coast. The latter can result in a non-linear effect in the sediment
transport, thus in the sedimentation within the mangrove. The non-linear effect being that the
sediment is not only used to increase sediment availability, but that it also achieves increased
sedimentation, by changing hydrodynamic conditions.

For this research, it is assumed that the sediment used for the nourishment has the same
properties as that found on the coast. This means that the nourishment is used to increase
sediment availability. However, it might also be possible that hydrodynamics are changed tem-
porally, thereby increasing the sediment transport capacity. To investigate if a nourishment,
using the same fine sediment as found on the coast, can change the hydrodynamics requires in-
vestigation. Furthermore, the location of the nourishment might influence the obtained results.
To find the design considerations, several designs are simulated.

Figure 5.1: Four sediment nourishment designs. Top left: ‘Pile of sediment’, top right: ‘Plateau
of sediment’, bottom left: ‘Following bottom profile’, bottom right: ‘dβ /dx < 0’.

Four nourishment designs are presented on figure 5.1. The designs have been made for
depths between -6 and -3 m. The maximum depth of -6 m has been chosen considering the
coastal active profile. -3 m is considered to be the limit for constructability, due to the loaded
draught of dredging vessels (IADC, 2014).
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1. Pile of sediment: A pile of sediment is added to the mangrove coast, which lays between
-6 m and -5 m, and goes up to -3 m. It is easiest to construct. The total volume of this
nourishment is 1547 m3/m

2. Plateau of sediment: A plateau of sediment is created, which from -5 m goes sharply to
-3 m, and the remains on this height. The total volume is 5847 m3/m

3. Following bottom profile: A nourishment that follows the contours of the bottom, but
increases bed level with 0.7 m. This is done until a height of 3 m is reached. The required
volume for this nourishment is 2624 m3/m.

4. dβ /dx < 0: A convex ‘sub-profile’ is created on the concave coast. This is done starting
at -5.5 m, and goes up to -3 m. The required volume is 3692 m3/m

The designs have been made by varying in obtained bed slope, depth, and location. The varia-
tions allows for an evaluation of the design considerations for a sediment nourishment. These
four designs, and a baseline model without a nourishment, are tested and compared on the
sedimentation rates within the mangrove area.

5.4 Results of sediment nourishments

The different nourishment designs lead to varying rates of sedimentation within the mangrove
forest. These sedimentation rates are presented in table 5.1. Appendix C presents the cross-
shore behaviour of the various sediment nourishment strategies. Designs 2 and 4 lead to the
most sedimentation in the mangrove. Design 1 leads to less sedimentation in the mangroves,
compared to having no nourishment.

Table 5.1: Sedimentation rates at +0.0 m and +0.2 m for the different nourishment designs

Sed. at 0.0 m ∆i−0 at +0.0 m Sed. at 0.2 m ∆i−0 at + 0.2 m
0. No nourishment 13.6 cm - 7.4 cm -
1. Pile of sediment 13.5 cm - 0.1 cm 7.3 cm - 0.1 cm

2. Plateau of sediment 13.9 cm + 0.3 cm 7.5 cm + 0.1 cm
3. Following bottom 13.7 cm + 0.1 cm 7.4 cm 0.0 cm

4. dβ /dx 13.9 cm + 0.3 cm 7.5 cm +0.1 cm

The different designs cause different erosion volumes between -6 m and -3 m, as well as
accretion volumes above MSL, see table 5.2. The erodible layer of sediment has not been
eroded completely anywhere. It can be seen that largest eroded volume is for design 2, and the
smallest eroded volume is design 0. Design 1 has more erosion than design 0, but this does not
result in an increase in sedimentation within the mangrove.

The different sedimentation rates do not cause variations in shape of sedimentation, see
figure 5.2. All sediment is distributed in a similar manner, with more sediment ending up at
the edge of the mangrove than within the forest. Larger sedimentation rates at the edge of
the forest also translate to larger sedimentation within the mangrove. The difference in sedi-
mentation is caused by the variations in hydrodynamics, due to the nourishments. Figure 5.3
shows the maximum bed shear stresses and maximum sediment fluxes in cross-shore direction.
The differences in maximum bed shear stress explain the differences in eroded volume of the
nourishment. The Partheniades-Krone formula calculates erosion rates by comparing τ and τcr.
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Table 5.2: Erosion of nourishment and accretion in mangrove for the different nourishment
designs

Erosion of
nourishment (m3)

∆i−0
Accretion in
mangrove (m3)

∆i−0

0. No nourishment 226 - 21.9 -
1. Pile of sediment 236 + 10 21.6 - 0.3

2. Plateau of sediment 298 + 72 22.3 + 0.4
3. Following bottom 267 + 41 21.9 + 0.1

4. dβ /dx 286 + 60 22.1 + 0.2

Figure 5.2: Cross-shore overview of sedimentation within the mangrove area after one spring-
neap tidal cycle, varying nourishment designs. Tidal range 0.8-1.5 m, Hs of 0.6 m.

Larger bed shear stresses cause larger erosion rates. Design 2 has the largest bed shear stresses
in the cross-shore direction, explaining why that design has the largest eroded volume. Design
1, pile of sediment, has a peak in the bed shear stresses, explaining why the erosion is larger
than design 0. Design 1 leads to less sedimentation than no measure, because the bed shear
stress envelope and the sediment transport rates (see figure 5.4) are smaller for design 1.

The different maximum sediment fluxes explain the differences in sedimentation in the
mangrove. It can be seen that the maximum sediment fluxes for designs with higher bed levels
are larger than those with a lower bed level.

Figure 5.3: Cross-shore maximum bed shear stress and sediment transport envelope for varying
nourishment designs. Tidal range 0.8-1.5 m, signifcant wave height 0.6 m.
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Tidal asymmetry for sediment nourishments

To investigate if the tipping point of dβ /dx has been influenced, the tidal asymmetry across the
coast is looked into. This has been shown on figure 5.4.

At -5.0 m, flow velocities vary significantly between the varying nourishment designs. For
each nourishment design, the flow velocity is the equal and symmetrical. On the contrary, sedi-
ment transport is asymmetrical and ebb dominant for all designs. More sediment is transported
in offshore direction than in onshore direction.

At -3.0 m, all flow velocities have the same values, and are all symmetrical. Flow velocities
have not increased compared to the -5.0 m values. Designs 2 and 4 have highest onshore
sediment transport rates. Design 3 transports slightly less, and designs 1 and 0 transport the
least amount of sediment. For all designs, more is transported onshore than offshore.

At -0.5 m, the flow velocity profiles again are equal for all designs, but now have become
asymmetrical. Again, flow velocities have not increased compared to -3.0 m and -5.0 m. Slack
asymmetry appears, the flood flow reversal is faster than the ebb flow reversal. The duration of
the tides is similar, and flow velocities are equal. This results in a flood dominance at -0.5 m,
which also shows in the sediment transport. The nourishment design influences the quantity of
sediment transport, but for all designs it holds true that more is transported towards than away
from the shore.

At +0.0 m, again, for all designs the flow velocities are equal, but the sediment transport is
not. Tidal asymmetries have changed. Flood reversal is quicker than ebb reversal. Ebb duration
is longer than the flood duration, and peak velocities are larger for ebb than for flood. Even
though the latter two asymmetries are ebb dominant, the system is flood dominant. This shows
in the sediment transport, which transports more above MSL than away from MSL.

Figure 5.4: Tidal asymmetry for different nourishment designs, during spring tide with man-
groves present. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m. Shown at depths of
-5.0 m (outer left), -3.0 m (middle left), -0.5 m (middle right), and +0.0 m (outer right)
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Summary of sediment nourishment results

Using a nourishment can, but does necessarily have to, result in more sedimentation within
the mangrove. The tidal asymmetry has not been influenced within the intertidal, nor has the
tipping point of dβ /dx been exceeded by any of the nourishment designs. The flow velocities do
not increase towards the shore. Sediment is transported towards the mangrove due to increased
sediment pick-up rates. The increased pick-up is caused by higher wave influence on the bed,
due to increased bed levels.

5.5 Evaluation of nourishment designs

In this section, the nourishment model and results will be evaluated. First, the model used is
reflected upon. Then, the resulted are analysed. Finally, ecological considerations of nourishing
a mangrove coast are discussed.

5.5.1 Reflection on sediment nourishment model

The reflection points for the sediment nourishment model are largely the same as for the process
analysis, as discussed in chapter 4. This is because the model has not been changed a lot.
The fine sediment behaviour remains schematised and the ecology still is fixed. However, an
erodible layer on the bed is now present, as well as bed level updates. The impact of these
changes is shortly presented here.

The fine sediment schematisation, without consolidation or flocculation, impacts the be-
haviour of sediment nourishments. When a fine sediment nourishment is applied, the critical
bed shear stress first is in the order of 0.03 Pa (Torfs et al., 1996). This means not all sediment
will be able to settle, but will be transported instantly, towards a location with lower bed shear
stresses. Those lower bed shear stresses are found within the mangrove, meaning that sedi-
ment can settle there. Therefore, sedimentation rates within the mangrove may be higher than
observed.

The mangroves within the model remain static, at the original bed level of MSL, without
any growth when sedimentation occurs. This limits the behaviour of the model in two ways.
First, when the upper intertidal mudflat expands offshore, i.e. the bed level of +0.0 m moves
seawards, mangroves do not colonise the area. Furthermore, when sedimentation occurs within
the mangrove, the roots do not grow with the sedimentation. This means that with sedimen-
tation rates of 13 cm at the edge of the mangrove, 7 cm of roots remain above the sediment.
Both of these limitations reduce tidal asymmetry. As seen in the results of the process analysis,
chapter 3, a quantification of a positive or negative effect of this reduction is impossible.

The erodible layer, which has now been included in the model, has not been eroded com-
plete anywhere in the model after a model simulation. This means that the observed behaviour
has not been limited by sediment availability on the bed.

Bed level updates have now been included in the model. The bottom profile still is a non-
equilibrium profile, which means that the hydrodynamic forcing does not result in the exact
bottom profile, resulting in changing bed levels. However, with different nourishment designs,
the erosion and accretion of sediment changes across the coast. This gives insight in the be-
haviour of the coast with varying nourishment designs.
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The model has given insight in the behaviour of varying sediment nourishment designs.
Observations of the behaviour are in line with the results of the process analysis. Even though
some model limitations are present, the insight in the effect of the varying designs has been
obtained, which is the purpose of this research.

5.5.2 Interpretation of sediment nourishment results
A nourishment can cause, albeit not a lot, more sedimentation within the mangrove. Depend-
ing on the design of the nourishment, varying rates of sedimentation are obtained within the
mangrove. Sedimentation has been shown to positively influence mangrove growth (Horstman,
Lundquist, et al., 2018). As nourishments cause an increase in sedimentation, they can be used
as a method to rehabilitate mangroves. However, there are some observations that require con-
sideration, before using a nourishment for mangrove rehabilitation. These will be discussed
here.

The tested nourishment designs does not influence the tidal asymmetry within the intertidal,
nor does it exceed the tipping point of dβ /dx across the coast. This can be seen on figure 5.4,
by looking at the variations in flow velocities. For -5.0 m, differences are observed. How-
ever, these differences are not seen further onshore on the coast. For depths < 3.0 m, the flow
velocity signals have become equal. Tidal asymmetry should be influenced within the inter-
tidal, where sedimentation occurs, to change net sedimentation rates. Sediment transport rates
vary per nourishment design. Due to the absence of a variation in flow velocities and tidal
asymmetry, the varying sediment transport rates come from the variations in bed shear stresses
depending on the nourishment design. A non-linear effect in the sedimentation, by a change in
hydrodynamic behaviour, has not been obtained by any of the designs.

The nourishment causes increased sedimentation rates by increasing bed levels, which re-
sult in more sediment mobilisation due to increased bed shear stresses. The increased bed shear
stresses can be seen on figure 5.3. The envelope with the smallest maximum bed shear stresses
is for ‘no nourishment’. Envelopes with nourishments contain larger bed shear stresses. In-
creased bed shear stresses translate to larger sediment pick-up rates, as found in the Partheniades-
Krone formula. These observations are made for designs 2, 3, and 4, compared to design 0.
Design 1 causes an increase in bed shear stress in the offshore, but this does not result in an
increase in the sediment transport.

The location of the sediment nourishment influences the obtained sedimentation rates. This
observation is seen for design 1, a pile of sediment placed offshore. Onshore sediment transport
is seen from the x-coordinates 2000 m and further onshore in the model. Farther offshore,
sediment is transported away from the coast, rather than towards the coast. Increasing bed
levels moves the point for which the sediment is transported onshore more offshore, however a
significant portion is exported, as can be seen from table 5.2. Design 1 is placed offshore, close
to the boundary. Design 2, for example, stretches further onshore and influences the sediment
transport rates across the coast. Design 1 lays in a region where sediment is exported, meaning
that this design does not increase sedimentation rates. Design 2 increases sediment pick-up
both in regions where sediment is exported, as well as imported. Placing the nourishment in
the region where more sediment is transported away from rather than towards the coast does not
result in increased sedimentation within the mangrove. This means that sediment nourishments
should be placed close to the shore.

The volumes eroded of the nourishments are significantly larger than the obtained increase
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in sedimentation. This can also be attributed to the aforementioned location of the nourish-
ments. For all designs, more sediment is transported offshore than onshore for x-coordinates
less than 2000 m. As a large part of the nourishment is placed in the region of x < 2000 m, the
sediment is eroded and not transported towards the mangrove. The shapes of the nourishments
largely stay intact, meaning that they can influence the sedimentation within the mangrove for
a longer duration. Design 4 obtains about the same sedimentation as design 2, whereas the
volume of the nourishment is smaller. The large difference is volume is mostly seen on the sea-
ward end of the nourishment. This extra volume is not transported towards the mangrove, but
is eroded and transported offshore. Despite the larger erosion than sedimentation rates, three
out of the four nourishments do increase sedimentation within the mangrove. The effectiveness
of the nourishments depend on their location.

The volumes required to increase the depth for mildly sloping coasts are large, varying
between 2,000 - 5,000 m3/m. TSHDs have capacities varying between several hundreds of m3

to 45,000+ m3 (IADC, 2014). This limits the economic feasibility of the the nourishment as a
stand alone project, due to the amount of sediment required for the nourishments. Applying a
sediment nourishment on a stretch of 1,000 meters requires between 2 - 5 · 106 m3 sediment,
for these designs. Therefore, many trips from the dredging location to the nourishment location
are required.

In the Netherlands, ranges of 3 ·105- 8 ·106 m3 of sediment are quoted for dredging projects
(Dutch Dredging, n.d.-b,-a). This means that, if all sediment is usable to rehabilitate mangroves,
between 60 - 4000 meters of mangrove could be potentially nourished. The Zandmotor con-
sisted of a nourishment of 20 · 106 m3 over a distance of 2,500 m, resulting in 8,000 m3/m
(Huisman et al., 2021). For a mud motor, 4.5 · 105 m3 fine sediment was nourished over a
period of three months (Baptist et al., 2019). All in all, the designs are big in volume, but not
impossible to execute.

Considering the volumes required, costs of a stand alone sediment nourishment project
will be high. Combined with the fact that the nourishments do not result in a large increase
in sedimentation, setting up a stand alone project for mangrove rehabilitation will likely be
a challenge. Beneficially re-using sediment, rather than treating it as waste, appears to be a
viable solution. Then, sailing distance of the dredger can possibly be reduced. This requires
the combination of a dredging project with a sediment nourishment on a mangrove coast, e.g.
a mud motor (Baptist et al., 2019).

Concluding, there are several important factors that play a role in the nourishing of a man-
grove coast. First and foremost, nourishing a mangrove can result in an increase in sedimenta-
tion. Enhanced sedimentation rates are not obtained by influencing the tipping point of dβ /dx,
but by increasing bed levels. The location of the nourishment plays a significant role in the sed-
imentation rates. Nourishing a mangrove coast requires large volumes, limiting the feasibility
of a stand alone mangrove nourishment project. However, when combining the project with
another dredging project, the sediment can be re-used beneficially and a viable project can be
proposed. The nourishment designs should be tested for the specific coast with the appropriate
equipment, but it has been shown that increasing sedimentation within a mangrove is possible
using a nourishment.
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5.5.3 Ecological considerations
Two ecological aspects should be considered when applying a nourishment on a mangrove
coast. These are the possible pollution of the sediment, and maximum sedimentation rates.

Contaminated material, e.g. by heavy metals or hydrocarbons, has been shown to nega-
tively impact mangroves (Dwivedi & Padmakumar, 1983; Michel, 2000). Sediment dredged
from ports, during maintenance dredging, can be contaminated (Martı́n-Dı́az et al., 2008). The
contamination of mangroves by using polluted sediment should be prevented.

The maximum sediment deposition rate for mangroves is the second ecological considera-
tion. In the first place, the nourishment is applied to increase sedimentation rates in the man-
grove. However, when placing dredged material, locally sedimentation rates increase (Erfte-
meijer & Lewis III, 2006). As discussed in the introduction, maximum rates of sedimentation
vary between species (Ellison, 1999). Large depositions should be prevented, to make sure
the roots of the mangrove are not fully buried. Burial does not appear to become a problem,
however these rates do not consider consolidation nor the construction of the sediment nour-
ishment.

5.6 Design considerations of nourishment designs
Three design considerations are identified using the evaluation of the nourishments, as well
as the constructability of the nourishment. These considerations come from the impact of the
nourishment on the behaviour of the coast, as well as the limits placed by the bottom profile
and the equipment on the possibilities of a nourishment. The design considerations are the
obtained bed level with the nourishment, the slope of the original bed, and the location of the
nourishment.

The first design consideration is the obtained bed level with the nourishment. It has been
shown that the nourishment does not influence tidal asymmetry, nor does it exceed the tipping
point of dβ /dx. Increases in sedimentation within the mangrove are obtained by increasing
bed levels, which then increases sediment pick-up rates. Therefore, the nourishment should be
designed such that the obtained depth is as shallow as possible.

The second design consideration is the slope of the original bed. The slope of the original
bed largely determines the constructability of the nourishment. It limits the constructability
by creating shallow water depths far away from the area of interest, which hinders the acces-
sibility of the nourishment location for TSHDs. Furthermore, due to the mild slopes, large
volumes are required to obtain increased bed levels across the cross-section. This further limits
constructability of the nourishment. Therefore, for each nourishment design, the slope of the
original bed imposes limits on the possibilities.

The final design consideration is the location of the nourishment. If the nourishment is
placed too far offshore, then more sediment is transported offshore than onshore. In extreme
cases, such as design 1, no sediment ends up in the mangrove. However, placing a nourish-
ment farther offshore limits sailing distance, thereby reducing costs. The obtained effect of the
nourishment should be carefully weighed against the costs of the nourishment.

In short, a sediment nourishment should be used to increase bed levels in areas where the
dominant transport direction is shorewards. The design should be made such that the dredging
vessel used can construct the nourishment.



Chapter 6

Conclusion

This goal of this thesis is to study whether rehabilitating coastal mangroves is possible using a
sediment nourishment. Three objectives have been defined.

1. To identify the processes driving sedimentation on a mangrove coast. Identification of
these processes is done by simulating mangrove coast behaviour in a schematised model.

2. To identify tipping points, for which sedimentation behaviour changes drastically across
the coast. Tipping points are identified by analysing results of the simulations.

3. To investigate the possibilities and design considerations of a sediment nourishment, to
influence the sedimentation within the mangrove. Several nourishment designs are tested
on a mangrove coast, to compare and analyse their behaviour.

The main findings of the thesis have been based on a schematised hydro-morphodynamic
model, without bed level updates. It has been shown this model functions adequately. First, the
objectives are discussed shortly. Then, the final conclusion is stated.

Objective 1. The first objective of the research was to identify the processes driving sedi-
mentation on a mangrove coast. This was done using a schematised model. The results show
that the tide transports sediment and the waves mobilise sediment. The bottom profile influ-
ences tidal velocities and tidal asymmetry. Increased tidal asymmetry causes larger onshore
sediment transport rates and enhance sedimentation. Mangroves influence the flow by increas-
ing roughness in the water column, thereby altering tidal asymmetry. For small tidal ranges,
which means the flow travels a short distance through the forest, the mangroves do not impact
the behaviour. It then is equal to a coast without mangroves. However, for large tidal ranges,
mangroves can either have a negative or positive impact on the net sedimentation, compared to
a coast without mangroves. For a longer distance, i.e. a large tidal range, the effect is positive,
whereas it is negative for a shorter distance, meaning a smaller tidal range.

Sea level rise changes how much the flow feels the bottom, by increasing water levels. It
has been found that SLR increases tidal asymmetry, when mangroves are present, which in turn
increase net sediment transport rates.

Objective 2. The second objective was to identify tipping points, for which sedimentation
behaviour changes drastically across the coast. These tipping points have been identified by
extrapolating behaviour observed in the model simulations. Tipping points have been found
for the bottom profile, tide, waves, and mangroves. For SLR, no tipping point is found, as no
drastic changes in behaviour are seen.
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The bottom profile influences tidal velocities. A convex profile increases tidal velocities
shorewards, which results in more sedimentation compared to a linear and concave profile.
The tipping point identified is the gradient of the slope in cross-shore direction: dβ /dx. The
value of the tipping point dβ /dx is zero, meaning a constant bed slope across the coast. If dβ /dx
is negative in the onshore direction, significantly more sedimentation is observed, compared to
a positive value for dβ /dx in the onshore direction.

The tide has two tipping points, one for which the range is so small no sediment is trans-
ported towards the mangrove. The second is that the tidal range is so large, critical bed shear
stresses are exceeded everywhere across the coast. For both cases, a morphodynamic response
is expected.

Waves mobilise sediment. The tipping point identified is when waves do not pick-up sed-
iment anymore, such that τmax < τcr. In reality, it is expected that a morphodynamic response
will occur, changing bed levels such that the bed shear stress equals the critical bed shear stress.

For mangroves, two tipping points are seen, based on the distance the flow travels through
the mangrove. For a short distance mangroves, it is seen they do not influence flow. Mangroves
have a negative influence on sedimentation when flow travels a distance varying between 500-
1,000 m through them. Then, the influence of the mangroves is such that they export more
sediment than a coast without mangroves. If flow travels more than 1,000 m through the man-
grove causes more sedimentation within the forest.

Objective 3. The third objective was to investigate the possibilities and design considerations
of a sediment nourishment. Several nourishment designs have been tested on a mangrove coast,
to compare and analyse the behaviour. Design considerations identified are the obtained bed
level with the nourishment, the slope of the original bed, and the location of the nourishment.
The nourishment has been found not to influence the tipping point of the bed shape dβ /dx. It
is able to influence the sedimentation by increasing bed levels, thereby increasing bed shear
stresses and sediment pick-up rates. The slope of the original bed largely determines the con-
structability of the nourishment. It limits the constructability by creating shallow water depths
far away from the area of interest, as well as causing large volumes required for the nourish-
ment. If the nourishment is placed too far offshore, then more sediment is transport offshore
than onshore. A sediment nourishment should be used to increase bed levels in areas where the
dominant transport direction is shorewards.

All in all, it is possible to use a sediment nourishment to rehabilitate mangroves. Sediment
can be used to increase wave pick-up, by increasing bed levels. The obtained increase is small
per spring-neap tidal cycle, i.e. 0.1-0.3 cm, but it is an increase in sedimentation nonethe-
less. The quantity of volume required, combined with the effort required to obtain increases in
sedimentation, should be considered when analysing the economic feasibility of a mangrove re-
habilitation project. However, if a sediment nourishment can be executed in combination with a
maintenance dredging operation, then it proves to be a promising solution for the rehabilitation
of mangroves.



Chapter 7

Recommendations

In this final chapter, recommendations for both the application of this research and future re-
search are made. First, the application of this thesis is discussed in section 7.1. Section 7.2
covers the recommendations for future research.

7.1 Application
This thesis has shown that, under the right conditions, a sediment nourishment can be used
to rehabilitate mangroves. A suppletion increases sedimentation within a mangrove forest, by
increasing sediment pick-up rates. Exact sedimentation rates depend on the conditions present,
as well as on the nourishment design. Obtaining a non-linear effect with the nourishment, has
not been shown to be reasonable. To do so, the sediment would require placement up to the
intertidal. Dredging vessels that suit the kind of project limit the placement of the sediment
in the intertidal. Furthermore, possible negative side effects, i.e. the smothering of mangroves
due to high sedimentation rates, should also be considered when placing the sediment in the
intertidal.

The use of a nourishment to rehabilitate mangroves limits itself to increasing sediment
pick-up, by increasing bed levels. Dredging projects, in the proximity of mangroves, should
consider nourishing a mangrove coast, thereby re-using the dredged material. The sediment
nourishment should obtain a balance between the constructability, possible negative effects on
the environmental, and achieved results.

7.2 Future research
This thesis has shown the possibilities of a sediment nourishment on a mangrove coast. How-
ever, more research is required to understand behaviour of both mangrove coasts and sediment
nourishments. Three suggestions for future research are made, in no particular order of impor-
tance.

7.2.1 Case location
It has been shown that a sediment suppletion can lead to more sedimentation on a mangrove
coast. This was found using a schematised, one-dimensional model. Investigating a case loca-
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tion allows for several ‘improvements’. The first is that validation of the model, based on data
of the case location, is possible. The second is that, by using a case location a 2DH model can
be created based on local geometry. This allows for an investigation on long-shore processes,
as well as the formation of tidal channels due to the outflow accelerations mangroves cause.
The final improvement is that the hydrodynamic boundary conditions then match the bottom
profile. That match allows for a morphostatic and morphodynamic process analysis, which
enables research of feedback loops on mangrove coasts.

Another reason for finding a case location is to analyse multiple sediment nourishments on
an equilibrium bottom profile. Then, nourishment strategies can be analysed in a ‘real’ situ-
ation, which allows investigation of the behaviour over time. Applying the nourishment on a
case location will show sedimentation rates within the mangrove and erosion rates of the nour-
ishment. Thereby allowing a more precise analysis of the effectiveness of varying nourishment
strategies. Furthermore, more precise erosion rates of the nourishment and sedimentation rates
in the mangrove can then be discovered.

7.2.2 Sea level rise and mangrove vegetation interaction
Mangrove habitat is above MSL, so with increasing sea levels, their habitat moves. However, in
this research, this behaviour has not been included. Results show that when mangroves do not
die, tidal asymmetry is enhanced by increasing flow resistance on a larger length of the flow.
This increases sedimentation with increasing SLR rates. Including the movement of mangroves
with SLR for both the growth and the disappearance of vegetation, by introducing equations
for ecology habitat, allows for the investigation when the observed behaviour changes.

7.2.3 Extreme weather events behaviour
In this research, regular conditions have been assumed. However, during extreme weather
events, the behaviour of mangrove coasts changes (Smith et al., 2009). During extreme weather,
several processes happen. For example, increasing water depths change the tidal asymmetry,
water set-up by the wind induces barotropic currents, and increasing wave height changes sed-
imentation behaviour. Understanding how extreme weather events change the behaviour of
mangroves coasts, both with and without a sediment nourishment, can lead to a more effective
approach on the rehabilitation of mangroves using sediment.
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Appendix A

Plots of sensitivity analysis

This appendix presents the plots for the sensitivity analysis, as described in chapter 2. The
sensitivity analysis has been performed on a linear slope, with a tidal range of 0.8-1.5 m and
waves with significant wave height 0.6 m. First, the quantitative simulations are presented in
the form of cross-shore overviews. Afterwards, qualitative runs are presented, in the form of
flow velocity and bed shear stress signals over time at MSL +0.0 m.

Figure A.1: Cross-shore overview of the model run using the parameters as used in this re-
search. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.2: Cross-shore overview of the model run using Chézy parameter of 90 m1/2/s. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.3: Cross-shore overview of the model run using Chézy parameter of 40 m1/2/s. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.4: Cross-shore overview of the model run using erosion parameter of 0.1 kg/m2/s.
Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.5: Cross-shore overview of the model run using erosion parameter of 0.001 kg/m2/s.
Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.6: Cross-shore overview of the model run using erosion parameter of 0.5 mm/s. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.7: Cross-shore overview of the model run using erosion parameter of 0.05 mm/s.
Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.8: Cross-shore overview of the model run using a critical bed shear stress of 0.5 Pa.
Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.9: Cross-shore overview of the model run using a critical bed shear stress of 0.05 Pa.
Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.10: Cross-shore overview of the model run using a sediment boundary concentration
of 0.5 kg/m3. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.11: Cross-shore overview of the model run using a sediment boundary concentration
of 0.05 kg/m3. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.12: Cross-shore overview of the model run using a root drag coefficient of 0.9. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.13: Cross-shore overview of the model run using a root drag coefficient of 0.5. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.14: Cross-shore overview, zoomed within the intertidal, of the model run using a root
drag coefficient of 0.9. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear
slope

Figure A.15: Cross-shore overview, zoomed within the intertidal, of the model run using a root
drag coefficient of 0.5. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear
slope

Figure A.16: Cross-shore overview of the model run using a root density of 200 roots/m2. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.17: Cross-shore overview of the model run using a root density of 50 roots/m2. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.18: Cross-shore overview, zoomed in the intertidal, of the model run using a root
density of 200 roots/m2. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear
slope

Figure A.19: Cross-shore overview, zoomed in the intertidal, of the model run using a root
density of 50 roots/m2. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear
slope
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Figure A.20: Cross-shore overview of the model run using a stem density of 1.0 stem/m2. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.21: Cross-shore overview of the model run using a stem density of 0.33 stem/m2.
Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.22: Cross-shore overview, zoomed in the intertidal, of the model run using a stem
density of 1.0 stem/m2. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear
slope
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Figure A.23: Cross-shore overview, zoomed in the intertidal, of the model run using a stem
density of 0.33 stem/m2. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear
slope

Figure A.24: Cross-shore overview of the model run using a stem drag coefficient of 1.2. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.25: Cross-shore overview of the model run using a stem drag coefficient of 0.8. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.26: Cross-shore overview, zoomed in the intertidal, of the model run using a stem
drag coefficient of 1.2. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear
slope

Figure A.27: Cross-shore overview, zoomed in the intertidal, of the model run using a stem
drag coefficient of 0.8. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear
slope

Figure A.28: Cross-shore overview of the model run using a stem diameter of 0.4 m. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.29: Cross-shore overview of the model run using a stem diameter of 0.1 m. Tidal
range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.30: Cross-shore overview, zoomed in the intertidal, of the model run using a stem
diameter of 0.4 m. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope

Figure A.31: Cross-shore overview, zoomed in the intertidal, of the model run using a stem
diameter of 0.1 m. Tidal range of 0.8-1.5 m, significant wave height of 0.6 m, on a linear slope
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Figure A.32: Flow velocity signal at +0.0 m, for varying grid dimension in the x-direction

Figure A.33: Flow velocity signal at +0.0 m, for varying minimum depths for flow calculations
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Figure A.34: Flow velocity signal at +0.0 m, for flow and cyclic advection schemes
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Appendix B

Plots of process analysis model simulations

Figure B.1: Cross-shore overview of concave bottom profile, with all tidal ranges, snapshots in
time during spring tide. No waves, nor mangroves.
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Figure B.2: Cross-shore overview of tide and wave simulation, tidal range 0.4-0.6 m. Concave
bottom profile, snapshots in time during spring tide.
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Figure B.3: Cross-shore overview of mangroves simulation, tidal range 0.4-0.6 m. Concave
bottom profile, snapshots in time during spring tide.
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Figure B.4: Cross-shore overview of mangroves simulation, tidal range 0.4-0.6 m. Concave
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.5: Cross-shore overview of tide and wave simulation, tidal range 0.8-1.5 m. Concave
bottom profile, snapshots in time during spring tide.
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Figure B.6: Cross-shore overview of mangroves simulation, tidal range 0.8-1.5 m. Concave
bottom profile, snapshots in time during spring tide.
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Figure B.7: Cross-shore overview of mangroves simulation, tidal range 0.8-1.5 m. Concave
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.8: Cross-shore overview of tide and wave simulation, tidal range 1.0-2.0 m. Concave
bottom profile, snapshots in time during spring tide.
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Figure B.9: Cross-shore overview of mangroves simulation, tidal range 1.0-2.0 m. Concave
bottom profile, snapshots in time during spring tide.
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Figure B.10: Cross-shore overview of mangroves simulation, tidal range 1.0-2.0 m. Concave
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.11: Cross-shore overview of linear bottom profile, with all tidal ranges, snapshots in
time during spring tide. No waves, nor mangroves.
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Figure B.12: Cross-shore overview of tide and wave simulation, tidal range 0.4-0.6 m. Linear
bottom profile, snapshots in time during spring tide.
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Figure B.13: Cross-shore overview of mangroves simulation, tidal range 0.4-0.6 m. Linear
bottom profile, snapshots in time during spring tide.
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Figure B.14: Cross-shore overview of mangroves simulation, tidal range 0.4-0.6 m. Linear
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.15: Cross-shore overview of tide and wave simulation, tidal range 0.8-1.5 m. Linear
bottom profile, snapshots in time during spring tide.
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Figure B.16: Cross-shore overview of mangroves simulation, tidal range 0.8-1.5 m. Linear
bottom profile, snapshots in time during spring tide.
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Figure B.17: Cross-shore overview of mangroves simulation, tidal range 0.8-1.5 m. Linear
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.18: Cross-shore overview of tide and wave simulation, tidal range 1.0-2.0 m. Linear
bottom profile, snapshots in time during spring tide.
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Figure B.19: Cross-shore overview of mangroves simulation, tidal range 1.0-2.0 m. Linear
bottom profile, snapshots in time during spring tide.
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Figure B.20: Cross-shore overview of mangroves simulation, tidal range 1.0-2.0 m. Linear
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.21: Cross-shore overview of convex bottom profile, with all tidal ranges, snapshots in
time during spring tide. No waves, nor mangroves.
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Figure B.22: Cross-shore overview of tide and wave simulation, tidal range 0.4-0.6 m. Convex
bottom profile, snapshots in time during spring tide.
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Figure B.23: Cross-shore overview of mangroves simulation, tidal range 0.4-0.6 m. Convex
bottom profile, snapshots in time during spring tide.
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Figure B.24: Cross-shore overview of mangroves simulation, tidal range 0.4-0.6 m. Convex
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.25: Cross-shore overview of tide and wave simulation, tidal range 0.8-1.5 m. Convex
bottom profile, snapshots in time during spring tide.
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Figure B.26: Cross-shore overview of mangroves simulation, tidal range 0.8-1.5 m. Convex
bottom profile, snapshots in time during spring tide.
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Figure B.27: Cross-shore overview of mangroves simulation, tidal range 0.8-1.5 m. Convex
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.28: Cross-shore overview of tide and wave simulation, tidal range 1.0-2.0 m. Convex
bottom profile, snapshots in time during spring tide.
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Figure B.29: Cross-shore overview of mangroves simulation, tidal range 1.0-2.0 m. Convex
bottom profile, snapshots in time during spring tide.



110 Chapter B. Plots of process analysis model simulations

Figure B.30: Cross-shore overview of mangroves simulation, tidal range 1.0-2.0 m. Convex
bottom profile, snapshots in time during spring tide, zoomed in on the intertidal
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Figure B.31: Cross-shore overview of sea level rise simulation, 0.2 m SLR. Tidal range 0.4-0.6
m. Convex bottom profile, snapshots in time during spring tide.
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Figure B.32: Cross-shore overview of sea level rise simulation, 0.2 m SLR. Tidal range 0.8-1.5
m. Convex bottom profile, snapshots in time during spring tide.



113

Figure B.33: Cross-shore overview of sea level rise simulation, 0.2 m SLR. Tidal range 1.0-2.0
m. Convex bottom profile, snapshots in time during spring tide.
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Figure B.34: Cross-shore overview of sea level rise simulation, 0.4 m SLR. Tidal range 0.4-0.6
m. Convex bottom profile, snapshots in time during spring tide.
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Figure B.35: Cross-shore overview of sea level rise simulation, 0.4 m SLR. Tidal range 0.8-1.5
m. Convex bottom profile, snapshots in time during spring tide.
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Figure B.36: Cross-shore overview of sea level rise simulation, 0.4 m SLR. Tidal range 1.0-2.0
m. Convex bottom profile, snapshots in time during spring tide.
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Figure B.37: Cross-shore overview of sea level rise simulation, 0.4 m SLR. Tidal range 0.4-0.6
m. Convex bottom profile, snapshots in time during spring tide.
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Figure B.38: Cross-shore overview of sea level rise simulation, 0.4 m SLR. Tidal range 0.8-1.5
m. Convex bottom profile, snapshots in time during spring tide.
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Figure B.39: Cross-shore overview of sea level rise simulation, 0.4 m SLR. Tidal range 1.0-2.0
m. Convex bottom profile, snapshots in time during spring tide.
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Appendix C

Plots of sediment nourishments on a man-
grove coast

In this appendix, the cross-shore overview plots of the different nourishment strategies (chapter
5) are presented.

Figure C.1: Cross-shore overview of the erosion of the nourishment strategies after one tidal
cycle, tidal range 0.8-1.5 m and wave height 0.6 m.
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Figure C.2: Cross-shore overview of strategy 0: no nourishment. Tidal range 0.8-1.5 m, wave
height 0.6 m. Snapshots in time during spring tide.

Figure C.3: Cross-shore overview of strategy 1: pile of sediment. Tidal range 0.8-1.5 m, wave
height 0.6 m. Snapshots in time during spring tide.
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Figure C.4: Cross-shore overview of strategy 2: plateau of sediment. Tidal range 0.8-1.5 m,
wave height 0.6 m. Snapshots in time during spring tide.

Figure C.5: Cross-shore overview of strategy 3: contours. Tidal range 0.8-1.5 m, wave height
0.6 m. Snapshots in time during spring tide.
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Figure C.6: Cross-shore overview of strategy 4: dβ /dx. Tidal range 0.8-1.5 m, wave height 0.6
m. Snapshots in time during spring tide.
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