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Summary

Braided rivers are highly dynamic river systems which are characterized by multiple,
unstable channels and mid-channel bars. The morphological development of these
systems is a result of the complex interactions between the discharge regime, sediment
transport and alluvial vegetation. Numerical modelling of braided rivers is increas-
ingly used by river managers to get insight in the behaviour of bars and river patterns
and to evaluate the response of these system to interventions, such as the construc-
tion of groynes and dams. Present morphodynamic models can produce many of the
large-scale morphodynamics of braided rivers. However, these models often neglect
the spatial and temporal development of vegetation on bars and floodplains. Neg-
lecting vegetation dynamics can potentially result into unrealistic model predictions
because vegetation does affect the morphological development of river in nature signi-
ficantly. At present, sophisticated dynamic vegetation methodologies exist which in-
clude small-scale ecological processes and progressing vegetation characteristics (e.g.
growth and mortality). However, these are not easy-to-use for engineering purposes,
in particular when the large-scale morphodynamic development of mid-channel bars
is mainly of interest. Therefore, our objective is to model and explore the effect of
incorporating vegetation dynamics on the large-scale morphodynamics of vegetated
migrating mid-channel bars in dynamic rivers.

The highly dynamic and monsoonal Ayeyarwady river in Myanmar was used as
a case study. This river shows intense migration of large vegetated mid-channel bars
up to several hundred meters per year. Alluvial vegetation mortality normally occurs
at the upstream side of these bars during the high-flow season and it returns to the
downstream side of these bars during the low-flow season. First, we studied the effect
of two static vegetation representations in space and time on the morphological de-
velopment of mid-channel bars in a morphodynamic model (Delft3D-Flexible Mesh).
Thereafter, we developed a procedure based on two conditions to include dynamic
vegetation removal and return in space and time on mid-channel bars in the morpho-
dynamic model. The conditions are specifically developed to mimic the development
of natural vegetation patterns on mid-channel bars in the Ayeyarwady River and
they read: vegetation is removed from areas if the flow velocity exceeds a certain
critical flow velocity in the high-flow season and vegetation returns to areas which
are dry during the low-flow season. The vegetation update interval determines how
often we check whether vegetation should be removed. The procedure was coupled to
the morphodynamic model using a Basic Model Interface which has a direct control
over model time steps and variables during a simulation. The adequacy of the pro-
cedure was studied using a schematized model of the case study. Finally, we tested
the procedure in a more realistic model setup of the Ayeyarwady river.
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Our results show that a conventional roughness formulation such as Manning’s
n can not be used to represent vegetation resistance in numerical morphodynamic
models. A Manning’s roughness formulation led to overly high bed shear stresses
and major erosion at locations where alluvial vegetation was specified. The use of
the vegetation roughness predictor by Baptist gave more realistic results. Vegetation
significantly reduced the flow velocity and associated bed shear stress. Consequently,
this reduction led to less sediment transport and erosion. However, the Baptist
roughness predictor did not enable the migration of the mid-channel bar, because
the location of the modelled vegetation on the bar was static in space and time.

The use of the proposed dynamic vegetation procedure increased the ability of
the morphodynamic model to simulate large-scale morphodynamics of a vegetated
migrating mid-channel bar over short time scales. Instead of being static over space
and time, the vegetated mid-channel bar was exposed to upstream erosion and down-
stream deposition of sediments resulting in the formation of bar-tailed limbs and the
migration of the bar as a whole. We found that the critical flow velocity and the ve-
getation update interval are strongly interconnected and that a slight change in one of
these input parameters can result in a significantly different, potentially unrealistic,
development of the vegetation and river morphology. Hence, it is important to devote
much attention to the selection process of a suitable input parameters combination
(critical flow velocity and vegetation update interval) for the dynamic vegetation pro-
cedure. Patterns were identified which can be used to guide this selection process for
engineering purposes. It is recommended to use low critical flow velocities together
with long duration of the vegetation update interval and to use high critical flow
velocities together with short durations of the vegetation update interval to obtain
natural morphodynamics and vegetation dynamics. Also, it is recommended to use
calibration data, such as satellite imagery and in-situ measurements, to further steer
this selection process.

We also found that the procedure can only improve model results when the flow
velocity is the main driver of vegetation removal in a modelled river system. This
always needs to be verified using the discharge regime, vegetation characteristics and
topography of the bed. If not, another condition with a different driver (process)
for vegetation removal, for example a critical erosion depth or bed shear stress, can
potentially be used to end up with more realistic results. Furthermore, the use of the
procedure over long time scales gives new challenges, because we are not modelling
the precise behaviour of vegetation, but we are only mimicking the development of
natural vegetation patterns. We recommend to look into this for further research.
Yet, this study is a step forward in modelling the large-scale morphological behaviour
of vegetated migrating mid-channel bars in dynamic rivers over short time scales. For
engineering purposes, the proposed procedure can be used to obtain more realistic
predictions of the effects of river training works on the morphological development
of migrating mid-channel bars.
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Chapter 1

Introduction

This introductory chapter serves to outline the motivation for this research. The first
section presents the context of this thesis report. Thereafter, the problem definition
and research gap are presented in section 1.2. Section 1.3 elaborates on the research
objective and the research questions. Finally, the structure of this report is given.

1.1 Context

River systems and their physical changes have always been the basis of the devel-
opment and progress of communities living close to it. Furthermore, these systems
serve as drivers of urban evolution and they are often cause of floods and droughts
(Hydro-Informatics Centre, 2017). Therefore, trying to control and manage the evol-
ution of rivers has always been the focus of human activity, e.g. for flood safety,
water supply and transportation. As a result, many rivers in the Western world are
highly affected by humans actions (Duivendijk et al., 2002). These altered rivers
preserve a simplified and attractive form but have lost their natural functions. Their
hydrologic and geomorphic processes no longer maintain the regime necessary for a
balanced system. A perfect example of such a river is the river Rhine. This river
has been transformed from a natural meandering river into a man-made river by flow
regulation, channelization and construction of dams and groynes (Duivendijk et al.,
2002).

In contrast, the morphology of pristine alluvial rivers is predominantly a con-
sequence of complex interactions among several physical processes, such as flow and
sediment transport (Church and Ferguson, 2015). For river managers, evaluating the
response of these dynamic rivers to interventions is essential. For example, this is
important for evaluating measures to avoid undermining of bridge pillars caused by
the migration of mid-channel bars in braided rivers (Steijn et al., 2019). Mid-channel
bars are dynamic land forms which can rapidly migrate through rivers due to very
active channel processes as sedimentation and erosion (Ashmore, 2013). Modelling of
these migrating mid-channel bars in braided river systems is typically used by scient-
ists and river managers to acquire a better understanding of the interactions between
the flow, sediment transport and river morphology to predict the development of a
river over time (Williams et al., 2016a).
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Present morphodynamic models are able to sufficiently produce many of the large-
scale morphological characteristics and dynamics of braided rivers (Schuurman et al.,
2013; Williams et al., 2016a). For example, the shape and size of individual bars
compared well to those in natural rivers. However, the models contain many sim-
plifications such as neglecting the spatial and temporal development of vegetation
on bars and floodplains. Adequate modelling of vegetation is important because the
presence of vegetation significantly affects the morphological development of (mid-
channel) bars. Vegetation slows down the migration of bars because it stabilizes the
erodible sediment and it reduces the bed shear stresses leading to erosion (Kleinhans,
2010). Two approaches are often used to represent the effects of vegetation in numer-
ical models: changing the hydraulic roughness of the river bed, bars or floodplains
(e.g. Manning’s n) or using a vegetation model to incorporate the effects of veget-
ation upon momentum and turbulence equations (e.g. Baptist or Uittenbogaard).
However, the location of vegetation is typically static over space and time in a simu-
lation neglecting the dynamic character of vegetation on migrating mid-channel bars.
This can potentially result in unrealistic model results as vegetation directly affects
sediment transport and the morphological development of bed forms (Baptist, 2005).

1.2 Problem definition

Several studies have been executed which tried to include the dynamics of vegeta-
tion in hydrodynamic and morphodynamic models (Bertoldi et al., 2014; Oorschot
et al., 2016; Jourdain et al., 2018). The proposed methodologies often include small-
scale dynamic ecological processes and progressing vegetation characteristics. Con-
sequently, they need several very specific input parameters such as a logarithmic
growth factor and a life-stage dependent desiccation threshold. Therefore, these
approaches cannot be called easy-to-use for engineering purposes when the large-
scale morphodynamic development of rivers is mainly of interest. Furthermore, these
approaches desire frequent vegetation updating leading to significantly higher com-
putation times. Nicholas et al. (2013) used a more simple and robust approach for
vegetation development in an anabranching mega-river. They used simple rules to
remove and return vegetation on bars and floodplains of an idealized river over peri-
ods of several hundred years. For example, they removed vegetation when an area
was exposed to a certain amount of erosion. Such a procedure only includes the de-
termination of a few so-called ‘calibration-parameters’ which is ideal for engineering
purposes. Up till now, we do not know the effect of such a procedure on the ability
of a numerical morphodynamic model to simulate the large-scale morphodynamics
of individual vegetated migrating mid-channel bars in rivers over short time-scales
(years).

1.3 Objective and research questions

The objective of this research is:

to model and explore the effect of incorporating vegetation dynamics on the large-scale
morphodynamics of vegetated migrating mid-channel bars in dynamic rivers.
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Several research questions have to be answered to meet this objective. First, a proper
understanding of the present competence of morphodynamic models to simulate mi-
grating mid-channel bars is required. Furthermore, it is important to determine the
effect of static vegetation in space and time on the morphodynamics of migrating
mid-channel bars. Hence, the first research question is:

1. To what extent are present numerical morphodynamic models capable of sim-
ulating the development of vegetated migrating mid-channel bars in dynamic
rivers using different static (in space and time) approaches to include vegeta-
tion?

Afterwards, the second research questions elaborates on the inclusion of dynamic
vegetation in numerical morphodynamic river models:

2. How can we include the removal and return of vegetation in space and time on
migrating mid-channel bars in numerical morphodynamic models in a simplistic
and dynamic way?

Finally, it is important to evaluate whether the proposed procedure can easily be
implemented in a case study and whether it results into more realistic morphodynamic
model results. Thus, the last research question is:

3. To what extent can the proposed modelling procedure for dynamic vegetation
be used to improve morphodynamic model results of a vegetated migrating
mid-channel bar in a real-life case study?

These research questions are answered using the Ayeyarwady River from Myanmar
as a case study. A highly schematized model representation is used for the first and
second research question, whereas a more realistic extended model representation is
used for the third research question.

1.4 Thesis outline

Chapter 2 presents a literature review on the most important morphodynamic pro-
cesses in braided river systems. Furthermore, it explains the processes affecting the
hydraulic resistance experienced by rivers and it elaborates on how vegetation affects
hydro- and morphodynamics in rivers. Thereafter, chapter 3 describes the method-
ology. It gives a description of the used numerical model (Delft3D-FM) to simulate
river dynamics and it describes the various models setups and conducted simula-
tions. Chapter 4 presents the results from both the schematized model as well as the
Ayeyarwady River model. The report concludes with a discussion (chapter 5) and
conclusions and recommendations (chapter 6).
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Chapter 2

Literature review

This chapter provides the relevant background knowledge required for this thesis
report. It consists of three sections. The first section presents the state-of-the art
knowledge on the dynamics of braided rivers. Section 2.2 elaborates on the hydraulic
resistance in the context of rivers modelling and the last section (2.3) presents the
relevant state-of-the art knowledge on vegetation dynamics in rivers and the influence
of vegetation on river hydro- and morphodynamics.

2.1 Braided river dynamics

Alluvial rivers respond to changes in regional physical processes, hydrology and sed-
iment load by adjusting their geometry (e.g. slope or cross-sectional shape) and
river planform (Nanson and Knighton, 1996). Changes in these processes may occur
naturally or may be a result of human activities such as the construction of bank
protection (Chang, 2008). The feedbacks between bars, channels, floodplain and ve-
getation also have a major effect on the planform of rivers (Kleinhans, 2010). This
is caused by the self-organisational characteristic of rivers. Rivers always tend to
develop towards a new equilibrium state if the environment distorts the dynamic
equilibrium of a river (Kleinhans, 2010). A new equilibrium state is reached through
changes in important river processes all affecting the sediment transport. The main
drivers of the transport, erosion and deposition of sediment are the magnitude and
direction of the primary flow, spiral (secondary) flow and turbulent flow (Coleman
and Smart, 2011).

2.1.1 Morphodynamics

Braided rivers are characterized by multiple, unstable channels and mid-channel bars
formed by intense bed-load transport, and a set of very active channel processes
(Ashmore, 2013). See figure 2.1 for a schematization of a braided river planform.

The dynamics within braiding rivers include the interaction between mid-channel
bars, branches, islands, and floodplains (Ashworth et al., 2000). A major role is
played by channel bar bifurcations that distribute discharge and sediment through
the network (Schuurman et al., 2016). This distribution can change rapidly over
time due to changes in the flow regime during high flow conditions. Furthermore,
this distribution determines the formation, migration and reshaping of bars, and
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Figure 2.1 – Schematization of a braided river. Figure adapted from Fig. 1 in Zhang
et al. (2020).

it determines the initiation and closure of branches (Ashmore, 2013). A branch
can close if the discharge and sediment distribution in a bifurcation become highly
asymmetrical. Bifurcations can emerge due to cross-bar flows or chute cut-offs which
initiate the development of a new branch (Schuurman, 2015). A bifurcation consists
of two branches: a dominating branch and recessive branch. A dominant branch is
the branch with the smallest angle to the approaching flow. This branch is likely to
be exposed to the least amount of sedimentation.

In a braided network, bars migrate in downstream direction by upstream erosion
and deposition at their lee. The position of bars in rivers can shift up to kilometres
within a year. Schuurman et al. (2016) mentioned that bar migration and reshaping
changes the local flow pattern in two ways. It affects the nearby upstream bifurcation
through the backwater effect and it changes the downstream bifurcations by affecting
the approaching flow direction. This starts a cascade of effects that links all bars
and branches together (Schuurman et al., 2016). These active channel processes,
associated with intense bed-load transport, lead to morphological development and
regularity in the structure of the network of channels (Ashmore, 2013).

2.1.2 Mid-channel bars

Mid-channel bars commonly occur in braided rivers. Figure 2.2 shows two real-life
examples of mid-channel bars in braided river. They are unstable bed forms and
generally show longitudinal migration (Mukherjee, 2011). Mid-channel bars emerge,
submerge and re-emerge continuously due to process of erosion and sedimentation.
Accumulated sediments can lead to minor perturbations on the river bed. Such
a perturbation starts the formation of a mid-channel bar. Among others, these
perturbations can develop due to inflow asymmetry at a confluence or the formation
of chute cut-offs and channel avulsions (Schuurman et al., 2013). The perturbations
obstruct the river and, consequently, the river divides into two channels with the
perturbation in between. This causes a deflection of the flow against the adjacent
river banks by secondary flow, causing bank erosion and a widening of the channel
(Ashworth, 1996). The secondary flow also causes sediment transport laterally from
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Figure 2.2 – Bare and vegetated mid-channel bars including bar-tailed limbs and bar-
top hollows in the Ayeyarwady River (Left) and the Yenisei River (Right). Source:
GoogleEarth.

the main channel, causing deepening of the channel, onto the bar consequently leading
to further bar development. This increasingly redirects the flow around the bar and
sediment is eroded at the upstream side of the bar and deposited at the downstream
side of the bar causing bar migration in downstream direction (Ashworth, 1996).

Downstream deposition of sediments causes the formation of bar-tailed limbs, as
shown in figures 2.1-2.3. The evolution of these limbs depends on the dominance of the
bifurcation branches. Elongation occurs parallel to the flow and sediment transport
in the dominant branch, whereas the bar-tail limb in the recessive branch remains
short. Elongation in the downstream direction occurs until it reaches a confluence
scour hole or a downstream located bar, causing closure of the channel between the
two bars. The bar-tail limb widens if flow occurs from the recessive branch towards
the dominant branch, e.g. because of downstream closure of the recessive branch
(Schuurman, 2015). The flow around the bar can also initiate the formation of bed
forms somewhere downstream since it transports the eroded sediments in downstream
direction (Mukherjee, 2011).

A hole commonly develops between the two bar-tailed limbs. Best et al. (2006)
recognizes this morphological element as a bar-top hollow, see figure 2.3. The wrap-
ping of the limbs around the bar-tail leads to the isolation of a region that can only
be reached by sediments occasionally (Best et al., 2006). Sediments can only reach
this region by overbank flow and large turbulent eddies, during high discharge (high
water levels) and when bed forms migrate in upstream direction.

The presence of vegetation can slow down the processes of erosion and sediment-
ation because it stabilizes the erodible sediment and reduced the shear stress on the
bed (Kleinhans, 2010). Thus, the development and long-term stability of mid-channel
bars does not only depends on the upstream water and sediment supply, but it also
relies on the vegetation development on the bar surface (Li et al., 2014). Furthermore,
vegetation affects the horizontal and vertical shape of mid-channel bars. In general,
vegetation first develops on the tails of bars if those areas have been stable for a
while, and only sparse vegetation or no vegetation develops initially on the heads of
bars. Vegetated areas remain relatively static over time, whereas the sandy sections
of the bar migrate further downstream. This ensures that vegetation is eventually

7



Figure 2.3 – Migration of bars and formation of bar-tail limbs. Blue arrows indicate
the direction and magnitude of the flow. Black circle is showing a bar-top hollow. Figure
adapted from Fig. 3.14 in Schuurman (2015).

located on the upstream bar edge (Ashworth, 1996). Vegetation mortality occurs on
the bar surface when the upstream bar edge fails (bank erosion) or when the indi-
vidual stems are removed through high bed shear stresses, flow velocities, burial or
scour (Li et al., 2014; Oorschot et al., 2016).

2.2 Hydraulic resistance

Firstly, this section elaborates on the physical background of hydraulic resistance
in rivers. Afterwards, this section shortly touches upon the modelling of hydraulic
resistance in numerical morphodynamic models.

2.2.1 Physical background

In most natural rivers, the bed and bank roughness are the primary source of hy-
draulic resistance (Ferguson, 2010). Hydraulic resistance results from forces that act
on and within the flow to resist motion. This resistance causes a shear stress on the
bed and banks leading to energy dissipation and a reduction of the flow velocity in
rivers. This leads to changes in water levels and corresponding safety during flood
events and changes in the shape and propagation speed of flood waves. Consequently,
it influences the rate and composition of the sediment transport and morphological
behaviour of rivers. In general, an increase in flow resistance causes deeper and slower
flow (Powell, 2014). Resistance to flow is due to blocking by irregularities at all scales
from individual grains and pebbles to structures on floodplains (Ferguson, 2010).

The main process affecting the hydraulic resistance is commonly referenced to
as boundary resistance (Powell, 2014). This is the mechanical friction (drag force)
exerted on the flow by the individual grains and bed forms in the river. The drag force,
also called bed shear stress, causes energy dissipation of the kinetic and potential
energy in the river. Next to the boundary resistance, other factors do also cause
energy losses in rivers: vegetation, channel resistance, spill resistance and sediment
transport resistance (Ferguson, 2010). Vegetation resistance is caused by the drag of

8



riparian and in-channel vegetation on floodplains, river bars and banks. Section 2.3
further elaborates on this type of resistance. Channel resistance has to do with energy
losses arising from the channel cross-section, planform geometry and variation in the
slope of the river (Ferguson, 2010). For example, bars and meanders lead to complex
turbulent flow fields leading to energy losses. Spill resistance is due to energy losses
by turbulence during rapid accelerations and decelerations of flow around individual
channel obstructions such as large boulders or fallen trees (Chow, 1959). Sediment
transport resistance is caused by the extraction of flow energy by moving of sediments.

2.2.2 Modelling hydraulic resistance

Numerical model results need to be sufficiently accurate for decision making purposes
(Williams et al., 2016a). Calibration is often used to increase the accuracy of numer-
ical models. This involves the minimization of the error between predicted model
outcomes and observations by altering model parameters. The hydraulic resistance
is typically used as calibration parameter for hydrodynamic models because it is the
most uncertain parameter (Domhof et al., 2018). Morvan et al. (2008) mention that
this parameter is typically treated as a space and time independent dustbin to cap-
ture both the physical phenomena affecting roughness and model errors. Thus, this
model parameter does not purely represent the actual physical characteristics of a
river system such as grain size and the location of vegetation patches.

Various efforts have been made to quantify the hydraulic resistance for hydro-
dynamic and morphodynamic modelling, e.g. the formulations of Chézy, Manning
and Darcy-Weisbach (Morvan et al., 2008). The depth-dependent roughness descrip-
tion of Chézy is widely accepted and used in numerical models such as Delft3D and
TELEMAC to represent flow resistance (Ferguson, 2010). Typically, it is determined
using the empirical Manning’s n value (Chow, 1959). The Chézy coefficient is used
to calculate the bed shear stress (energy dissipation) induced by turbulent flow in
the Shallow water equations of 2D (depth-averaged) hydrodynamical models. An
higher bed roughness (lower Chézy coefficient) induces higher bed shear stresses due
to an increase in turbulence and consequently it results into a reduction of the flow.
Higher bed shear stresses do lead to larger sediment transport rates in modelled river
systems as well. These relations can be seen in figure 2.4.

2.3 Alluvial vegetation

The first part of this section describes how vegetation affects hydro- and morpho-
dynamics in rivers and vice versa. Afterwards, the second part elaborates on the
modelling of vegetation resistance in morphodynamic models.

2.3.1 Vegetation dynamics

The presence of vegetation both modifies flow and sediment transport in alluvial river
channels and consequently the morphological evolution of river systems. It affects
hydrodynamics of rivers through effects on the hydraulic resistance by increasing drag
and reducing flow velocity near the river bed and banks. Furthermore, vegetation
initiates a reduction of turbulence inside vegetation patches. This causes a decrease
of the bed shear stress up to 80 percent (Baptist, 2005). Consequently, vegetation
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also affects the sediment transport and morphodynamics of rivers (Oorschot et al.,
2016). In general, sediment transport rates inside vegetated areas are reduced, and
sedimentation rates are increased (Bennett et al., 2008). The extent of the effect
of vegetation is dependent on vegetation characteristics as well, such as density,
diameter, height which can all vary in time and space (Huthoff, 2007). For example,
emergent and submerged plants both influence the water flow in a different way
(Baptist, 2005).

Conversely, hydrological and morphological processes do also influence vegetation
development (Gurnell et al., 2016). These fluvial disturbances control the develop-
ment and mortality of vegetation. For example, vegetation can only grow in regions
which are only occasionally submerged. Fluvial disturbances are the depth and dur-
ation of inundation, shear stresses or drag imposed on plants by river flow, and
sediment erosion (uprooting) and deposition (burial) (Gurnell et al., 2016). High
flow velocities and shear stresses promote sediment mobilization and erosion during
high-flow stages, and thus the highest potential for plants to be removed (damaged,
uprooted or buried) (Gurnell et al., 2016).

2.3.2 Modelling vegetation

Vegetation processes are important factors determining the dynamics of river systems.
Therefore, the effects of vegetation should be taken into account in morphodynamic
river models. Two approaches are commonly used to include the hydraulic resistance
induced by vegetation in 2D (depth-averaged) modelling. Traditionally, the hydraulic
resistance of vegetation in rivers is estimated using an empirically determined Man-
ning coefficient (Chow, 1959). This approach represents the flow resistance due to
vegetation as an equivalent bed roughness. However, this approach has some short-
comings. It appears to be case- and flow-specific and is therefore hard to apply to
new situations (Huthoff, 2007). More importantly, it does not represent the natural
effects of vegetation on river hydro- and morphodynamics. It does not describe well
the higher hydraulic resistance of vegetation (lower Chézy value) in combination with
a lower bed shear stress, see the red lines in figure 2.4. It leads to high, potentially
unrealistic, sediment transport rates (and erosion) in vegetated areas.

In the seconds approach, a vegetation model is used to incorporate the effects
of vegetation resistance upon momentum and turbulence equations (e.g. Baptist
(2005)). Turbulent flow induced by vegetation stems uses kinetic energy which ef-
fectively slows down the flow. Many different models (e.g. Baptist, Hoffmann and
Klopstra) can be used to estimate the effects on the flow by vegetation resistance
(Vargas-Luna et al., 2015). For example, Hoffmann (2004) proposed a model that
uses a vegetative drag force, in analogy to rigid cylinder drag and Velzen et al. (2003)
proposed a model that describes the hydraulic effects of vegetation based on an ad-
justed boundary layer velocity profile. These models do take into account the effects
of vegetation on the reduction of the flow velocity and turbulence in vegetated areas.
Hence, an increase of the hydraulic resistance (compared to no vegetation) goes to-
gether with a reduction of the flow velocity, bed shear stress and, consequently, a
reduction of the sediment transport rate. For example, see the vegetation resistance
predictor of Baptist (2005) (blue lines) in figure 2.4.
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Figure 2.4 – Depth-dependent Chézy coefficient (upper left) and depth-averaged flow
velocity (upper right) vs. water depth for different vegetation formulations. Bed shear
stress (lower left) and sediment transport (lower right) vs. depth-averaged flow velocity
for different vegetation formulations. Manning has a Manning’s n of 0.070 m−1/3s and
No vegetation has a Manning’s n of 0.030 m−1/3s. The figures are based on character-
istics of the flow and vegetation on the mid-channel bar as simulated in the schematized
model of this study.

The Delft3D-Flexible Mesh software is used to simulate (river) flow hydrodynam-
ics, sediment transport and morphodynamics (see section 3.2 for an extensive de-
scription). This model incorporates two approaches to simulate additional vegetation
resistance in a 2D (depth-averaged) state. The first approach is the use of the Man-
ning coefficient of Chow (1959) (as described above). The second approach uses the
analytical formulation of Baptist (2005) for the contribution of vegetation resistance
to the total resistance in water flowing through vegetation. In figure 2.4, we can see
that this resistance formulation leads to a higher flow resistance (lower Chézy value),
a lower flow velocity, a lower bed shear stress and a lower sediment transport rate in
vegetated areas. An extensive description of this vegetation resistance formulation is
given in Appendix A.
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Chapter 3

Methodology

Numerical simulations are used to gain insight in to what extent a present numerical
morphodynamic model is capable of simulating the behaviour of vegetated migrating
mid-channel bars in dynamic rivers. Therefore, a case study on the Ayeyarwady River
in Myanmar is conducted. For the intent of analysis, a schematizated morphodynamic
river model based on the case is set up to perform numerical simulations in Delft3D
Flexible Mesh. Four scenarios are created with different vegetation formulations, but
having the same baseline model setup, see figure 3.1.

In the first scenario, a bare non-vegetated mid-channel bar is simulated to assess
whether the baseline model results in a natural morphological development of the bar
(reference scenario). The second and third scenario contain two frequently used static
representations of vegetation in space and time in numerical models, respectively
Manning’s roughness coefficient (manning scenario) and the roughness predictor by
Baptist (2005) (static vegetation scenario). Scenario four includes a new procedure to
dynamically update the location of vegetation such that the development of natural
vegetation patterns is mimicked during a simulation (dynamic vegetation scenario).

In all scenarios, the vegetation is uniformly distributed over the entire mid-channel
bar. This is in compliance with other studies (Tassi, 2007; Segura and Pitlick, 2015;
Liu et al., 2019). These studies state that a single resistance value will not directly
lead to poor model results if small-scale morphological development of bars is not of

Figure 3.1 – Overview Methodology.
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interest. Table 3.1 in section 3.3.1 gives an overview of the model parameters used
in each scenario. All four scenarios are implemented in the schematized model. The
schematized model has no prototype in nature against which the results could be eval-
uated. Therefore, internal model parameters and model output of all scenarios were
compared with each other to attain a better understanding of the physical processes.
Eventually, the schematized model set-up was expanded such that it captured the
actual Ayeyarwady River dimensions to test the new dynamic vegetation procedure
of the fourth scenario.

In the first section (3.1), a description of the Ayeyarwady River basin and study
area is given. The second section (3.2) elaborates on the numerical model Delft3D-
FM. In section three (3.3), a description of the schematized model is presented and
the various scenarios are explained. The last section (3.4) gives a description of the
Ayeyarwady River model and it elaborates on the conducted simulations.

3.1 Case: the Ayeyarwady River

3.1.1 Ayeyarwady River basin

The Ayeyarwady River is the main river of Myanmar running from north to south
(Taft and Kühle, 2018). It is Myanmar’s most important waterway and central
supply system with a total length of approximately 2000 kilometres. The Ayeyarwady
River originates in the far north of Myanmar, the south-eastern Himalayas, from the
confluence of the N’mai H’ka and Mali H’ka rivers (Taft and Kühle, 2018). The river
continues its way through the centre of the country to the Ayeyarwady Delta where
it eventually flows into the Andaman Sea in the Bay of Bengal.

Myanmar has a tropical and monsoonal climate which varies greatly among loc-
ations and from year to year (Hydro-Informatics Centre, 2017). In fact, the lower
catchment area of the Ayeyarwady River has a humid tropical climate, while the
upper catchment area has a more warm humid subtropical climate. The rainy sea-
son typically occurs from May to October as south-west winds blow across the Bay
of Bengal (Anthony et al., 2019). However, extreme variation in precipitation are
present within the country. The northern and southern parts of Myanmar are ex-
posed to mean annual precipitation up to 6,000 mm, while the centre of the country
experiences precipitation under 500 mm (Hydro-Informatics Centre, 2017). The mon-
soonal climate and rapid melting of snow and glaciers during summer causes large
discharge fluctuations through the year between 2,300 m3/s and 32,600 m3/s, the
average being 13,000 m3/s (Simmance, 2013). This leads to a wide range in water
levels in the river which can vary upto ten metres (Furuichi et al., 2009).

The fluctuating discharge regime in the Ayeyarwady River exerts a strong control
on geomorphological processes (Hydro-Informatics Centre, 2017). The river is the
fifth most heavily silted river in the world and the delta area extends towards the
Adaman Sea with about 50 metres per year (Simmance, 2013). The characteristics of
the Ayeyarwady River include steep slopes upstream of the confluence and an overall
low slope downstream of it. Variability in the river slope and valley width controls
the transport and deposition of sediment. It also accounts for areas of the river in
which sediment reworking and channel migration occurs (Hydro-Informatics Centre,
2017). In general, the bulk of sediments in the river are very fine and efficiently
transported through the river once in suspension. They are largely absent from the
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banks, bars, and bed deposits in the river, which are formed during the peak flow
season by rolling of sand and fine gravel (Hydro-Informatics Centre, 2017). The
majority of the river can be classified as a laterally active braiding or meandering
river form. Stable vegetated islands and unstable sandy bars are both common in
the Ayeyarwady River (Hydro-Informatics Centre, 2017).

3.1.2 Study area: Nyaungdon

This study focusses on a river section close to the city of Nyaungdon. It is a port city
of 216,000 people at the bifurcation point where the Pan Hlaing River bifurcates from
the Ayeyarwady River (Hydro-Informatics Centre, 2017). The city of Nyaungdon is
situated in the Ayeyarwady Delta and it tends to be hot and wet throughout the
year. This delta is characterised by coastal processes, high population densities and
cultivated land (Hydro-Informatics Centre, 2017). The average annual discharge
flowing to Nyaungdon is slightly under 12,000 m3/s. This discharge predominantly
occurs in the six or so months of the wet season. Consequently, this leads to a distinct
seasonal hydrograph having a dry (Dec.-Apr.) and a wet (May-Nov.) season, see
Figure 3.2. It shows the clear water level difference between the dry and wet season.
Furthermore, it shows that the water levels during the dry season are about stable
and that a clear bell-shaped water level rise is present during the wet season.

Figure 3.2 – Simplified yearly hydrograph for high flow conditions (orange line). Blue
lines show minimum, maximum and average daily water levels at Danubyu (about 25
km upstream of Nyaungdon) during the period 2013-2017. Reprinted from Fig. 4 of
Appendix I in Steijn et al. (2019).

The sediment transport is strongly skewed towards the wet season due to the low
and continuous slope of the river (WWF, 2017). At the bifurcation of the Ayeyarwady
River at Nyaungdon, the river shows intense migration of a large vegetated mid-
channel bar, a so-called ‘walking island’, see figure 3.3. The bar has a length of ± 3
kilometres and a width of ± 1.3 kilometres. The intense migration causes a shift of
the flow from the southernmost to the northernmost channel. Figure 3.4 shows the
migration of mid-channel bar between the years 2017 and 2020. It shows that the bar
was exposed to erosion at its upstream side (about 200 meters). Also, it shows that
the bar significantly grew in downstream direction. The northern bar-tailed limb
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Figure 3.3 – Present situation (in 2020) of the Ayeyarwady River at Nyaungdon My-
anmar. Blue arrows show magnitude and direction of the flow. Orange arrows show
migration of the mid-channel bar. Based on Steijn et al. (2019). Source background
image: GoogleEarth.

increased in length with about 500 meters and the southern limb with more than one
kilometre. The development of a clear bar-top hollow is also visible.

Vegetation development is visible in Figure 3.4 as well. Vegetation mortality
occurred at the upstream side of the bar and vegetation returned to both bar-tailed
limbs on the downstream side of the bar. In general, the riparian vegetation on the
floodplains and river bars of the Ayeyarwady River is to a large extent disconnected
from the river especially during the dry season. Therefore, it does not directly reflect
any changes in the discharge regime. Periodically inundated woody vegetation grows
at the highest elevations of river bars and scroll bars do comprise seasonally inundated
vegetation and small back swamps (Moggridge and Higgitt, 2014).

Figure 3.4 – Location of the mid-channel bar at Nyaungdon in 2017 and 2020. Red
line in the right panel shows the location of the bar in 2017. Source: GoogleEarth.
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3.2 Hydrodynamic & morphodynamic model

Hydrodynamic and morphodynamic modelling is performed with the physical-based
model Delft3D-Flexible Mesh (Delft3D-FM) (Deltares, 2019a). It numerically solves
the Shallow water equations and computes sediment transport and bed level change
on a flexible unstructured grid. This means that computations are performed on a
grid consisting of quadrangles which are connected using triangles, pentagons and
hexagons. This enables to use of local grid refinement (and coarsening) to increase
the accuracy of the model around locations of interest and to reduce the accuracy
elsewhere (Bomers et al., 2019). The numerical model has proven to be reliable and
accurate in the demanding practice of river engineering (Schuurman et al., 2013). We
use Delft3D-FM in a two-dimensional depth averaged (2DH) mode, because it has
the advantage of computational efficiency.

3.2.1 Hydrodynamics

In Delft3D-FM, the hydrodynamics are modelled by applying conservation of mo-
mentum and mass (Shallow water equations), considering hydrostatic pressure and
Boussinesq assumptions (Deltares, 2019a). The Shallow water equations only de-
scribe the behaviour of the mean flow field. All horizontal mixing patterns (2D-
turbulence) are absorbed into a horizontal background viscosity coefficient of 1 m2/s
(default). Vertical turbulence is excluded as we perform simulation in a 2DH-state.
The vertical flow is parametrized in order to include the effect of secondary flow.

Boundary conditions are used to solve the system of Shallow water equations.
An upstream (horizontal) boundary conditions is imposed in the form of a discharge
time series. The downstream boundary condition has the form of a water level time
series. Vertical boundary conditions close the system of equations at the bed and
the free surface. Without precipitation, evaporation or ground water flow, no flow
through the bottom or top of the water column is present. The boundary condition
at the bed contains the bed shear stress. For 2D depth-averaged flow the shear stress
at the bed is assumed to be given by (Deltares, 2019a):

τb =
ρ0gU |U |
C2

(3.1)

where |U | is the magnitude of the depth-averaged horizontal velocity and C the
depth averaged Chézy roughness coefficient. Following e.g. Nicholas et al. (2013)
and Schuurman (2015), a constant uniform bed roughness was applied, assuming bed
forms were subgrid and thus captured by the bed roughness parameter. The Chézy
coefficient is calculated using Manning’s roughness formulation (Deltares, 2019a):

C =
6
√
R

n
(3.2)

in which R is the hydraulic radius and n the Manning coefficient (m−1/3s). Ad-
ditional flow resistance by riparian vegetation can be included in Delft3D-FM by
using an adapted Manning coefficient or by using the vegetation roughness predictor
by Baptist (2005). The Baptist roughness predictor can be used to calculate the
representative Chézy roughness coefficient for both submerged and non-submerged
vegetation based on the vegetation density, diameter and height (Baptist et al., 2007).
An extensive description of this roughness predictor is given in Appendix A.
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3.2.2 Morphodynamics

The sediment transport and morphology module (D-Morphology) is closely integrated
with the hydrodynamics module (D-Flow Flexible Mesh). Many different formula-
tions can be chosen for the calculation of the transport of sediments. Most typical
for rivers are the Engelund and Hansen formula, the Meyer-Peter & Müller formula
and the van Rijn formula (Vargas-Luna et al., 2015). We used the transport formula:
General Formula. It is based on the Meyer-Peter & Müller formula, using an adapted
power exponent and it calculates the total sediment load, the sum of suspended and
bed load (kg m−1s−1):

S = αD50

√
∆gD50θ

b (µθ − ξθcr)c (3.3)

where α is a calibration coefficient, D50 the mean sediment diameter (m), g is the
gravity acceleration constant (m/s2), µ the ripple factor, ξ is the hiding and exposure
factor for the sediment fraction considered, θcr the critical mobility parameter, powers
b and c and

θ =
( q
C

)2 1

∆D50
(3.4)

in which θ is the mobility parameter, q is the magnitude of the flow velocity (m/s)
and C the Chézy coefficient (m0.5/s). The transport rate is imposed in the model as
bedload transport due to currents. A Neumann boundary is used for the sediment
transport at both the upstream and downstream boundary. This ensures that sedi-
ment transport through these boundaries will be near-perfectly adapted to the local
flow conditions and very little accretion or erosion should be experienced near the
model boundaries.

After each morphodynamic time step, the bed level is dynamically updated us-
ing the Exner equation for mass conservation of sediment. This ensures that the
hydrodynamic flow calculations are always carried out using the correct bathymetry.
At each time step, the change in the mass of bed material that has occurred as a
result of the sediment sink and source terms and transport gradients is calculated.
This change in mass is then translated into a bed level change. As morphological
development takes place on a time-scale several times longer than flow changes, a
morphological time-scale factor (MorFac) is typically used to speed up the changes
in the morphology. For example, an hydrodynamic time step of 10 seconds results in
a morphodynamic time step of 150 seconds when a MorFac of 15 is used.

A minimum water depth of 0.10 m is used for sediment transport (Steijn et al.,
2019). Grid cells with smaller water depths were considered to be morphologically
inactive. Reactivation can occur due to local water level rise or due to bank erosion.
In Delft3D the process of bank erosion by mass failure is excluded (Deltares, 2019b).
However, bank erosion processes can be represented by the process of fluvial erosion
through extrapolated sediment transport from the primary flow. This is included by
applying a simple algorithm: a dry grid cell erodes if erosion occurs in a neighbouring
wet grid cell. A cell is dry when the water depth is smaller than 0.01 meter. Moreover,
60% of the erosion in a wet cell was shared with the dry cells, resulting in erosion
of the dry cell. This is a quite high but also commonly used value for models where
some degree of braiding is supposed to occur (Steijn et al., 2019).
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3.3 Schematized model

The model setup, boundary conditions, and parameter values are first presented in
this section. Afterwards, the scenarios touched upon in the introduction of this
chapter are explained individually.

3.3.1 Model setup

Model parametrization, initial and boundary conditions are based on an existing
Delft3D(4) model of the Ayeyarwady River at Nyaungdon in Myanmar. See figure
3.3 for the represented part of the Ayeyarwady River. The schematized model setup
describes a 2DH-section of a straight river with oval-shaped mid-channel bar including
floodplains. The baseline model includes a domain of eight kilometre long by two
kilometre wide. In the model setup, this domain was composed of 320 × 80 cells,
each measuring 25 × 25 meters. Simulations with finer grid resolutions were executed
but the outcomes did not result in significantly more accurate results.

The bathymetry consists of a straight main channel with a length of eight kilo-
metres and a width of one kilometre, see figure 3.5 and figure 3.6. The leftmost
boundary of the main channels river bed is located at a height of -5 meters with
respect to a reference level and the river contains a constant longitudinal slope of
8.3× 10−5 m/m. Floodplains with a width of 500 meters can be found on both sides
of the main channel. They are located at a height of five meter above the refer-
ence level giving the rivers main channel a total depth of ten meters. The transition
between the main channel and floodplains has a slope of 1/20 m/m. The top of
the bar has a length of 600 meters and a width of 300 meters. The total length of
the mid-channel bar is 1000 meters and the total width is 500 meters. Its height is
seven meters above the river bed and it gradually diminishes towards the river bed
with a slope of 1/15 m/m in cross-channel direction and a slope of 1/30 m/m in
long-channel direction.

The baseline model contains an uniform hydraulic roughness (Manning’s n) for
both the active river channel, mid-channel bar and floodplains, n = 0.030 s/m1/3.
This is a commonly used value for rivers. It represents the bed roughness of a clean
and straight river without rifts or deep pools (Chow, 1959). Furthermore, the schem-
atization contains an upstream discharge boundary condition and a downstream wa-
ter level boundary condition. The discharge regime is based on the discharge regime
of the Ayeyarwady River case study. We use the same simplified hydrograph as Steijn
et al. (2019) did (shape of orange line in figure 3.2). The magnitudes of the discharge
wave is idealized for our schematized bathymetry. The discharge is decreased to have
a maximum of half a metre of water on the floodplains during the wet season. The
applied discharge wave can be seen in figure 3.7A. We chose to have a dry period first,
where the mid-channel bar is not submerged, to let the initial morphology develop
to a slightly more natural state before the wet period arrives. The corresponding
downstream water level boundary is derived using the Chézy formula in combination
with Manning’s n, see figure 3.7B.

As transport formula, the General formula in Delft3D-FM is used. The para-
meters required for this formula are based on a morphological study conducted by
Deltares at the site of the case study (Steijn et al., 2019). The exponent b is set to
2, physically meaning that the sediment transport is related to the velocity to the
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Figure 3.5 – Overview of schematized model (Not to scale). Floodplains are not shown.

Figure 3.6 – Bathymetry of schematized model. Colorbar shows bed level in meters.

Figure 3.7 – Upstream (A) and downstream (B) boundary conditions of schematized
model.
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Table 3.1 – Overview of scenarios. SM: schematized model. ARM: Ayeyarwady River
model.

power 4. Exponent c was set to 0 to remove the influence of the ripple effect (µ) and
the critical shear stress from the sediment transport model. No critical shear stress
for sediment transport is used because (fine) sediment is transported during both
low and high flow conditions in dynamic braided rivers (Hydro-Informatics Centre,
2017). The proposed calibration coefficient alpha is decreased from 8 to 2 to end up
with a realistic yearly migration distance of the bar (maximum a couple of hundred
meters) and to prevent excessive growth of the bar-tailed limbs. Hence, the resulting
transport equation is: S = 2D50

√
∆gD50θ

2. Furthermore, a morphological spin-up
time of one hour is used. A constant median grain size of 0.35 mm is used throughout
the whole domain and a MorFac-value of 15 is used to speed up the morphological
calculations. This value is based on the study of Steijn et al. (2019) as well. They
used a rather modest MorFac-value to avoid unrealistic sediment transport pulses.

The baseline model as described in this section is used as reference scenario.
The modelled bar development and shape is compared with literature and individual
examples found in nature. To be able to easily compare the several scenarios, the
outer bar edges are determined. We assume that an area is defined as bar if it is
submerged for a maximum period of 180 days (± half year). This corresponds to
a water level of about −1 meter, see the hydrograph in figure 3.7B. Hence, a bed
elevation threshold of −1 meter is used.

3.3.2 Manning scenario

In the manning scenario, Manning’s n is used to represent vegetation on the mid-
channel bar in Delft3D-FM. We used a value of n = 0.070 s/m1/3 for vegetation. Ve-
getation was placed on top of the mid-channel bar where the bed level is +2 meters.
A Manning’s n of 0.070 s/m1/3 has been chosen to represent the roughness of ve-
getation on the mid-channel bar. This value corresponds to the normal roughness
of medium to dense brush on floodplains (Chow, 1959). Internal model parameters,
the flow velocity, bed shear stress and sediment transport rate, and model output,
bathymetry data, were compared to those of the reference scenario to identify the
competence of Delft3D-Flexible Mesh to simulate the development of vegetated mi-
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grating mid-channel bars in dynamic rivers using Manning’s roughness to represent
vegetation.

The sensitivity of the manning scenario’s simulated channel morphology was as-
sessed to changes in Manning’s n. This analysis is used to verify that the findings
of the manning’s scenario are unbiased due to this model parameter choice and/or
characteristics of the modelled system. Simulations were conducted with three dif-
ferent Manning’s n values, respectively 0.045, 0.070 and 0.110 s/m1/3. These values
correspond to the minimum, normal, and maximum roughness of medium to dense
brush on floodplains according to Chow (1959). All other model settings are kept
the same as in the reference scenario.

3.3.3 Static vegetation scenario

In the static vegetation scenario, the roughness predictor of Baptist (2005) is used to
represent vegetation on the mid-channel bar in Delft3D-FM. The following paramet-
ers were used: vegetation height hv is 0.75 m, vegetation density n is 1, number of
stems is 50 and diameter is 0.02 m, and drag coefficient CD is 1 (F. Huthoff, personal
communication, 21 January 2020). These parameters do more or less describe the
characteristics of young vegetation found on mid-channel bars in the Ayeyarwady
River. Figure 2.4 shows how this translates to a Chézy coefficient (hydraulic rough-
ness) and bed shear stress. Vegetation was placed on top of the mid-channel bar
where the bed level is +2 meters. Again, model outcomes were compared to those of
the reference scenario to identify the competence of Delft3D-Flexible Mesh to sim-
ulate the development of vegetated migrating mid-channel bars in dynamic rivers
using the rigid vegetation model to represent vegetation.

The sensitivity of the static vegetation scenario’s simulated channel morphology
was assessed to changes in the vegetation characteristics. The simulations are used
to verify that the findings about the static vegetation scenario are unbiased due to
these model parameter choices and/or characteristics of the modelled system. Three
different vegetation densities and three different vegetation heights are used in this
analysis. The vegetation characteristics as used in the base scenario are multiplied
and divided with a factor two leading to respectively 0.5, 1.0 and 2.0 for the vegetation
density (1/m) and 0.375, 0.75 and 1.5 for the vegetation height (m). All other model
settings are kept the same as in the reference scenario.

3.3.4 Dynamic vegetation scenario

To ensure that a vegetated mid-channel bar can dynamically migrate through a river
system, a procedure was developed to update the location of the vegetation during a
morphodynamic simulation. We updated the location of the vegetation in Delft3D-
FM using a Basic Model Interface (BMI) by retrieving internal model parameters
from Delft3D-FM after each predefined vegetation update interval, calculating the
new location of the vegetation based on simple conditions and restarting Delft3D-FM
with updated information.

First, a description of the BMI is given which is used to couple the proposed dy-
namic vegetation procedure to Delft3D-FM. Afterwards, an explanation is given about
the conditions to update the location of the vegetation during a simulation. The last
section elaborates on how we analysed the robustness of the proposed procedure.
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Model coupling

The dynamic vegetation procedure in Python will be coupled to Delft3D-FM using
the Basic Model Interface (BMI) developed by the Community Surface Dynamics
Modeling System (Peckham et al., 2013). The BMI can be seen as a standardized
set of functions or methods. It facilitates the exchange of information between mod-
els. Besides, it allows complete control over model time steps and variables while
conducting a simulation (Peckham et al., 2013). In short, a BMI ensures that con-
ventional models can be interrogated and internal parameters can be changed while
running. In general, a BMI-environment must be specifically created for each model-
environment because each model has a different internal structure (e.g. the solver
and data structure). However, it does negate the need to modify the source code
of the model itself. The implementation of the BMI-environment for Delft3D-FM
has been constructed by Deltares. The BMI will be used to pause Delft3D-FM at
the beginning of each predefined vegetation update interval such that data can be
retrieved from Delft3D’s memory by the dynamic vegetation procedure in Python.
After updating the location of the vegetation, the simulation in Delft3D-FM will be
restarted with updated memory/information about vegetation. Figure 3.8 shows how
the connection between Delft3D-FM and python is constructed.

Figure 3.8 – Basic Model Interface.

Dynamic vegetation procedure

Initially, vegetation is placed on top of the bar where the bed level is +2 meters.
The new location of the vegetation is determined at the beginning of each vegetation
update interval. The following conditions are used:

1. The vegetation is removed from the modelling domain where the maximum
flow velocity during the last vegetation update interval (Tveg) exceeds a certain
user-defined critical flow velocity (ucr).

2. The vegetation is returned to the modelling domain where the maximum depth
of inundation does not exceed a certain threshold water depth at the end of
each year in the dry period.
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We use the flow velocity as critical threshold for vegetation removal because the
link between vegetation and the flow regime is frequently described in literature
(Moggridge and Higgitt, 2014; Vargas-Luna et al., 2015; Gurnell et al., 2016). The
second condition of the procedure is valid for our case, because vegetation on the
bars in the Ayeyarwady River is primarily disconnected from the flow during low-
flow conditions. Hence, we do not have to return the vegetation gradually during
the year as long as the vegetation is relocated when the high-flow season starts. A
scenarios analysis is used to investigate the response of the river system to different
critical flow velocities for vegetation removal. Therefore, the simulated flow velocities
on the mid-channel bar during the peak of the discharge wave of the static vegetation
scenario were analysed to come up with a range of realistic critical flow velocities. The
threshold water depth for the second condition is set to 0.02 meter. This value should
be larger than the thin layer of water commonly present on dry grid-cells in numerical
morphodynamic models to prevent that vegetation is not returned to regions which
are actually dry. Such a thin layer of water is often required for computational
stability purposes (Deltares, 2019a). To be able to have several vegetation update
intervals (Tveg) within the peak of the hydrograph (see figure 3.7) we chose to have an
initial duration of the vegetation update interval of one week (F. Huthoff, personal
communication, 12 March 2020).

Physical processes, the location of the vegetation and development of the bed are
graphically displayed to determine whether they behave in a natural manner and to
identify the differences between the simulations. Bar and vegetation dimensions were
quantified to determine the differences between the model runs as well. Therefore, we
defined three metrics: the migration distance of the bar and vegetation after one year
and the total vegetated area on the bar over time. The migration distance is defined
as the downstream migration distance of the leftmost corner of the bar or vegetation
patch. The vegetated area on the bar was calculated after each vegetation update
interval to be able to study the development of this metric over time. Although
somewhat arbitrary, these metrics allows for an quantitative comparison between
different simulations.

Sensitivity analysis

The sensitivity of the simulated model behaviour (morphology and location of ve-
getation) is analysed to changes in the duration of the vegetation update interval
(Tveg) to identify the robustness of the proposed dynamic vegetation procedure. This
analysis is also used to gain insight in the determination of the critical flow velocity
for vegetation removal and the duration of the vegetation update interval.

The time-scale of the retreat and growth of vegetation is typically much longer
than the time-scale of changes in hydrodynamic and morphodynamic conditions
(Monegaglia, 2017). Therefore, we chose to have a minimum duration of the ve-
getation update interval of 2 days. Hence, in addition to the vegetation update
interval of 7 days (of the previous section), we also tested intervals of 2 days, 4 days,
15 days and 30 days for all used critical flow velocities.
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3.4 Ayeyarwady River model

The schematized model set-up was expanded such that it captured the actual Aye-
yarwady River dimensions (see figure 3.3) to test the proposed dynamic vegetation
procedure. Subsequently, this section elaborates on the model set-up and the conduc-
ted scenarios.

3.4.1 Model setup

An existing hydrodynamic (not morphodynamic) Delft3D-FM model of the Ayeyar-
wady River at Nyaungdon was used. The model was constructed by Stoeten (2019).
It is an adapted version of the previously mentioned Delft3D(4) model constructed
by Steijn et al. (2019). It contains the same model settings as mentioned in section
3.2 of this report. Stoeten (2019) updated the computational grid and bathymetry
of the model to study the hydrodynamic impact of a sandbank in the Pan Hla-
ing river (tributary of the Ayeyarwady River). The morphological settings of the
Delft3D(4) model of Steijn et al. (2019) were added to the Delft3D-FM model to
calculate morphodynamics. No re-calibration of these model settings was performed.
However, we compared the outcomes of the Delft3D-FM model with the outcomes
of the Delft3D(4) model for a morphological run without vegetation. They showed
similar behaviour on a large scale. However, on a small scale, they showed minor
differences. Nevertheless, it was beyond the scope of this study to identify the causes
for these differences.

The model setup describes a river section 30km up- and downstream of Nyaung-
don (see figure B.1 of Appendix B). The model domain was composed of a combin-
ation of a curvilinear and triangular network of grid cells due to the complexity of
the bifurcation point and the multi-channelling of the river in the modelled section
(Stoeten, 2019). The network contains a refinement at the bifurcation point of the
Pan Hlaing river. This refinement has not been removed for the modelling phase of
this study. The composition of the grid can be seen in figure B.2. The bathymetry
of the model was predominantly taken from the Delft3D(4) model. This bathymetry
was constructed from input data from various sources: bathymetric data collected by
DWIR from 2017, bathymetric data collected by Shore Monitoring in February 2018
and ESRI’s World Terrain service data (Steijn et al., 2019). Stoeten (2019) added
newly collected bathymetric data at the entrance of the Pan Hlaing river (January
2019) to the bathymetry of the model to study the influences of a newly formed
sandbank. The model also includes recently constructed groynes (2016-2017) at the
inner bend north of Nyaungdon, see figure B.1.

Stoeten (2019) recalibrated the bed roughness of the hydrodynamic model to
achieve realistic water levels at the upstream boundary and at Nyaungdon city for
high discharges. He ended up with a variable roughness map of Manning’s n values
between 0.027 and 0.030 for the channel bed and a value of 0.100 for the floodplains.
The roughness map was again adapted for the morphodynamic modelling phase of
this study by replacing all Manning’s n values of the floodplains by the nearest
Manning’s n values of the channels, see figure B.4. Some roughness transitions were
smoothed to avoid abrupt changes in the bed roughness. Abrupt transitions can
potentially negatively influence sediment transport rates in the system.
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The simplified yearly hydrograph of Steijn et al. (2019) was used as upstream dis-
charge boundary condition at Danubyu, see figure B.3. Furthermore, a downstream
water level at Pentanaw (main channel) and a downstream water level at Mezali (side
channel) were used to close the system. All locations are mentioned in figure B.1.

The morphological settings of the model are copied from the Delft3D(4) model of
Steijn et al. (2019). Hence, the General formula in Delft3D-FM was used to calculate
the sediment transport. The corresponding settings were: calibration coefficient
α = 8, exponent b = 2 and exponent c = 0. The morphological spin-up time was set
to 1 hour, a constant median grain size of 0.35 mm was used throughout the whole
domain and a MorFac of 15 was used to speed up the morphological calculations.

3.4.2 Scenarios

The dynamic vegetation procedure of section 3.3.4 was implemented in the model
setup as described in the previous section. We ran our dynamic vegetation scenario
including removal and return of vegetation and two control runs: one without veget-
ation (reference scenario) and one with static vegetation in space and time (static
vegetation scenario). The model settings of these scenarios in the Ayeyarwady River
model are shown in table 3.1. An iterative process (trial-and-error) was used to
find a suitable combination of the critical flow velocity for vegetation removal and
the duration of the vegetation update interval (input parameters of the dynamic ve-
getation procedure). We examined the maximum flow velocities on the mid-channel
bar during the peak of the discharge wave in the static vegetation scenario to come
up with realistic critical flow velocity for vegetation removal (ucr) as starting point.
Furthermore, we initially used a vegetation update interval (Tveg) of 30 days for en-
gineering purposes. The number of interruptions of the model should be minimized
to prevent a significant increase of the calculation time. Afterwards, we used the
patterns about the interconnectedness of the two input parameters of the procedure,
identified in section 4.1.5, to guide the selection process of a suitable combination to
simulate natural morphological behaviour.

The differences between the scenarios were analysed to determine to what extent
the proposed dynamic vegetation procedure can be used to improve model results in
a real-life case study. Therefore, we compared the physical processes (flow velocity,
bed shear stress and sediment transport rate), the location of the vegetation and bar
and the morphological development of the bed. An area is defined as bar if it is
submerged for a maximum period of 180 days (± half year). Hence, a bed elevation
threshold of 1.7 meter was used. This value corresponds to about the mean water
level around the bar during low-flow conditions, see figure B.3.
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Chapter 4

Results

Part one of this chapter presents the results of the schematized model and part two
presents the results of the Ayeyarwady River model.

4.1 Schematized model

This section contains the results of the scenario analysis to gain more insight in our
ability to simulate the development of vegetated migrating mid-channel bars. First,
we shortly analyse the model results of the period till 120 days of all scenarios, see
table 3.1 for a brief recap of the scenarios. These results are the same because the
mid-channel bar is not flooded under low-flow conditions. As of section 4.1.1, we
only focus on the differences between the model results starting from 120 days when
the discharge increases. In section 4.1.1, the reference scenario is analysed. There-
after, sections 4.1.2 and 4.1.3 elaborate on the numerical simulations of the manning
scenario and static vegetation scenario. The results of the sensitivity analysis are
presented afterwards in section 4.1.4. The last section elaborates on the results of
the dynamic vegetation scenario.

Figure 4.1 shows that only minor morphological changes occurred during low
flow conditions (upto 120 days) compared to the initial bathymetry (straight channel
with oval-shaped mid-channel bar). A deepening of the surrounding channels and a
steepening of the upstream bar flanks occurred. This is due to local flow divergence
leading to higher bed shear stresses and associated transport rates. Deposition of
sediments led to the development of bar-tailed limbs at the downstream side of the
bar. Both bar-tailed limbs migrated faster, and with the same rate, than the higher
bar center, resulting in expansion of the bar length. The equal migration rate of
the bar-tailed limbs indicated that the discharge was evenly divided between both
surrounding channels. Besides, a bar-top hollow developed at the centreline just
downstream of the bar because this area was not exposed to sedimentation. Behind
the bar (more downstream), the flow converged again resulting in the formation of
a so-called scour hole or pool. Just after the scour hole, where an abundance of
sediment was present, a bed level perturbations developed leading to the formation
of a new mid-channel bar. This bar also propagated in downstream direction. This
can be seen at the X in figure 4.1.
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Figure 4.1 – Development of the bed after 120 days for low-flow conditions when the
bar is not submerged. X shows the formation of a new mid-channel bar. Flow from left
to right.

4.1.1 Reference scenario

Panel A of figure 4.2 shows the development of the channel morphology for the
reference scenario after 360 days. In addition, the state of relevant physical processes
(flow velocity, bed shear stress and sediment transport) after 240 and 360 days is
attached in appendix C.

In general, the evolution and final shape of the mid-channel bar and river planform
are in line with literature (Ashworth, 1996; Rice et al., 2009; Schuurman, 2015; Zhang
et al., 2020). Under high flow conditions (as of 120 days), when the bar was totally
submerged, the mid-channel bar started to migrate in downstream direction. The
increase in flow (velocity) resulted in an increase of the bed shear stress on top of
the bar. Consequently, this led to an increase of the sediment transport rate and
erosion at the upstream side of the bar. The eroded sediments were again (partly)
deposited at the downstream side resulting in downstream migration of the bar and
the formation of bar-tailed limbs. As a result, the mid-channel bar started to obtain
a more natural shape. It changed from a perfect oval-shaped bar to a more natural
lozenge-shaped bar as defined by Hooke and Yorke (2011). They gave the following
description of a mid-channel bar: ‘free bar in middle of channel, flow both sides;
diamond- or lozenge-shaped; can be vegetated’ (p. 5). Some real-life examples of
these lozenge-shaped bars were shown in figure 2.2 of chapter 2.

4.1.2 Manning scenario

Panel B of figure 4.2 shows the development of the channel morphology for the
manning scenario after 360 days. Compared to the reference scenario, significantly
different morphological behaviour occurred when the flow intensity started to increase
and the bar became flooded. Heavy erosion occurred at locations where vegetation
was specified on the mid-channel bar. An erosion hole with a depth of -8 meters
developed. At this level, the user-defined maximum erodible sediment layer thickness
of 10 meters was reached (bar is initially modelled at +2 meters). Heavy erosion of
the bar occurred through high bed shear stresses. The maximum bed shear stresses
were at least doubled compared to the reference scenario, see panel B of figure 4.3.
Instead bed shear stresses should actually become lower through the presence of
vegetation (Gurnell et al., 2016). The large bed shear stresses induced high sediment
transport rates. This led to the rapid erosion of the mid-channel bar.
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Figure 4.2 – Evolution of the river morphology after one year for the reference, manning
and static vegetation scenario. Flow from top to bottom of figure.

The flow velocity and the hydraulic resistance are the main factors determining
the bed shear stress and they are positively correlated (Deltares, 2019a). Since the
flow velocity was not very large in the vegetated area, a non-realistic conversion of
the hydraulic (vegetation) resistance to the bed shear stress is likely to be the main
reason for high bed shear stresses in our model. In figure 2.4, we already saw that
an increase of Manning’s n does lead to an higher flow resistance and lower flow
velocity. But it did not result in a decrease of the bed shear stress and associated
sediment transport rate (erosion) with respect to the No vegetation situation. This
leads to an overestimation of the bed shear stress and sediment transport (erosion)
inside vegetated areas.

Although figure 2.4 shows that the use of Manning’s roughness does not result in
lower bed shear stresses and sediment transport rates in vegetated areas, the figure
does not clearly show the cause for the very high stresses in our model (panel B
of figure 4.3). This is due to the fact that figure 2.4 only shows a hypothetical
equilibrium situation of the system. The sudden transition between a bare and a
vegetated area (resp. Manning’s n = 0.030 s/m1/3 and n = 0.070 s/m1/3) is the
main reason for the overly high bed shear stress and sediment transport rate in our
model. At this transition, the flow needs to slow down suddenly according to the new
equilibrium velocity. For example, see the difference in flow velocity between the red
and black line at a water depth of 3 meters in figure 2.4. The flow velocity is not
directly reduced to its new equilibrium state. Hence, relatively high flow velocities are
present in the vegetated areas consequently resulting in very high bed shear stresses
and sediment transport rates, see lower two panels of figure 2.4.

Also, figure 4.2 shows that the vegetation resistance did not migrate along with
the development of the mid-channel bar. It was not removed from areas which
experienced heavy erosion and it did not return to downstream areas where the
abundance of eroded sediments from the erosion hole deposited again. However, it
remained at the initial location of the bar.

An overview of the state of the other relevant physical processes (flow velocity
and sediment transport rate) after 240 and 360 days is attached in appendix C.
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Figure 4.3 – State of the bed shear stress after 240 simulated days (during high flow
conditions) for the reference, manning and static vegetation scenario. Flow from top to
bottom of figure. The color bar is truncated to show a maximum stress of 30 Nm−2.

4.1.3 Static vegetation scenario

Panel C of figure 4.2 shows the development of the channel morphology for the static
vegetation scenario after 360 days. Under high flow conditions (as of 120 days), the
mid-channel bar started to behave more dynamic compared to the first 120 days.
However, during the year, the front of the bar still remained largely at its initial
location. Only minor erosion of the upstream bar flanks occurred during high flow
conditions, because the bed shear stresses remained relatively low due to vegetation
(see figure 4.3). Sediments deposited at the downstream side of the bar where the
flow velocities were relatively low leading to the formation of bar-tailed limbs at the
lee of the bar. Hence, a bar-top hollows developed at the centreline just downstream
of the vegetated mid-channel bar. This is in compliance with observations in the field
as previously shown in figure 2.2.

Furthermore, a small height increase of the upstream section of the bar was
present after one year, see figure 4.4. It is caused by a decrease of the sediment
transport rate and associated deposition of sediments in vegetated areas. This height
increase occurs in nature as well. Schuurman (2015) stated that the upstream part
of fully developed bars are commonly the oldest and highest part with a steep erosive
upstream edge bifurcating the river. Also, the bar width slightly decreased, see figure
4.4. This can be contributed to flow divergence in the channels around the bar due
to the vegetation. Flow divergence led to higher bed shear stresses at the bar edges
resulting in more erosion. An overview of the state of the flow velocity and sediment
transport rate after 240 and 360 days is attached in appendix C.

Although the modelled mid-channel bar did show some migration (modelled ve-
getation is not totally blocking the flow), the bar did not migrate as a whole, e.g.
the upstream most location of the bar in figure 4.4 was hardly changing. This had
to do with the characteristics of the modelled vegetation. The present vegetation
was modelled as a static and non-erodible component in space and time. In reality,
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Figure 4.4 – Bed level change (m) after one year (T = 360) with respect to the start
of the simulation (T = 0) of the static vegetation scenario. The black and green lines
show respectively the initial and new location of the mid-channel bar.

vegetation and morphology are highly dynamic and strongly interconnected, mean-
ing that they both actively affect each others development (Moggridge and Higgitt,
2014). Apparently, this connection should be considered when a dynamic braided
river system is desired.

4.1.4 Sensitivity analysis

The sensitivity analysis is used to determine how sensitive the systems behaviour
(morphological development) is to changes in the input parameters of the static
vegetation formulations. This analysis is also used to verify that the findings from
the previous sections (4.1.2 and 4.1.3) are unbiased due to our model parameter
choices and/or characteristics of the modelled system.

In this section, we only show bed levels (differences) between the several simu-
lations in this sensitivity analysis. For sake of clarity, we included the state of the
physical processes of the simulations in figures C.3, C.4 and C.5 of appendix C.

Manning scenario

Figure 4.5 illustrates the bed level difference after one year for two Manning’s n
values with respect to the manning scenario. For sake of clarity, the state of the
physical processes is shown in figure C.3 of appendix C. It shows that a change in
Manning’s n resulted in a significantly different morphological development of the
mid-channel bar. An higher Manning’s n results in a lower Chézy coefficient. This
caused a faster formation and larger depth of the scour hole at the location of the
vegetation, because higher bed shear stresses were present leading to more sediment
transport away from the bar. A lower Manning’s n resulted in an opposite response
of the system. The eroded sediment deposited again somewhere downstream. Hence,
a different development of the downstream side of the bar was present. Furthermore,
in all simulations, the hole developed at the same location and it was present during
the whole simulated period.

Hence, we can conclude that the unrealistic morphological behaviour had nothing
to do with the chosen parameter value of Manning’s n. But, in general, it has to do
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Figure 4.5 – Bed level difference after one year for two Manning’s n values (0.045 and
0.110) compared to the manning scenario with Manning’s n = 0.070. Black line shows
the location of the mid-channel bar in the manning scenario as described in section 4.1.2.

with this kind of resistance formulation to represent vegetation in a morphodynamic
model. Thus, we do no longer use this roughness formulation to represent vegetation
resistance.

Static vegetation scenario

Figure 4.6 shows that a difference in vegetation density had a notable effect on the
morphological development of the mid-channel bar. A lower vegetation density had
a smaller ability to resist the movement of the water. Hence, high flow velocities
could penetrate further onto the vegetation patch on the mid-channel bar. This
led to higher bed shear stresses and associated sediment transport rates (erosion)
at downstream sections of the bar. These sediments subsequently deposited on the
middle section of the bar where low flow velocities were dominant leading to an
increase of the bar height. Also, the eroded sediments deposited on the sides and
bar-tailed limbs of the bar resulting in a wider bar, see left panel of figure 4.6.
Opposite behaviour occurred in the situation with higher vegetation densities.

Figure 4.7 illustrates the bed level difference after one year for two values of
the vegetation height (0.375 and 1.50) compared to static vegetation scenario (h =
0.75). It shows that the bar started to behave like a bare non-vegetated bar when
the vegetation height was low and that the location of the bar was static over time
(no migration) when the vegetation height was fairly high. For example, when the
vegetation height was 0.375 meter, the bar showed significantly more migration than
the bar in the static vegetation scenario. The front of the bar became up to 3-4 meters
lower. This was caused by the ability of the flow to penetrate into the vegetation
patch on the bar. Higher flow velocities induced higher bed shear stresses, leading to
erosion of the bar front.
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Figure 4.6 – Bed level difference after one year for two different vegetation densities
(0.5 and 2.0) compared to the static vegetation scenario with a vegetation density of 1.
Black lines show the location of the mid-channel bar in the static vegetation scenario.

Figure 4.7 – Bed level difference after one year for two different vegetation heights
(0.375 and 1.50) compared to the static vegetation scenario with a vegetation height
of 0.75. Black lines show the location of the mid-channel bar in the static vegetation
scenario.
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We can conclude that the density and height of (static) vegetation are only minor
indicators for the dynamic potential of mid-channel bars in morphodynamic models.
For low densities or heights, bars did show some migration. Potentially, this can be
used for modelling minor migration of a bar over a short time-scale. However, a bar
with high or dens vegetation was hardly dynamic. In reality, these vegetated bars do
migrate due to bank failure and vegetation erosion processes (Bywater-Reyes et al.,
2018). Hence, vegetation dynamics (removal and return) should be considered when
modelling the morphodynamics of a vegetated migrating mid-channel bar. Moreover,
this indicates that there is no need to adapt our previously chosen vegetation char-
acteristics for the remainder of this study, because the standstill of the bar had only
to do with the static character of the modelled vegetation.

4.1.5 Dynamic vegetation scenario

This section presents the results of the dynamic vegetation scenario. The first sub-
section elaborates on the determination of the critical flow velocity for vegetation
removal. The second subsection shows the results of the scenario analysis to invest-
igate the response of the system for different critical flow velocities. Thereafter, the
results of the sensitivity analysis for changes in the duration of the vegetation update
interval are presented.

Critical flow velocity for vegetation removal

The flow velocities on the mid-channel bar during the peak of the discharge wave
of the static vegetation scenario were analysed to come up with a range of realistic
critical flow velocities for vegetation removal. Therefore we used panel C of figure
C.1. As vegetation is predominantly removed at the front and upstream flanks of
(mid-channel) bars in nature through failure of the bar edge (Li et al., 2014), we
examined the maximum flow velocities in these areas. Accordingly, we tested critical
flow velocities within the range of 0.7 to 1.1 m/s with increments of 0.1 m/s.

Rule-based vegetation dynamics

Figure 4.8 shows that the general morphological development of the mid-channel bar
is in line with the development of the bar in the static vegetation scenario when
vegetation can resist relatively high critical flow velocities. The mid-channel bar
slightly migrated in downstream direction and the upstream section of the bar be-
came higher due to the deposition of sediments in the vegetation patch. When the
vegetation was easily removed (e.g. ucr = 0.7 m/s), the bar started to behave like
a bare (non vegetated) bar. The bed level differences after 360 days with respect to
the static vegetation scenario are shown in the right column of figure 4.8. It shows
that erosion at the upstream side of the bar was highly dependent on the chosen
critical flow velocity for vegetation removal. The lower the critical flow velocity, the
more removal of vegetation at the upstream side of the bar. Consequently, these
areas were exposed to higher bed shear stresses and associated sediment transport
(erosion). This led to migration of the bar, see also table 4.1. The amount of sedi-
ment deposition at the downstream side of the bar and bar-tailed limbs was directly
related to the magnitude of the upstream erosion. Moreover, panel D of figure 4.8
shows the formation of gullies on the mid-channel bar during high-flow conditions.
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The development of these gullies had to do with the vegetation removal on the bar.
This will be thoroughly explained in the next section.

Figure 4.8 – Morphological development of river bed after 330 days (left column) and
360 days (middle column) and bed level differences w.r.t. static vegetation after 360
day (right column) for different values of the critical flow velocity for vegetation removal
indicated on the left side (Tveg = 7 days). Green overlayed area shows the vegetation loc-
ations after 330 and 360 days and the black circle shows the initial location of vegetation.
Flow from left to right.

Figure 4.8 and 4.9 show that the general pattern of the removal and return of
vegetation on the mid-channel bar was the same for different critical flow velocities.
Vegetation was stable during low-flow conditions, it was removed from the upstream
side of the bar during high-flow conditions and it returned at the downstream side of
the bar at the end of the year (under low-flow conditions) where bar-tailed limbs were
formed. However, the precise development of the vegetation was highly dependent
on the chosen critical flow velocity for vegetation removal. A relatively large critical
flow velocity (ucr = 1.0 m/s and ucr = 1.1 m/s) led only to minor vegetation removal
at the front and flanks of the bar, whereas low critical velocities (ucr = 0.7 m/s and
ucr = 0.8 m/s) caused a halving or almost full removal of the vegetation on the bar.
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Table 4.1 – Migration distance of mid-channel bar and vegetation for different critical
flow velocity for vegetation removal after 360 days (Tveg = 7 days). Downstream migra-
tion (+). Negative migration is due to the initial location of the vegetation. Vegetation
was initially only situated on the highest region of the mid-channel bar.

Significant differences were present between the removal patterns of the veget-
ation on the bars. Relatively high critical flow velocities (e.g. ucr = 1.0 m/s and
ucr = 1.1 m/s) caused the removal of vegetation at the front and upstream flanks
of the bar, whereas low critical velocities caused the formation of unusual vegetation
patterns which are not observed in the field (e.g. see panel D of figure 4.8). Unlike
the simulated removal patterns, vegetation is in reality predominantly removed at the
front and upstream flanks of the bar through failure of the bar edge (Li et al., 2014),
see for example figure 3.4. The unusual removal patterns are caused by the forma-
tion of bumps of sediment on the upstream part of mid-channel bar. Corresponding
flow velocities were lower on the bumps and higher in the surrounding regions on
the bar due to flow divergence. This caused the formation of gullies. These gullies
were exposed to higher flow velocities which caused more vegetation removal. Figure
4.8 shows that the precise shape of the vegetation return on the mid-channel bar
was highly dependent on the morphological development of the bar and, therefore,
indirectly also on the vegetation removal in the high-flow-season. Besides, the migra-
tion distance of the vegetation (after it returned at the end of the year) was larger
for smaller critical flow velocities for vegetation removal (see table 4.1). This seems
logical because we saw that the return of vegetation was highly connected to the
morphological development of the bar during the high-flow season when vegetation
was removed.

Sensitivity analysis

For the sensitivity analysis, the development of the bathymetry and vegetation was
analysed after 330 days. After this period, we can conveniently analyse the removal
of vegetation since vegetation had not yet returned to the mid-channel bar. We
do not focus on the return of vegetation on the bar because we already concluded
that the pattern of vegetation return does not significantly differ for various critical
flow velocities for vegetation removal. For different vegetation update intervals, the
vegetation only returned at a different moment during the simulated year, e.g. see
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Figure 4.9 – Vegetation area over time for different values of the critical flow velocity
for vegetation removal (m2)

figure 4.10. We also do not elaborate on the differences between the size of the
returned vegetation area since it had to do with the morphological development of the
mid-channel bar during high-flow conditions. For sake of clarity, we included a figure
having bed levels and vegetation development (including the return of vegetation)
after 360 days in Appendix C.

First, we look at the vegetation shown in figure 4.11 in a row-wise manner. Except
for the highest two critical flow velocities where almost no vegetation was removed
(ucr = 1.0 m/s and ucr = 1.1 m/s), we can identify a similar pattern for vegeta-
tion removal: the longer the duration of the vegetation update interval, the less the
vegetation removal on the mid-channel bar. Also, the vegetation removal behaved
in a more natural way as the duration of the vegetation update interval increased.
In reality, vegetation is only caved in at the front and upstream sides of the mid-
channel bar. Unnatural vegetation removal can for example be seen in panels G, H,
I and K of figure 4.11 where vegetation was removed from more regions on the bar.
The same unnatural vegetation patterns occurred during the simulations in panels
A, B, C, D and F . However, these are invisible in figure 4.11 because (almost)
all vegetation was removed during these simulations. Rapid vegetation removal at
a certain location resulted into a cascade of vegetation removals at other locations.
This occurred because sediment was easily eroded from areas where vegetation was
not present anymore. In our case, the first areas experiencing vegetation removal
are situated at the upstream flanks of the mid-channel bar. The eroded sediments
deposited again on top of the bar further downstream leading to two elevated sections
on both the left and right side. This induced flow divergence leading to higher flow
velocities which could penetrate further onto the bar. Consequently, these higher
flow velocities led to more removal of vegetation and more erosion of the bar leading
to gullies. This process accelerated when the vegetation update intervals was smaller
because we then more frequently checked whether vegetation should be removed.

Figure 4.12 shows that similar patterns hold for the development of the morpho-
logy: the smaller the vegetation update interval, the more the erosion at the front
side of the mid-channel bar and the more deposition of sediments on the bar and the
bar-tailed limbs. On the other hand, figure 4.12 shows that a too large vegetation
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Figure 4.10 – Vegetation area over time for different vegetation update intervals (ucr =
0.90m/s) (m2)

update interval can result in the standstill of the bar. This is also not desired as we
are modelling a vegetated migrating mid-channel bar. Therefore, the vegetation up-
date interval should be chosen accordingly to obtain natural behaviour. Previously, it
was already found that the critical flow velocity for vegetation removal significantly
affects the development of the vegetation and the morphology of the mid-channel
bar. A similar pattern was found: the higher the critical flow velocity, the less the
vegetation removal on the mid-channel bar. Additionally, we also concluded that
the vegetation removal behaved in a more natural way as the critical flow velocity
increased.

Combining these two patterns indicates that the critical flow velocity for vegeta-
tion removal and the duration of the vegetation update interval are strongly intercon-
nected. It suggests that low critical flow velocities should be implemented together
with long durations of the vegetation update intervals and that high critical flow velo-
cities should be used together with short durations of the vegetation update intervals
to obtain natural morphodynamics and vegetation dynamics. Hence, a diagonal is
present in figure 4.11 from the lower left corner to the upper right corner of suit-
able combinations of the two input parameters for the dynamic vegetation procedure
resulting into natural behaviour of this river system.

For the Ayeyarwady River model (section 4.2), a trial-and-error procedure and
satellite imagery will be used to find the suitable combination of the two input para-
meters. For engineering purposes, we will start the procedure with a relatively long
duration of the vegetation update interval (and low critical flow velocity), because
the number of interruptions of the model should be minimized to prevent a significant
increase of the calculation time.
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4.2 Ayeyarwady River model

The reference scenario and static vegetation scenario were used as control runs to
compare the dynamic vegetation scenario with. Hence, we only give a brief explana-
tion of the morphological development of the mid-channel bars in these scenarios.

Panels A and C of figure 4.13 show that significant changes of the river morpho-
logy were present after 360 days when the mid-channel bar was not vegetated. The
upstream-side of the bar was exposed to erosion through relatively high flow velo-
cities, bed shear stresses and associated sediment transport rates. This erosion led
to the diffusion of the upstream bar morphology (bank lines were getting smoother).
This diffusion is not desired, because vegetated mid-channel bars normally have dis-
tinct channel bank lines (Nicholas et al., 2013). This also holds for the mid-channel
bar in the Ayeyarwady River close to Nyaungdon. In section 3.1 (figure 3.4), we saw
that, in reality, the upstream slope did not get more gentle over time. Deposition of
sediments occurred on the north-side and downstream side of the bar leading to bar
widening and the migration of the mid-channel bar in downstream direction. Figure
3.4 shows that the widening of the bar does not occur in reality. Also, our model
results do not show the formation of a bar-tailed limb at the south-side of the bar
which actually does occur in reality.

Panels B and D of figure 4.13 show that the mid-channel bar in the static ve-
getation scenario did not experience notable morphological changes after 360 days.
The mid-channel bar was retained at its initial location by the (static) vegetation
on it. The vegetation significantly reduced the flow velocity, bed shear stress and
sediment transport rate on the bar. Therefore, it was hardly exposed to upstream
erosion and downstream sedimentation. However, compared to the natural behaviour
of the Ayeyarwady River (figure 3.4), this scenario gets closer to the actual situation
in which the bar migrates in south-west direction and in which large bar-tailed limbs
develop. The formation of a minor bar-tailed limb on the south side of the bar could
already be identified in our model, see the X in panel D of figure 4.13.

We found that the use of the dynamic vegetation procedure in a morphodynamic
model positively contributed to the ability of the model to simulate a vegetated
migrating mid-channel bar in the Ayeyarwady River. Compared to the natural be-
haviour of the mid-channel bar at Nyaungdon (section 3.1), the modelled behaviour
showed many similarities. Figure 4.15 shows the development of the river morpho-
logy and the vegetation for two different combinations of the critical flow velocity for
vegetation removal (ucr) and the duration of the vegetation update interval (Tveg). A
trial-and-error procedure was used to find combinations which resulted into natural
behaviour of the vegetation and the bar during high-flow conditions. Furthermore,
patterns about the interconnectedness of the two input parameters of the dynamic
vegetation procedure (section 4.1.5) were used to guide this process. We indeed found
that a low ucr should be used with a longer Tveg and that an higher ucr should
be used with a shorter Tveg to end up with natural behaviour of the vegetation on
migrating mid-channel bars. We defined unrealistic vegetation development as the
total removal of vegetation, no removal of vegetation at all and as the formation of
localized (small-scale) erosion patterns leading to the development of gullies.

Figure 4.15 shows that the vegetation removal pattern for various combinations
of ucr and Tveg significantly differs. A lower ucr leads to more removal of vegetation,
than an higher ucr. The somewhat unusual removal pattern in panel A of figure
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Figure 4.13 – Development of the river bed (upper row) and bed level change with
respect to the initial bathymetry (lower row) after 360 days for the reference scenario
and static vegetation scenario. Black line shows the initial location of the bar and the
green overlayed area shows the location of the vegetation. Flow from right to left. X
shows the formation of a minor bar-tailed limb.
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Figure 4.14 – Initial bathymetry (m). The color bar is truncated to show a range of
0 − 6 meters to highlight the elevation differences on the bar. White arrow indicates a
low elevation region.

4.15 is due to elevation differences on the bar, see figure 4.14. They show that more
vegetation removal is present at the low elevation region on the bar, see white arrow
in figure 4.14. In reality, such a vegetation removal patterns is not observed, see
figure 3.4. Vegetation should be predominantly removed at the front and upstream
flanks of the bar through failure of the bar edge (Li et al., 2014).

The differences between the vegetation development patterns did not result in
significant differences in the morphological development of the bars. Erosion of sedi-
ment occurred at the upstream side of the bar where vegetation was removed during
high-flow conditions. This is in compliance with satellite observations as shown in
figure 3.4. The absence (removal) of vegetation led to higher bed shear stresses
and associated sediment transport rates (erosion) during high-flow conditions. Slight
erosion also occurred at the downstream side of the bar where the northern bar-tailed
limb decreased in width.

Deposition of sediments occurred at the downstream side of the bar. They led
to the elongation of the northern bar-tailed limb and the formation of a new bar-
tailed limb on the south-side of the bar. Growth of the bar-tailed limbs also occurred
in reality, see figure 3.4. A major bar-tailed limb developed over the years at the
south-side of the bar in the Ayeyarwady River. Figure 4.15 also shows the rapid
return of vegetation on the developed bar-tailed limbs. This vegetation behaviour
is in compliance with the actual development of the vegetation in the Ayeyarwady
River. In reality, vegetation rapidly develops on the bar-tailed limbs of mid-channel
bars which were formed during the high-flow season.
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Figure 4.15 – Development of the river bed after 330 days (upper row), development of
the river bed after 360 days (middle row) and the bed level difference with respect to the
static vegetation scenario after 360 days (lower row) for two combination of the critical
flow velocity for vegetation removal ucr and the duration of the vegetation update interval
Tveg. Black lines in upper and middle row show the initial location of the vegetation,
black lines in lower row show the initial location of the bar and the green overlayed areas
show the vegetation. The color bar of panels E and F is truncated to show a maximum
difference of ± 3 meters.
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Chapter 5

Discussion

Subsequently, we will discuss the following topics in this chapter: the scope of this re-
search, morphodynamic modelling, vegetation modelling and the dynamic vegetation
procedure. However, first, it is good the emphasize that the results discussed herein
are for idealized rivers. Even the simulated river morphodynamics of the Ayeyar-
wady River model are inevitably less complex than in natural rivers. This is partly
due to our assumptions about the river system, such as the simplified discharge hy-
drograph and equilibrium sediment supply, but also due to model shortcomings as
discussed in this chapter. Yet, the idealized river in the schematized model could be
used to analyse different vegetation formulations. The non-calibrated Ayeyarwady
River model was used to test the dynamic vegetation procedure. Despite this model
is not calibrated, it could be used to test the dynamic vegetation procedure in a more
realistic model setup.

5.1 Scope

In this study, we focus on the large-scale morphodynamics of vegetated migrating
mid-channel bars in the Ayeyarwady River. For example, we are interested in the
morphological changes of the shape and location of mid-channel bars. We are not
interested in small-scale bar and vegetation development. Therefore, we use constant
vegetation characteristics as height, diameter and density over space and time. We
neglect that these characteristics would normally differ on mid-channel bars and
significantly influence small-scale bar development. We are also not interested in
simulating small-scale vegetation processes as colonization, growth and mortality for
the dynamic vegetation phase of this study. We only mimic the development of large-
scale vegetation patterns by developing a dynamic vegetation procedure (see section
5.4) which contains simple conditions for vegetation removal and return.

Also, for sake of simplicity, we neglect that vegetation is normally present on
the river banks and floodplains. We only focus on the development of vegetation on
mid-channel bars. The inclusion of bank and floodplain vegetation can potentially
result in different morphodynamic behaviour of the river. For example, vegetation
on banks induces flow divergence leading to higher flow velocities, bed shear stresses
and sediment transport rates in the channels. A detailed analysis of the effects
of bank and floodplain vegetation is beyond the scope of this study. For future
work, we recommend to study the effectiveness of the proposed methodologies on the
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development of vegetation on bank and floodplains, see section 6.2.2 for more details.

5.2 Morphodynamic modelling

Present morphodynamic models, such as Delft3D-Flexible Mesh, are able to suffi-
ciently produce many of the morphological characteristics and dynamics of braided
river systems (Jagers, 2003; Williams et al., 2016b). However, they still have a limited
predictive value due to many simplifications such as the modelled hydraulic resist-
ance, the bank erosion procedure and the parametrisations of secondary flow and tur-
bulence (Schuurman, 2015; Williams et al., 2016a,b). Yet, present morphodynamic
models can still be useful for engineering purposes without giving precise predictions.
They can give a rough estimate of the amount of sediment transport and the loca-
tions where erosion and deposition will occur at some moment in time. For example,
these models can be used to asses locations of risk for sedimentation and erosion and
they can be used to determine the impact of river training measures. The remainder
of this section will shortly touch upon some model assumptions/simplifications and
the effect of it on our results.

5.2.1 Bank erosion

In nature, bank erosion is one of the main mechanisms causing the migration of
vegetated bars (Li et al., 2014). There are two main sets of bank-erosion processes
and mechanisms, namely fluvial erosion and mass failure (Rinaldi and Darby, 2007).
In Delft3D-FM, the process of bank erosion by mass failure is not included (Deltares,
2019b). Bank erosion is included by applying a simple algorithm: a dry grid cell
erodes if erosion occurs in a neighbouring wet grid cell. This algorithm leads to the
diffusion of the bar morphology during low-flow conditions; steeps bank slopes become
more gentle. This algorithm is not in use during high-flow conditions, because (mid-
channel) bars are fully submerged. In fact, the algorithm is undesired for modelling
vegetated migrating mid-channel bars which normally have distinct upstream channel
bank lines (Nicholas et al., 2013). Relatively coarse grid cells do also contribute to
the diffuse morphological behaviour of bank lines (Williams et al., 2016a). The finer
the grid resolution, the better the bank topography can be simulated. Both affect
the removal of vegetation by the proposed dynamic vegetation procedure as well. In
reality, vegetation in the Ayeyarwady River is disconnected from the flow during low
flow conditions due to a very steep (upstream) bar slope (Moggridge and Higgitt,
2014). However, in our procedure, vegetation removal might still occur during low-
flow conditions if the bar slope has become gentler over time.

The bank erosion algorithm is also not able to produce bank erosion due to lateral
channel migration in braided rivers (Schuurman, 2015). Therefore, the resulting
channel morphology (e.g. see figure 4.1) did not show major lateral migration of
the banks of the two channels around the mid-channel bar. Instead, the channels
experienced a notable incision of the bed in response to the flow.

Yet, this simplistic bank erosion algorithm did not significantly affect our large-
scale model results as the major morphological changes of interest (the development
of the shape of the bar and the location of the bar) predominantly occur during high-
discharge conditions when the mid-channel bar is submerged and the bank erosion
algorithm is not in use.
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5.2.2 Sediment transport formula

The applied sediment transport formula (General Formula) calculates the total sed-
iment transport rate: the combination of bed load and suspended load. The trans-
port rate is imposed in Delft3D-FM as bedload transport due to currents. Hence, we
neglect the effect of suspension (advection-diffusion of sediments) on bar morphody-
namics. According to Schuurman (2015), the inclusion of suspended-load transport
results in longer bars and steeper transverse bed slopes in river bends due to sec-
ondary flow. The secondary flow steers flow near the river bed toward the inner
bend, where the sediment concentration is high. So, potentially, we underestimated
the simulated development of the bar length. Furthermore, our configuration of the
General Formula does not include a threshold for sediment mobility. This threshold
affects the sediment transport rate in locations of low sediment mobility, e.g. on
top of bars. Hence, we might overestimate the sediment transport on top of bars
leading to exaggerated bar erosion or bar lengths. A detailed analysis of the effects
of suspended sediment and the use of a threshold for sediment mobility on the devel-
opment of the bar morphology is beyond the scope of this study. However, a slight
under- or overestimation of the bar length will not significantly affect our findings
about the effectiveness of the dynamic vegetation procedure to simulate large-scale
morphodynamics of vegetated migrating mid-channel bars.

5.2.3 Morphological acceleration factor

A morphological acceleration factor (MorFac) was used to speed up the morpholo-
gical developments in our model to reduce computation time. The influence of the
MorFac on the morphological development of the mid-channel bar is not thoroughly
analysed. However, we used a rather modest MorFac of 15 to avoid unrealistic sedi-
ment transport pulses through the system based on the work of Steijn et al. (2019) at
the site of the case study. This MorFac seems reasonable because it is a relatively low
value compared to a default value of 25 commonly used in morphodynamic models
of braided rivers (Schuurman, 2015).

5.3 Vegetation modelling

We found that a conventional roughness formulation as Manning’s n cannot be used
to simulate (static and dynamic) vegetation in numerical morphodynamic simula-
tions, because it leads to very high bed shear stresses in vegetated areas. This find-
ing is in compliance with the work of Baptist (2005) and Le Bouteiller and Venditti
(2015). Baptist (2005) found that an high bed shear stress can be due to an enhanced
hydraulic resistance. He stated that the bed shear stress should actually become lower
due to the presence of vegetation, because near-bed flow velocities (turbulence) are
reduced in vegetated patches on bars. This is not the case when using a conventional
roughness formulation such as Manning’s n. Figure 2.4 confirms this finding.

We use the Baptist roughness predictor to represent vegetation in our simula-
tions. This predictor is based on the work of Baptist (2005) and it determines a
Chézy roughness coefficient to represent vegetation (resistance). This Chézy coef-
ficient is implemented in the hydrodynamic calculations in Delft3D Flexible Mesh.
Therefore, it can be used to simulate flow resistance by vegetation reasonably well
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(Vargas-Luna et al., 2015). The Baptist roughness predictor is not included in the
morphodynamic part (sediment transport formula) of our model. Hence, we neg-
lect that vegetation has a decreasing effect on the turbulence and associated bed
shear stress in vegetated areas. Instead, the Chézy coefficient corresponding to a
Manning’s n of 0.030 s/m1/3, the alluvial bed roughness, is used in the sediment
transport formula. This results only in a partial reduction of the sediment transport
rate in vegetated areas in our model. The partial reduction is caused by the flow
velocity reduction from the hydrodynamic calculations which is implemented in the
transport formula, see appendix A for more details.

All in all, an overestimation of the sediment transport rate in vegetated areas
is present in our model, possibly affecting morphological behaviour, see figure A.1.
However, we do not expect that significantly different morphological development
(patterns) would have occurred. The effect of vegetation is only partly underestim-
ated. A detailed analysis of the effects of the overestimated sediment transport rate
through vegetated is beyond the scope of this study. However, we recommend, for
future work, to use a more advanced method which also includes the effects of ve-
getation on the sediment transport rate in a more realistic way (see appendix A for
more details).

5.4 Dynamic vegetation procedure

This study is a step forward in the morphodynamic modelling of vegetated migrating
mid-channel bars in dynamic rivers for engineering purposes when the large-scale
development of bed and land forms is mainly of interest. We found that the inclusion
of dynamic vegetation removal and return can result in more natural morphodynamic
model behaviour of migrating bars compared to including static vegetation in space
and time. This is in compliance with the work of Nicholas et al. (2013), Bertoldi
et al. (2014) and Oorschot et al. (2016). We removed vegetation using a Basic Model
Interface which couples Delft3D-FM to a dynamic vegetation procedure in Python.
This procedure contains basic conditions for the removal and return of vegetation
dependent on two input parameters: a critical flow velocity for vegetation removal
and a vegetation update interval.

5.4.1 Critical flow velocity

Oorschot et al. (2016) used a life-stage dependent critical flow velocity for alluvial
vegetation mortality in a morphodynamic river model ranging from 0.55 m/s for
seedlings to 12 m/s for tree-like vegetation. We use critical flow velocities in the
range of 0.55 to 1.10 m/s to mimic the development of natural vegetation patterns.
This suggests that our used critical flow velocities are on the low end of the actual
critical flow velocities for vegetation removal (mortality) which are present in the field.
However, we are not only modelling vegetation removal through high flow velocities.
By using a relatively low critical flow velocity, we try to include more vegetation
removal processes (e.g. burial and uprooting) at once to mimic the development of
natural vegetation patterns. Hence, our critical flow velocity is allowed to be lower
than the critical flow velocities as observed in the field.
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5.4.2 Interconnectedness of input parameters

In section 4.1.5, we identify a strong interconnection between the critical flow velo-
city for vegetation removal and the duration of the vegetation update interval. The
combination of both parameters strongly affects the development of the vegetation
and the morphology of a modelled system. A small change in one of these paramet-
ers could induce a significantly different, potentially unrealistic, development. This
suggests that selecting a suitable combination of the vegetation update interval and
critical flow velocity for vegetation removal is very important. As no rules to select
the right combination are present (yet), calibration data of the morphological and
vegetation development and knowledge about vegetation development in the river
system are always required.

In section 4.2, we state that a suitable combination of the two input parameters
for a modelled system cannot simply be implemented in a model of another river
system. This suggests that the combination is highly dependent on the physical
characteristics of the system one attempts to model, such as the vegetation charac-
teristics, discharge regime and initial bathymetry. This seems logical because flow
characteristics, vegetation and morphology do strongly affect each others develop-
ment (Moggridge and Higgitt, 2014). For example, we found that vegetation removal
patterns are dependent on the bathymetry of the bar. The bathymetry of the bar
significantly affects the flow velocities on top of it leading to vegetation removal pat-
terns which follow elevation patterns of the bar. Figure D.1 of Appendix D shows
the vegetation removal on the bar in the Ayeyarwady River model for an unsuitable
combination of the critical flow velocity and the duration of the vegetation update
interval. It shows that vegetation is removed from the low elevation region on the
centre of the bar. Vegetation removal at this region is not realistic because veget-
ation is in reality predominantly removed from the front and upstream flanks of
mid-channel bars through failure of the bar edge (Li et al., 2014). So, when using the
proposed dynamic vegetation procedure, we recommend to always verify that the flow
velocity is the main driver of vegetation removal in the river system. If not, another
condition with a different driver (process) for vegetation removal can potentially be
used, e.g. a critical erosion depth or bed shear stress.

Furthermore, we found that the morphological development of mid-channel bars
is highly sensitive to changes in the vegetation height and density (section 4.1.4).
Therefore, the critical flow velocity for vegetation removal and the duration of the
vegetation update interval are also dependent on these vegetation characteristics. If
these characteristics are adapted in the model setup or significantly change over time
in reality, the critical flow velocity for vegetation removal and the vegetation update
interval probably need to be adapted as well to obtain natural vegetation behaviour.

5.4.3 Applicability to other rivers

The characteristics of the Ayeyarwady River are used for the development of the
conditions for vegetation removal and return in the proposed dynamic vegetation
procedure. Hence, the present procedure is only valid for monsoonal regions with a
clear water level difference between the low- and high-flow season (such as the simpli-
fied discharge hydrograph in figure 3.7) and in regions where rapid vegetation return
on bars during the low-flow season normally occurs. We assume that (fully grown)
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vegetation returns to the mid-channel bar at the end of the year during the low-flow
season. In fact, this condition does not represent the natural behaviour of vegetation
return on bars. Normally, vegetation would gradually return to dry areas on bars.
However, this easy condition can be used in our case because vegetation on bars in
the Ayeyarwady River is disconnected from the flow during low-flow conditions. So,
there is no need to simulate the gradual return of vegetation during the low-flow
season as long as the vegetation at the start of the high-flow season is relocated. All
in all, this limits the applicability of the present procedure to simulate vegetation
dynamics in other rivers. However, the proposed procedure can easily be applied to
other river systems as well. Similar rule-based conditions for vegetation removal and
return can be set up for rivers having different physical characteristics. Section 6.2.2
further elaborates on this topic.

5.4.4 Long-term applicability

The applicability of the dynamic vegetation procedure is potentially limited over long
time-scales. Modelling vegetation removal and return over long time-scales gives new
challenges, compared to the short time-scale, because we only mimic the development
of natural vegetation patterns of the past. We are not modelling actual vegetation
processes (e.g. seed dispersal, growth, etc.) which can change over time due to
for example environment changes. Hence, the dynamic vegetation procedure may
be unsuitable for systems where vegetation development patterns can significantly
change over time. We recommend to study the effectiveness of the proposed procedure
over long simulation periods to gain a better insight in the predictive value of the
procedure. See section 6.2.1 for more details.

50



Chapter 6

Conclusions and
recommendations

6.1 Conclusions

The objective of this thesis is to model and explore the effect of incorporating vegeta-
tion dynamics on the large-scale morphodynamics of vegetated migrating mid-channel
bars in dynamic rivers. To reach this objective, we have set up a schematized model
based on the Ayeyarwady River in Myanmar to study the effect of static (in space
and time) vegetation formulations on the morphological development of mid-channel
bars. Then, a procedure was developed to include the removal and return of vegeta-
tion in space and time, based on basic conditions, on migrating mid-channel bars in
the schematized model. The dynamic vegetation procedure was coupled to Delft3D-
Flexible Mesh using a Basic Model Interface which has a direct control over model
time steps and variables during a simulation. Finally, we tested the procedure in
more realistic model setup of the Ayeyarwady River. In this section, we answer the
research questions formulated in section 1.3.

Q1 To what extent are present numerical morphodynamic models capable of sim-
ulating the development of vegetated migrating mid-channel bars in dynamic rivers
using different static (in space and time) approaches to include vegetation?

A present morphodynamic model is capable of simulating the large-scale morpho-
logic development of bare (non-vegetated) migrating mid-channel bars in braided
rivers, whereas it has difficulties with simulating the development of vegetated
mid-channel bars in dynamic rivers. Unrealistic morphological behaviour occurs
around migrating mid-channel bars when a conventional roughness formulation
as Manning’s n is used to represent vegetation. This formulation wrongly simu-
lates the behaviour of the flow within vegetated areas resulting in high bed shear
stresses, consequently leading to massive erosion. The use of the Baptist rough-
ness predictor to represent vegetation gives more realistic results. However, this
representation of vegetation (resistance) does not enable the migration of the
mid-channel as a whole, because the location of the modelled vegetation is static
over time. This implies that morphodynamics are strongly interconnected with
vegetation dynamics. Thus, the connection between vegetation and morphology
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cannot be neglected when someone wants to model a highly dynamic river system
in which vegetated migrating mid-channel bars occur.

Q2 How can we include the removal and return of vegetation in space and time on
migrating mid-channel bars in numerical morphodynamic models in a simplistic and
dynamic way?

A procedure was developed to include the dynamic removal and return of veget-
ation in space and time on migrating mid-channel bars in numerical morphody-
namic models. The procedure is specifically developed to mimic the development
of natural vegetation patterns on mid-channel bars in the monsoonal Ayeyarwady
River. It reads as follows: vegetation is removed from the mid-channel bar during
high-flow conditions where the flow velocity during the last vegetation update
interval exceeds an user-defined critical value and vegetation returns to the bar
where the maximum inundation depth does not exceed an user-defined water
depth at the end of each year during low-flow conditions.

We found that the use of the dynamic vegetation procedure enabled vegetated
migrating mid-channel bars to more dynamically behave in a modelled river. In-
stead of being static over time, mid-channel bars were now exposed to upstream
erosion and downstream deposition of sediments resulting in the formation of
bar-tailed limbs and the migration of the bars as a whole. Vegetation removal
induced higher flow velocities at the upstream side of the bar. This resulted in
higher bed shear stresses and associated erosion of the upstream bar edge. The
sensitivity analysis showed that the critical flow velocity for vegetation removal
and the duration of the vegetation update interval are strongly interconnected
and the combination of both parameters highly influences vegetation develop-
ment and morphology. It also showed that unnatural model behaviour can occur
when these parameters are not carefully chosen. Patterns were identified to
guide the selection process of suitable parameter-combinations for engineering
purposes. We recommended to use low critical flow velocities together with long
durations of the vegetation update interval and to use high critical flow velocities
together with short durations of the vegetation update interval to obtain nat-
ural morphodynamics and vegetation dynamics. It is important to devote much
attention to the selection process of a suitable parameter-combination for the
dynamic vegetation procedure for the river system one wants to model.

Q3 To what extent can the proposed modelling procedure for dynamic vegetation be
used to improve morphodynamic model results of a vegetated migrating mid-channel
bar in a real-life case study?

The proposed dynamic vegetation procedure was implemented in a morphody-
namic model of the Ayeyarwady River in Myanmar. The case study showed
that it is difficult to select a suitable combination of the critical flow velocity for
vegetation removal and the duration of the vegetation update interval, because
these parameters are highly interconnected and they strongly influence vegetation
and morphological development. We recommend to use calibration data of the
vegetation patterns and morphology, such as satellite imagery and in-situ meas-
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urements, to find a suitable combination of the two parameters. We found that
the dynamic vegetation procedure, with suitable input parameters, significantly
increased the ability of the morphodynamic model to simulate natural large-scale
morphodynamics of a vegetated migrating mid-channel bar. Instead of having a
static location over time, the mid-channel bar showed substantial migration when
vegetation was dynamically removed and returned throughout the year. Many
similarities were found in the development of the vegetation on the bar compared
to the actual behaviour of vegetation in the Ayeyarwady River. Vegetation was
removed from the upstream side of the bar during high-flow conditions and it
returned to the downstream bar-tailed limbs during low-flow conditions.

The case study showed that the dynamic vegetation procedure can only con-
tribute to more natural bar and vegetation dynamics when the flow velocity is the
main driver of vegetation removal in the modelled river system. If not, another
condition with a different driver (process) for vegetation removal, for example a
critical erosion depth or bed shear stress, can potentially be used to end up with
more natural results. Therefore, we recommend to always verify this by identi-
fying physical characteristics of the river system such as the discharge regime,
the vegetation characteristics and behaviour in nature and the topography of the
bed.

The use of the dynamic vegetation procedure in combination with a morpho-
dynamic model gives new challenges over long time-scales (multiple years to dec-
ades), because we are not modelling the precise behaviour of vegetation. Instead
we are only mimicking the development of natural vegetation patterns. This im-
plies that the dynamic vegetation procedure can be used for predicting vegetation
patterns and the morphology of mid-channel bars over a couple of years if the
general development of the vegetation patterns in the future is expected to be
similar to development in the past. For example, this holds if the flow velocity
remains the dominant factor affecting vegetation removal (mortality) in the river
system one wants to model.

6.2 Recommendations

This chapter concludes with some recommendations for future research with respect
to the proposed dynamic vegetation procedure. We also discuss some recommenda-
tions for the practical usage of the proposed procedure.

6.2.1 Future research

First of all, we only examined the effectiveness of the dynamic vegetation procedure
on the morphological development of migrating mid-channel bars over a short time-
scale (1 year). We concluded that the use of the procedure can lead to more natural
large-scale morphodynamic behaviour of vegetated mid-channel bars over this time-
scale. For the calibration of the procedure, we recommend to use satellite imagery
and in-situ measurements of the past vegetation development. Hence, modelling the
vegetation removal and return over long time-scales gives new challenges because we
only mimic the natural development of vegetation patterns and we are not modelling
actual vegetation processes (e.g. seed dispersal, growth, etc.). Thus, we assume that
the development of the vegetation patterns in the future is similar to the development
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of these patterns in the past. This assumption is valid when no notable changes
occur in the discharge regime, vegetation characteristics and topography of the bed
all affecting the behaviour of vegetation patterns. Consequently, the procedure can
be used to predict vegetation patters and (mid-channel) bar morphodynamics over a
couple of years, whereas new challenges arise when you want to predict over long time-
scales as decades. Hence, we recommend to study the effectiveness of the proposed
procedure over long simulation periods to gain a better insight in the predictive
value of the procedure. Possibly, long time series of satellite imagery can be used to
calibrate the procedure to investigate to what extent vegetation and morphodynamic
river behaviour of the past can be reconstructed.

Secondly, mimicking the behaviour of bank and floodplain vegetation was beyond
the scope of this study. We only updated the location of vegetation on migrating mid-
channel bars. However, the proposed dynamic vegetation procedure can potentially
also contribute to a more dynamic simulation of braiding or meandering river system
as a whole. We recommend to study the effectiveness of the proposed dynamic
vegetation procedure to model dynamic floodplains vegetation on a simple model
setup first. Consequently, unimportant river processes are excluded and the model
results can be interpreted more easily. Afterwards, the model setup can be extended
such that it captures actual characteristics of a case study just as we did.

Lastly, we used a trial-and-error procedure to find a suitable combination of
the critical flow velocity for vegetation removal and the duration of the vegetation
update interval for the dynamic vegetation procedure. In section 4.2, we showed
that it is fairly difficult to end up with a suitable combination of the two, because
vegetation development and morphological development are highly sensitive to the
chosen combination. Therefore, for future work, we recommend to reduce the number
of calibration parameters from two to one. The critical flow velocity for vegetation
removal should be given a more physical character. For example, the critical flow
velocity for vegetation removal might be determined using a joint analysis of aerial
imagery of vegetation patterns on river banks and the flow regime. The duration
of the vegetation update interval should be treated as a dustbin to capture both
all other physical phenomena affecting the location of vegetation but also model
uncertainties/errors. It is recommended to perform the calibration of the duration
of the vegetation update interval using satellite imagery or in-situ measurements to
be able to realistically mimic the behaviour of vegetation on migrating mid-channel
bars.

6.2.2 Practical usage

A possible field of application for the proposed methodology is river management.
For example the large-scale bar, channel and vegetation response to measures in
monsoonal dynamic braided rivers can be evaluated in a more realistic way on the
short-term. The approach could be used to compare the short term morphological ef-
fects on (vegetated) bar dynamics of different river management strategies in dynamic
braided rivers. Furthermore, the large-scale bar, channel and vegetation response to
different future vegetation characteristics and vegetation removal mechanisms (scen-
ario analysis) can effectively be evaluated, because the dynamic vegetation procedure
only needs one/two so-called ‘calibration-parameters’ which is ideal for engineering
purposes. Besides, the inclusion of vegetation dynamics in Delft3D Flexible Mesh us-
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ing a Basic Model Interface did not result in significantly different calculation times
which is ideal for e.g. a scenario analysis.

Note that the proposed procedure can easily be applied to any hydrodynamic or
morphodynamic model because the dynamic vegetation procedure (in Python) can
be coupled to any model with a Basic Model Interface without making changes to
the source code of it. Only a properly working Basic Model Interface needs to be
constructed to gain control over model time steps and variables during a simula-
tion. Moreover, the proposed procedure can be applied to any river system of which
sufficient information about vegetation dynamics and calibration data is available.
Presently, the conditions are set up for a monsoonal and highly dynamic river sys-
tem with the assumption of immediate vegetation return in the low-discharge period.
Similar rule-based conditions for vegetation removal and return can be set up for
regions having other hydrologic and vegetation removal/return conditions. For ex-
ample, the vegetation return condition can be adapted to gradually return vegetation
to regions on bars which are dry for a certain period. This condition might be use-
ful for regions experiencing only minor water level differences and vegetation return
during the whole year. Again, satellite imagery can for example be used to study the
goodness-of-fit of the developed conditions.
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Appendix A

Baptist roughness predictor

The Baptist roughness predictor (vegetationmodelnr = 1 in Delft3D-FM) can be
used to calculate the Chézy coefficient to represent vegetation resistance (Baptist
et al., 2007). It is commonly used for floodplains of rivers and in the intertidal
areas of estuaries to determine the flow resistance of vegetation in a channel. This
roughness predictor is based on the work of Baptist (2005). He obtained a simplified
but accurate version of his analytical formula for the representative Chézy roughness
coefficient for both submerged and non-submerged vegetation (Deltares, 2019a):

Cveg =

√√√√ 1
1
C2

b
+ CDnhv

2g

+

√
g

κ
ln(

h

hv
) if h > hv (A.1)

Cveg =

√√√√ 1
1
C2

b
+ CDnh

2g

if h < hv (A.2)

with h the water depth (m), g the gravitational acceleration (m/s2), κ the Von
Kármán constant (−), hv the vegetation height (m), n the vegetation density (1/m),
CD the drag coefficient (−) and Cb the alluvial bed roughness (m1/2/s). The ve-
getation density can be determined by multiplying the number of stems per squared
meter with the diameter of the stems. The alluvial bed roughness is calculated using
Manning’s n:

Cb =
6
√
R

n
(A.3)

in which R is the hydraulic radius (m). We used a Manning n of 0.030 m−1/3s for
the river bed. Cveg is implemented in the bottom friction term of the momentum
part of the Shallow-water equations. The bottom friction term reads:

τb =
ρgu|u|
C2
veg

(A.4)

where |u| is the magnitude of the depth-averaged horizontal velocity. Cveg is always
lower (rougher) than Cb. Hence, vegetation causes an increase of the bottom friction
term resulting in additional flow resistance and a reduction of the flow velocity.

The effect of vegetation is not included in the morphodynamic calculations in
Delft3D-FM in a direct manner. Cveg was not included in the computation of the
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mobility parameter of the sediment transport formula, because this would have led
to a significant overestimation of the transport in vegetated areas. Including Cveg in
the morphodynamic calculations would have led to behaviour similar to the red lines
(Manning’s roughness) in figure 2.4. Instead, the alluvial bed roughness Cb is used
in the sediment transport formula. This bed roughness is calculated using equation
A.3 and a Manning’s n of 0.030 m−1/3s . Hence, the transport formula is (for c = 0):

S = αD50

√
∆gD50θ

b (A.5)

Mobility parameter : θ =

(
u

Cb

)2 1

∆D50
(A.6)

The use of Cb in the morphodynamic calculations also resulted in an overestima-
tion of the sediment transport rate in vegetated areas, because the mobility parameter
was still too large, see black line in figure A.1. However, the reduction of the flow
velocity (u in equation A.6) from the hydrodynamic part of Delft3D-FM did cause
a minor reduction of the mobility parameter in an indirect manner, see green line
in figure A.1. These lines show that there is indeed a minor decrease of the bed
shear stress and sediment transport rate compared to the No vegetation (black line)
situation.

In reality, a significant decrease of the bed shear stress and sediment transport
rate should occur due to vegetation (Baptist, 2005). To obtain this behaviour, the
mobility parameter should have decreased significantly. Therefore, the Cb should
have been increased. Delft3D-FM contains a methodology (Trachytope 154 ) which
specifically determines the Chézy coefficient of vegetation for the morphodynamic
computations. It increases the Chézy coefficient of vegetation leading to less flow
resistance (Cveg > Cb). The formulation of this Chézy coefficient reads (Deltares,
2019a):

Cveg = Cb +

√
g

κ
ln(

h

hv
)

√
1 +

CDnhvC2
b

2g
(A.7)

Additionally, an extra flow resistance term is implemented in the Shallow water equa-
tions to obtain the correct hydrodynamic behaviour. All in all, this would have resul-
ted in the behaviour as shown in the blue line in figure A.1. These lines shows a signi-
ficant decrease of the bed shear stress and sediment transport rate when Trachytope
154 is used. However, we could not use this methodology because it could not be
used in combination with the present implementation of the Basic Model Interface
in Delft3D-FM.
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Figure A.1 – Bed shear stress (left) and sediment transport (right) vs. depth-averaged
flow velocity for different vegetation formulations. Manning has a Manning’s n of 0.070
m−1/3s and No vegetation has a Manning’s n of 0.030 m−1/3s. The figures are based on
characteristics of the flow and vegetation on the mid-channel bars of the case study.
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Appendix B

Model set-up: Ayeyarwady
River model
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Figure B.1 – Ayeyarwady River model: Bathymetry of the entire modelling domain
(m+MSL). Colorbar shows the magnitude of the bed level and the three groynes north
of the bifurcation area are indicated in red.
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Figure B.2 – Ayeyarwady River model: A section of the curvilinear and triangular
network of grid cells around Nyaungdon plotted on the bathymetry. The grid refinement
at the bifurcation point of the Pan Hlaing river can clearly be seen. Thin black lines
indicate the dikes.

Figure B.3 – Upstream and downstream boundary conditions of the Ayeyarwady River
model.
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Figure B.4 – Ayeyarwady River model: Roughness map (Manning’s n) of the entire
modelling domain (s/m1/3). Smooth transitions between the sections are visible in the
figure. Thin black lines indicate the dikes.
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Appendix C

Results: Schematized model
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Extended results: Scenario analysis

Figure C.1 – State of the flow velocity, bed shear stress and sediment transport and
evolution of the bed level after 240 days during high flow conditions for the reference,
manning and static vegetation scenario. Flow from top to bottom of figure. The color
bar for bed shear stress is truncated to show a maximum stress of 30 Nm−2.
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Figure C.2 – State of the flow velocity, bed shear stress and sediment transport and
evolution of bed level after 360 days during low flow conditions for the reference, manning
and static vegetation scenario. Flow from top to bottom of figure.
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Sensitivity analysis: Static vegetation

Figure C.3 – Sensitivity of physical processes and channel evolution for the manning
scenario after about 260 simulated days. The parameter differences are indicated above
the panels. Unit of Manning’s n is s/m1/3
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Figure C.4 – Sensitivity of physical processes and channel evolution for the static
vegetation scenario to changes in the vegetation density after about 260 simulated days
during high flow season. The parameter differences are indicated above the panels.
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Figure C.5 – Sensitivity of physical processes and channel evolution for the static
vegetation scenario to changes in the vegetation height after about 260 simulated days
during high flow season. The parameter differences are indicated above the panels.
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Appendix D

Results: Ayeyarwady River
model

78



Figure D.1 – Development of the bed after 330 days (A), development of the bed after
360 days (B) and the bed level difference with respect to the static vegetation scenario
after 360 days (C) for a unsuitable combination of the critical flow velocity for vegetation
removal ucr and the duration of the vegetation update interval Tveg. Black lines in upper
and middle panels show the initial location of the vegetation, black line in lower panel
show the initial location of the bar and the green overlayed areas show the vegetation.
The color bar of panelC is truncated to show a maximum difference of ± 3 meters.
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