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Abstract

Estuaries are large water bodies connecting river(s) with the seas. These areas form the
transition between the fluvial situation in rivers to the marine processes at seas. These
estuaries are important since the surroundings are highly populated and have both econom-
ical and ecological value.

In these estuaries, we find large-scale rhythmic bed forms named sand dunes. The sand
dunes are formed on top of the flat bed, develop into dunes under local environmental
conditions over time and can migrate. This development of sand dunes affects the water
depth and flow of the estuary. However, these sand dunes form only at some locations in
estuaries. To better understand the formation of sand dunes, this study analysis the initial
formation of a sand dune based on local environmental parameters in the process-based
linear stability model developed by van der Sande et al. (2021a). This study analyses the
effect of a change of one or several of the input parameters. These affect the expected
fastest growing mode (FGM), being growth rate, wavelength and migration rate.

This current model describes the formation of sand dunes including the estuarine processes,
in the Gironde Estuary. However, this current model can adapt to different circumstances by
changing the local environmental parameters and the empirical model parameters. Herein
the environmental parameters are the water depth, depth-averaged M2 velocity amplitude,
the depth-averaged river flow velocity, grain size and the salinity gradient. empirical model
parameters consist of the drag coefficient, slip parameter, bed load exponent and slope
correction factor. In this study, we analyse the effect of the local ranges in parameters on the
expected FGM properties. Secondly, we look into the combined effect of combined changes
in these parameters. The third step in this study is to validate the current model based on
the three locations and their environmental parameters combined with measurements of
local sand dunes.

The individual parameter changes have a different impact on the growth rate, wave length
and migration rate. Combing all changes in the environmental parameters, we find large
variations in migration rates and directions. While the combination of ranges in the model
parameter mainly influences the range in growth rates and wave lengths. The combination of
two parameters will influence the FGM properties different since some parameters influence
each other. So influence the combination of the bed load exponent and the slope correction
the amount of sediment transport in the equation. The slope correction factor has a large
influence on the wave length, however both factors influence the expected growth and
migration rates.

The current model helps to understand the formation and different sizes of sand dunes.
But not all differences in wave lengths and migration direction could be explained by the
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local parameters in this model. The model is calibrated for the Gironde Estuary and the
slip parameter needs to be adjusted to better present the wave lengths at other locations,
however the current model can explain some difference between wavelengths between some
locations. But there is still some difference which could not be explained. Also the migration
direction is not always in the expected direction due to the type of model and the input
parameters. So the current model is relatively robust, however it can not explain all the
differences in wave lengths and migration directions.
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1. Introduction

This chapter provides an introduction to the research done for my master thesis. It consists
of a literature background. Secondly, the research goal is described and the research
questions used to reach this goal. Lastly, this chapter provides a reading guide for the rest
of the report.

1.1. Background

Estuaries are large bodies of water enclosed by land, which are the transitional zone influ-
enced by the significant freshwater discharge of rivers and the tidal influx of water by seas
and oceans (Kennish, 2002; Adey and Loveland, 2007). The length of estuaries ranges be-
tween tens and hundreds of kilometres (Adey and Loveland, 2007). Estuaries are surrounded
by highly populated land (Adey and Loveland, 2007; Leuven et al., 2019). Those humans
use estuaries and their surrounding area for urban development, land reclamation, waste
disposal, water extraction and diversion, agriculture and aquaculture, marine transportation
and shipping, harbour and marina operations, and recreational and commercial fishing and
therefore represent a very important economical and ecological value (Kennish, 2002).

Estuaries are influenced both by marine and fluvial processes. But they are also af-
fected by estuarine-specific processes, like gravitational circulation. Dalrymple and Choi
(2007) present a schematization of the influence of different types of energy on the marine
and fluvial processes depending on the location of the estuary, presented in Figure 1. The
effect of the tide is mainly on an area closer to the sea, while the river discharge has
its main effect close to the river mouth. The measured tidal wave in estuaries is mainly
asymmetrical (Berne et al., 1993; Schrottke et al., 2006; Vandenbruwaene et al., 2013). Guo
et al. (2019) describes that the incoming tide is asymmetrical since the incoming marine
tidal wave is a combination of an M2 wave, combined with an M4 wave. The incoming
tidal wave is altered by the bottom friction (based on water current) and water depth
(Dronkers, 1986; Dalrymple and Choi, 2007). The tidal amplitude can increase within an
estuary based on the balance of bottom friction and channel width convergence. The name
of the increase of tidal amplitude is hypersynchronous, the decrease of the tidal amplitude
is called hyposynchronous (Dalrymple and Choi, 2007; Leuven et al., 2019).

1.1.1. Gravitational circulation

The gravitation driven estuarine circulation is the flow based on the difference in density
between the fresh river(s) inflow and the denser saline water of the sea/ocean. At the
estuarine mouth, there is an inflow of the dense shelf water below the outflow of the existing
water mixture in the top layer of the water column. The higher density of the water causes
this bottom inflow. The tides provide an inflow of saltwater that penetrate the estuary.
The difference in density and the salinity gradient separates the two fronts. However, the
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Figure 1: Distribution of the energy and sediment transport over the length of the estuary
(Dalrymple and Choi, 2007)

flow of the river and tide creates shear stresses between the two different water mixtures.
Mixing takes place between both fronts, as shown in Figure 2. With large river inflows
compared to the tidal inflow less, mixing takes place. With large tides, a well-mixed estuary
forms with brackish water. The horizontal salinity gradient is used to describe the amount
of mixing of both flows within the estuary. This salinity gradient is the amount of change
in the salinity over some length of the river. River floods interfere with the existing balance
within the estuary, due to a large inflow of freshwater which flushes out the present existing
balance of brackish water (Colling et al., 1999; Geyer and MacCready, 2014).

1.1.2. Bed forms

One of the processes in estuaries (and other water bodies) is the formation of bed forms.
These bed forms can be explained due to the morphological loop. This loop explains
that the hydrodynamics effect the amount of sediment transport. So differences in the
hydrodynamics can results in some difference in the sediment transport. If the sediment
transport is effected it, can deposit or erode the bed which are in morphological alterations.
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Figure 2: Schematization of the density-driven estuarine circulation. The flow represented
on top part of the watercolumn is the freshwater flow and the saltwater flow is
represented by the lower part of the water-column. (Colling et al., 1999)

These alterations in the bed result in small changes in the hydrodynamics above this bed.
This cycle is described in the morphological feedback loop. This loop helps to understand
how the different parts in this loop effect each other. Also the loop help to understand the
formation of bed forms. Since this loop can help in to explain the deposits of sediment
around crests to increase this bed forms. There are different types of bed forms (partly
classified by size) and locations (oceans/seas, estuaries and rivers). The large scale bed
forms perpendicular to the main flow direction are compered in the paper of van der Sande
et al. (2019). Those are marine sand waves, estuarine sand dunes and river dunes (located
in seas, estuaries and rivers). Their crests are perpendicular to the main current. They
all have significant longer wave lengths than water depths (Hulscher and Dohmen-Janssen,
2005). Figure 3 shows the processes of the hydrodynamics which help to form these bed
forms.

1.1.3. Marine sand waves

Marine sand waves (also named tidal sand waves) are mostly symmetrical rhythmic patterns
perpendicular to the tidal current (Terwindt, 1971). The sand waves occur in sandy areas
of shallow seas (McCave, 1971). The most sand waves are found at locations with depths
between 20 and 55 meters (Bijker et al., 1998). They characteristically have wave heights
in the order of 1-10 meters (Bijker et al., 1998), however Ashley (1990) uses a minimum
of 1 meters to classify it as a sand wave. The height of the sand waves is limited by the
water depth (Bijker et al., 1998). The wavelengths range between 100 and 1000 meters
(Bijker et al., 1998; van Dijk and Kleinhans, 2005; Damen et al., 2018), but different papers
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Figure 3: Schematization of the flow patterns and shapes of three different bed forms. a
marine sand waves, which are driven by the tidal current. b estuarine sand dunes,
which are affected by the tidal current and the river flow. However, this interaction
is still not understood.c sketch of a river dune effected by the river flow including
flow separation in the trough (van der Sande et al., 2019) inspired by Hulscher
and Dohmen-Janssen (2005)

report a range of 200 to 500 meters (McCave, 1971) and 100 to 800 meters (Hulscher,
1996). The sand waves grow due to the residual vertical circulation caused by the tide.
This tidal-averaged circulation effects the growth of sand dunes due to the flow from
the trough to the crest and then goes up in the water column, which helps to transport
sediment from the troughs to the crests (shown in Figure 3). Sand waves migrate due
to a net transport into one direction due to both a residual current or an M4 wave (or
higher orders) on top of the symmetrical M2 tidal wave (Nemeth et al., 2002; Besio et al.,
2004). The migration rates vary for different locations, but also due to different temporal
conditions, for example, storms (van Dijk and Kleinhans, 2005). The migration speeds
ranges around tens of meters per year (Bijker et al., 1998; van Dijk and Kleinhans, 2005; Au-
guste et al., 2021) and Auguste et al. (2021) described a maximum value of 200 meters/year .

1.1.4. Estuarine sand dunes

Estuarine sand dunes (sometimes named estuarine sand waves) are large scale rhythmic
sandy bed forms mostly perpendicular to the current (based on location more tide or river
current) (Bokuniewicz et al., 1977; Colling et al., 1999). Ashley (1990) describes a typical
estuarine sand dune in the order of 10 to 100 meters in length, however in this same paper,
they give also an example of estuarine sand dunes in the Lougher Estuary, Wales with
spacings between 75 and the 125 meters. Also Table 1 describes a maximum wavelength of
368 meters (Weser), but also much smaller sand dunes lengths of a minimum of 16 meters
(Shuwei et al., 2016) . The wave heights vary between 0.6 meter (Western Scheldt) and
5.9 meter (Weser) based on the numbers in the Table 1. Some of the papers also report
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the migration speeds of the sand dunes. For example van Rijn (1993) reports migration on
a daily basis, however Wienberg and Hebbeln (2005) report for a longer period. In Long
Island Sounds the migration speeds vary between 35 and 150 meters per year (Bokuniewicz
et al., 1977). However, those values variate per location and size of sand dunes. For example
Zorndt et al. (2011) reports lower migration rates, which varies between the 24 and the 100
m/year.

1.1.5. River dunes

River dunes are large scale bed forms in the fluvial systems, influenced by the unidirectional
flow of the rivers (Hulscher and Dohmen-Janssen, 2005) The dunes consist of silt to gravel,
however are mainly found in sandy rivers (Best, 2005; Hulscher and Dohmen-Janssen,
2005). The river dunes are caused by the turbulence flow interaction with the sandy
bottom(Warmink et al., 2014). Carling (1999) describes the dimensions of over 0.6 meters
in length and wave height larger than 0.1 meters, so they are smaller than the estuarine
sand dunes and marine sand waves. Based on field studies and laboratory experiments,
researchers present relations between the water depth and the wavelength and wave height
of river dunes (Allen, 1978; Bradley and Venditti, 2017). Bradley and Venditti (2017)
describes a wavelength of 5 times the water depth and the wave height is one-sixth of the
water depth with some maximum relation up to 1/2.5 of the water depth. In the past
the focus of river dune studies was on the formation of river dunes develop during floods
since this bed roughness influence the water levels during the flood (Warmink et al., 2014).
The dunes grow faster due to increased discharges flow velocities and bed shear stresses.
The maximum dimensions of these flood river dune are measured some time after the
flood (Paarlberg et al., 2006). To understand the formation of the river dunes, laboratory
experiments are conducted, here the growth rate is higher than for field observations since
the time of growth during floods is limited. But the river dunes are also mobile during
periods of lower discharges (Lokin et al., 2022). The wave lengths is typical in the order of
ten times the height (Warmink et al., 2014), this wave length increase during the period
after flood during mean discharges and low discharges of the river(Lokin et al., 2022).
However Vittori and Blondeaux (2020) describes a much smaller wave length of the order of
the depth of the river. The river dunes have higher migration rates than the marine sand
waves and the estuarine sand dunes, in the order of several meters per day (Wilbers and
Ten Brinke, 2003) instead of tens of meters per year.

1.1.6. Studies of bed forms

The formation and growth of these bed forms are studied following field, flume and
modelling studies to understand the changes, these methods are general to understand
the hydrodynamic interaction in water bodies, for example Gurnell (2014) describes these
methods for the interaction of plants and the hydrodynamics in rivers. The first method are
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field studies. The set up of the studies can differ, based of the goal of the field observations.
The first field observations mainly determent the size of the sand dunes and measured some
of the local parameters: the sediment size and the flow velocity of the water. However
nowadays the field observations take place over a period of time, so these different studies
combined shows the changes in size and location and therefor it can study the migration
and growth of the existing sand dunes (Zomer et al., 2021; Berne et al., 1993). The second
method is the laboratory research. This laboratory research is mainly based on research
in flumes. Herein the formation and migration of bed forms is research, in a controlled
environment, to better understand the formation and interaction between physical processes.
For example Blom et al. (2003) used this method to better understand the vertical sorting
of sediment for bed forms and nonuniform sediment in rivers. These flume experiments give
more insight in the processes and improves the existing formulas of processes around bed
forms. The last method is process based modelling. This is divided in several types models,
divided in a full 3D process based model (for example in Delft3D) and more simplified
models (Hulscher (1996); van der Sande et al. (2021a): a linear stability analysis ). Both
models give insight in he formation of bed forms, the full 3D models are more based on
one location. The simplified models give a larger possibility to compare effects of different
input parameters, while the full 3D models give a in depth view of one location.

1.2. Model of van der Sande et al. (2021b)

This research uses the idealized process-based estuarine sand dune model of van der Sande
et al. (2021a). This model is a 2DV model, which includes hydrostatic shallow water
equations, a gravitation circulation due to a salinity gradient, a bed load sediment transport
and bed evolution modelling. The model combines the water motion, sediment transport
and bed elevation changes on the site. Both the water motion and the sediment transport
are influenced by each other. Figure 4 shows a situation sketch of the model. Since this
model is solved based on a linear stability analysis, only the initial growth is presented.
Therefore the hydrodynamics is calculated based of perturbations. This changes changes
in sediment transport based on no perturbations and therefore bed level. Based on the
chosen solution the two parts of hydrodynamics and sediment transport of the model do not
interact. The hydrodynamics is used to calculate the sediment transport and the bed level
changes, however there is no second calculation of the hydrodynamics based on the new
bed. So the effect of the changes of the bed after several years is excluded in the solution of
the model.

Hydrodynamics

The model presents the hydrodynamics by its momentum and continuity balance. This
momentum balance describes the existing energy within the system. The continuity balance
prescribes that all water modelled stays in the model and therefore the changes in movement
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Figure 4: Overview of the model domain and an example of the solution of the basic state
for the model (van der Sande et al., 2021a)

in one direction affects the water movement into another direction.

∂u

∂t
+ u

∂u

∂x
+ w

∂u

∂z
= Av

∂2u

∂z2
− g

∂ζ

∂x
− F steady

btr − F osc
btr − Fbcl (1)

∂u

∂x
+

∂w

∂z
= 0 (2)

Equation 1 describes the momentum balance and Equation 2 the continuity balance. The
black parts of the equations is the 2DV general hydrostatic shallow water equation (variant
of the sand wave model of Hulscher (1996)) and the blue part of the equation represents

the forcing terms of the hydrodynamics. F steady
btr represents the river induced forcing, by a

steady river inflow. F osc
btr is the forcing by the tidal wave and Fbcl is the forcing based on the

salinity-induced gravity circulation. In the general formula, u is the velocity in m/s split in
a horizontal component u and a vertical component w. t is the time in seconds, x and z are
the horizontal and vertical components in meters. Av us the vertical eddy viscosity in m2/s
recalculated following Av = cdHUM2 (Prandle, 1985). Herein is cd the drag coefficient,
H the mean water depth and UM2 the depth-averaged tidal velocity amplitude. g is the
gravitation constant in m/s2 and ζ the free surface elevation in meters.
This model has several boundary conditions, two at the water surface and two at the bed
level.

The model imposes zero shear stress at the water surface, so all surface forces like wind are
ignored. Also a kinematic boundary,condition exists which implies that all water particles
stay part of the water body and therefore demand that the particles ”follow” the water
surface. And the author assumes that Fr2 = U2

M2/(gH) << 1 which removes the vertical
water velocity at this boundary condition, therefore we can apply the boundary condition
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at z = 0, in equation 3.

∂u

∂z
= 0, w = 0 at z = 0 (3)

The two boundary conditions at the bottom describe the partial slip conditions and the
kinematic conditions (Equation 4).Those are applied at the bed level at z = −H = h:

τb
ρ

= Av
∂u

∂z
= su, w = u

∂h

∂x
(4)

with τb the bed shear stress, ρ the water density (constant due to Boussinesq assumption)
and s the slip parameter

Sediment transport equation

The sediment transport is described by the following Equation 5

qb = αb|τb|βb

(
τb
|τb|

− λ
∂h

∂x

)
(5)

Herein is αb is the bed load coefficient, τb the bed shear stress, βb the bed load exponent, λ
the bed slope parameter and h perturbation at bed level. In this equation the critical shear
stress for the initiation of the sediment motion is ignored.
The two sub models (water motion and sediment transport) are coupled by the Exner

equation presented in 6. This equation presents that the changes local changes in sediment
transport affect the local bed level

(1− p)
∂h

∂t
= −∂⟨qb⟩

∂x
(6)

With p the average bed porosity, ⟨qb⟩ is the tidal averaged sediment transport. This tidal
averaged sediment transport is used, since during one tidal wave the sediment is transported
in and out of the estuary, however the total change over one wave is responsible for changes
in the bed and the formation of a bed form.

Linear stability analysis and results

These equations are the basis of the model solved through a linear stability analysis. In this
linear stability analysis, the stability of the bed is investigated. The is achieved by analysing
the response of the system to low-amplitude sinusoidal topographic perturbations. The basic
state consists of a spatially uniform flow and sediment transport over a horizontally flat
bed. The perturbed state consists of small-amplitude perturbations on the bed topography.
This is formulates following h = h0 + h1 which h0 =0 and h1 = ĥ1exp(ikx) + c.c.. This
formulation is based on the assumption that the perturbed of the bed ĥ1 is very small
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compared with the water depth (large values of the perturbation influence the hydrodynamics
more than currently included and can not be solved following the linear stability analysis
with ĥ1/H = ε).This formulation of the bed influence the system φ and is dependent of
several parameters, namely h, u, w, ζ, τb and qb. This system is expanded in powers by ε.

φ = φ0 + εφ1 +O(ε2) (7)

In this equation is φ0 the basic state and φ1 the perturbed state, O(ε2) represents the error
of the system by excluding the higher-order terms because of a small ε. Also all individual
parameters in this model are divided in a part representing their value during the basic
state and one part presenting the perturbed state(example u = u0 + u1).

The basic state consist of a flat bed. The expressions of the basic flow and sediment transport
are found by integrating the model equations and applying the boundary conditions. For
the horizontal water motion we find a u0 consisting of 3 terms: u0 = u0,bcl + usteady0,btr + uosc0,btr,
this corresponds with the 3 forcing terms in Equation 1. In this formulated basic state we
find some sediment transport, however this has no bed evolution as a result.

The perturbed flow and sediment transport are found through integration of the model
equations. Based on the Exner equation (Equation 6 we could derive a growth equation

based on the bed amplitude. dĥ1
dt = γĥ1 → ĥ1(t) = ĥinitexp(γt). This growth rate γ is a

complex number(γ = γr + iγi), the real part represents the growth of the sand dune ampli-
tude height and the imaginary part can be described as a migration rate (cmig = −γi/k),
which represents the movement of the initial sand dune. If the is a positive growth rate
for γr, for at least one wave number k, the flat bed is unstable and bed forms will develop.
Since the current system is now applied for estuarine sand dunes, not all values of the
wave number k are implemented, since there is no interest in studying the smaller bed forms.

The model can be used for several purposes, for example predicting the initial behaviour of
a sand wave under local conditions. Then the model can present a growth curve (growth
rate based on wave length or wave number) of the local circumstances and its corresponding
migration rates. The maximum growth rate and its corresponding wavelength and migration
rate is called the Fastest Growing Mode (FGM). Due to the highest growth rate, it is
assumed that this is the mode preferred by the system, and this FGM is the wave length
that matches the field observations at the location of the data. Another purpose is to get
insight into the effect of changes in one individual parameter in the model on the outcome.
In this case the outcome could be presented as a 3D graph, based on wave number, growth
rate and the individual parameter. However those graphs are hard to read, therefore instead
of the growth curve for each value of the individual parameter, we used the FGM and
the corresponding values to present this growth curve. This gives a 2D graph with the
range of the individual parameter and the FGM. Those parameters give an impression of
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which changes in dune size will be expected if one parameter changes. Currently the model
is calculated in Matlab based on a range in wave number. This range in wave number
represents the range in wavelengths calculated in the model.

1.3. Research goals

Currently van der Sande et al. (2021a) used his model to look into the effect of the
gravitational circulation. Since he applied this extra part for the hydrodynamics, this also
effect the influences of the different parameters. Currently the model is only applied to one
site at the Gironde Estuary and used for only these parameters, however the environment
and therefore some forcing is different in other estuaries .

The research aim is to better understand the formation of estuarine sand dunes. Herein,
the parameters of sand dunes and the processes of the formation of sand dunes are important.
Specifically, to what extent can the model of van der Sande et al. (2021a) be used to learn
about the formation of estuarine sand dunes for typical values of estuaries. And what
effect have individual parameters on the predictions of sand dune sizes and growth and
migration of these sand dunes. And whether this model, created and calibrated for the
Gironde estuary is suitable to be used for other estuaries. To achieve this research aim, the
study is divided into the following sub-questions:

1. What are realistic values for model parameters used in the model for estuaries with
sand dunes ?

2. What are the effects of one individual parameter changes on the fastest growing mode
?

3. What is the combined effect of varying the environmental or empirical model pa-
rameters of question 2 on the fastest growing mode and its corresponding migration
rate?

4. How representative is the sand dune model of van der Sande et al. (2021a) with its
current values for the Elbe and Scheldt estuary?

1.4. Reading guide

The current chapter explained the background and the research goals. Chapter 2 describes
the methodology of this study. Chapter 3 researches the ranges in the input parameters
within the model. These parameter ranges are implemented in the model in Chapter
4. Chapter 5 describes the range in outputs of combining all environmental parameters
compared with combining all model parameters. The current model is validated in Chapter
6. The study presented in these chapters is discussed in Chapter 7. Chapter 8 is the
conclusion of this study.
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Table 1: Characteristics of some sand dunes in estuaries

Estuary Location Wave
length
[m]

Wave
height
[m]

Depth
[m]

Migration Source

Elbe Hamburg 20-24 0.8-1.2 14.4 0.3m/day
flood direction
(downstream)
and 0.3 m/day
ebb direction

van Rijn (1993)

Elbe Scharhörn 109-119 2.8-3.3 22 - van Rijn (1993)

Elbe Close to
Hamburg

40-50,
mean 46

1.8
(range
1.3-2.5)

Around
18

0.150 m/day
downstream

Zorndt et al.
(2011)

Elbe Grauerort 20-38
mean 30

1.3-2.2
mean 1.7

20 Muurman
(2021)

Gironde Royan 37-182
mean 84

1.5-6.7
mean 4.9

20-30 Downstream
crest migration

Berne et al.
(1993)

Weser Outer Weser 111-236
max 368

2-4.2
max 5.9

10-15 0.5-15 meters in
5 months down-
stream

Wienberg and
Hebbeln (2005)

Weser main naviga-
tion channel

max 150
mean 50

max 6
mean 2-3

14 Schrottke et al.
(2006)

Western
Scheldt

Vlissingen 155-330
mean210

1.7-3.4
mean 2.6

20-25 Muurman
(2021)

Western
Scheldt

Terneuze 30-120
mean 65

0.6-2
mean
1.25

35 max Muurman
(2021)

Western
Scheldt

Borssele 60-220
mean
120

1.7-3.7
mean 2.5

10-25 Muurman
(2021)

Western
Scheldt

Raai E1
Zuidergat
close to
Vlissingen

mean 16 mean
0.66

10-25 -0.145
m3/m/day
(ebb domi-
nated sediment
transport)

Vandenbruwaene
et al. (2012)

Western
Scheldt

Raai B4
Plaat Walso-
orden close
to Kloost-
erzande

mean 30 mean
1.46

10-25 0.165
m3/m/day

Vandenbruwaene
et al. (2012)

Yangtze Bifurcation
of South
and North
channel

15.9-
58.8,
31.9
mean

0.67-
2.47,
1.29
mean

13-17 Shuwei et al.
(2016)
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2. Methodology

The methodology describes the methods used to conduct the study. The first section
explains some changes within the model of van der Sande et al. (2021b). The second
section describes the search for realistic values of estuarine parameters. The third section
describes the analyses of the effect of individual parameters. The fourth section describes
the combined effects of or the environmental parameters of the model parameters. The fifth
section describes the validation of the current model.

2.1. Model of van der Sande et al. (2021b) described in van der Sande et al.
(2021a)

The idealized process-based estuarine sand dune model of van der Sande et al. (2021a) is
earlier described in section 1.2. This current model is adjusted, so the recalculation of the
vertical eddy viscosity is within the model and not only included as calculation of the input
parameter and a sediment transport equation based on grain size and accuracy check in the
perturbed flow model.

2.1.1. Sediment sizes

The sediment size is a crucial factor that affects the amount of bed load transport and
suspended load transport. Currently, the model only uses parameters for bed load sediment
transport, which partly depends on sediment size. Therefore the parameter αbed, the bed
load coefficient will be adjusted to calculated a valued depending on a uniform sediment
size following van Rijn (1993, page 7.25 formula 7.2.44b) in the same method as Campmans
et al. (2017).
The bed load coefficient in Equation 5 is a factor that scales the sediment in the correct
order of magnitude. The value of αb depends on several factors for example the sediment
size and sediment and water density. The general equation of van Rijn (1993) is given by
Equation 8

qb,c = 0.1(s− 1)0.5g0.5d1.550 D
−0.3
∗ T 1.5 (8)

With qb,c the volumetric bed load transport rate [m2/s] To calculate the volumetric bed
load transport rate we use Equations 9 and 10 as sub calculations.

T = (τ ′b,c − τ ′b,cr)/τ
′
b,cr (9)

T is the dimensionless bed-shear stress, with τ ′b,c the effective bed shear stress (N/m2) τ ′b,cr
the critical bed-shear stress according to Shields (N/m2)

D∗ = d50[(s− 1)g/ν2]1/3 (10)

D∗ is the dimensionless particle parameter with d50 is the mean particle diameter (m),
s = ρs/ρw is the relative density, ρs is the sediment density (kg/m3), ρw is the water
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density (kg/m3), ν kinematic viscosity coefficient (m2/s) and g is the acceleration of gravity
(m/s2) This ”Van Rijn” bed load sediment transport formula ( Equation 8) makes use of a
critical shear stress, this critical shear stress is ignored in the sediment transport formula
in the model. Also the ”Van Rijn” equation excludes the effect of the slope, however this
is included in the models of Campmans et al. (2017); van der Sande et al. (2021a). The
”Van Rijn” bed load sediment transport formula ( Equation 8) can be rewritten following
the format of Equation 5 Equation 11 describes the formula of α following the format of
Equation 5. This equation for α will be implemented in the model of van der Sande et al.
(2021a), to include an uniform sediment sizes.

αb = 0.1(s− 1)0.5g0.5d1.550 D
−0.3
∗ τ−1.5

b,cr (11)

2.1.2. Accuracy check in the perturbed flow

The solution of the perturbed flow in the model of (van der Sande et al., 2021b) is found by
numerically solving of their equations. Not all solutions found by the model based on this
numerically solving present the system accurately. Therefor the accuracy of the perturbed
flow model is evaluated based on the boundary conditions at the bed level (Equation 4). Due
to the numerically solving and the program used not all parameters are exactly calculated.
So when the bed level boundary conditions of the flow model are checked, if the error
within these calculations is limited. With a limited error in these boundary conditions,
the flow model is accurately calculated and therefore this solution can be used for the
calculations of the sediment transport. In the case of an inaccurate solved perturbed state
flow, the calculated sediment transport is an over-or under-estimation of the real transport
and therefor the FGM properties and therefore the outcome is less relevant following the
current solved perturbed state. Based on the outcome and use of the model this accuracy
needs to be differently handled.

2.2. Realistic parameter values of estuaries

The first question is to find realistic values for parameters in the model. A literature study
will provide these representative values. Herein we look at the ranges for the following
parameters:

1. Water depths

2. Tidal velocity (M2 wave)

3. Depth-averaged river discharge

4. Salinity gradient

5. Sediment sizes
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6. Vertical eddy viscosity and drag coefficient

7. Slip parameter

8. Bed load exponent in the sediment transport equation

9. Slope correction factor in the sediment transport equation

The first 5 parameters are classified as the environmental parameters. The last 4 parameters
and excluding the eddy viscosity (this parameter depends on other parameters) are classified
as empirical model parameters. Those parameters are chosen since they are input parameters
for the model of van der Sande et al. (2021b) and vary based on locations and sediment
transport model. For the environmental parameters, five estuaries are studied to represent
a range, these are the Elbe, Gironde, Weser, Western Scheldt and the Yangtze estuary. The
parameter values change within the estuary due to local differences. Also, the empirical
model parameters are studied. Some of the empirical values depend on the sediment
transport model while the drag coefficient and slip parameter vary based on location and
how they are computed. So the general ranges of the values are described based on the
literature study and if possible specific for the above named estuaries. The nine model
parameters are important for research questions 2, 3 and 4.

2.3. Model output sensitivity due to individual parameters

The second research question contains nine sub-parts depending on the 9 different input
parameters. In this sensitivity analysis, the nine model parameters are interesting.
The method used is one factor at the time (OFAT) sensitivity analysis. This analysis uses
a base (default) set of parameters, in this case, the values of the Gironde estuary used by
van der Sande et al. (2021a). For each sensitivity analysis, one parameter is varied, while
we fix all other parameters on the Gironde values used in van der Sande et al. (2021a).
Therefore the local effects of this parameter on the output is investigated, since the effect
could be different with another base set of parameters.
The OFAT is used to explore the influence of all parameters. For each analysis, we pick 20
values linear between the minimum and the maximum values found in research question 1,
except if there is another distribution of values found in the literature. Chapter 3 describes
the range in parameters. The base model setting of the wave number ranges from 0 to
0.17 m−1. The maximum wave number can increase if the range in wave number is too
small. However the perturbed flow still needs to be accurate calculated. So a balance is
found between the maximum value of the wave number, k and the accuracy of the solved
perturbed states.
In this sensitivity analysis is the outcome, the change in the growth rate of the FGM, its
migration rate and wavelength. Three figures present the results of each parameter, with
on the x-axis the varied parameter and on the y axis its effect on the FGM its growth rate,
migration rate and wavelength.
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2.4. Effect environmental parameters compaired with the effect of empirical
model parameters

Research question 3 consists of a comparison of the model and the environmental parameters.
We split the sensitivity analysis into two global sensitivity analyses. One for the environmen-
tal parameters in the model and one sensitivity analysis for the model parameters. These
parameters change according to the minimum and maximum values of research question 1
with a few small changes due to possible inaccurate calculations. For example, the model
parameter of the bed load exponent is limited since this parameter has a large impact on
the sediment transport, however with changes of the bed load exponent βb also the bed load
coefficient, αb changes within the sediment transport equation, however this correlation
between those parameters is not included in the model. This solution gives a variation due
to local measurements and the calibration range of the model parameters.
The outcome of this sensitivity analysis is a distribution of the FGM growth rate, its

wavelength and its corresponding migration rate. Three histograms will represent those
distributions based on accuracy and a wavelength within the range of sand dunes (so a
maximum of k=0.17 m−1).

2.5. Validation of the model

The idealised process-based sand dune model of van der Sande et al. (2021a) gave a range of
sand dunes depending on variations of estuaries. Research question 3 presents the possible
variations of sand dunes following the model. Currently, van der Sande et al. (2021a)
calibrates the model for the Gironde Estuary. However, the model only represents this
physical situation, so validation is needed to compare the modelled results with sand dune
characteristics in other estuaries. Therefore three case studies will be performed for the
Western Scheldt estuary (locations Vlissingen and Terneuzen) and the Elbe estuary (data
available by Muurman (2021)). For both estuaries, we implement the local environmental
parameters. In the case of the Scheldt estuary, Muurman (2021) looks at 3 sites where
the site located at Vlissingen is relatively different from the sites located at Borssele and
Terneuzen. Since the forcing in Borssele and Terneuzen are comparable and almost have
the same wave length we only use two sites at the Scheldt(Vlissingen and Terneuzen) and
only one site in the Elbe. The first check is to implement the environmental parameters
and compare the model calculated FGM wave length and migration with the expected
wave length measured in the estuary. Based on this analysis, the slip parameter will be
re-calibrated based on the wavelength on these new locations. If the slip parameter has small
changes, the model is robust and can be easily applied for predictions of other estuarine
sand dunes.
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3. Realistic parameter values of estuaries

This chapter looks into the variation of the different input parameters in the estuarine
sand dune model of van der Sande et al. (2021a). This model uses the water depth, tidal
and residual current, sediment size and salinity. To find realistic estuarine values for these
parameters, we use the parameter values of five estuaries: the Elbe, Gironde, Weser, Western
Scheldt and the Yangtze estuary. The Gironde is an estuary in France. The Elbe and the
Weser estuary are in Germany. The Western Scheldt locates in The Netherlands. The
Yangtze is the largest estuary in China, also named the Changjiang estuary. Also, this
chapter researches the variation of the drag coefficient (or vertical eddy viscosity), the slip
parameter, the bed load exponent and the slope correction factor. The following chapters
use these properties as input parameters.

3.1. Water depth

The model water depth described is the mean local water depth, so tide average and
excluding the effect of bedforms on local water depths. The water depth of the Elbe estuary
is 22 meters at the mouth near Scharhorn. This water depth decreases to a water depth of
14.4 meters near Hamburg (van Rijn, 1993; Papenmeier, 2012). The Gironde has water
depths of 30-35 meters in the channel close to the sea after the two channels merges (Berne
et al., 1993). The Weser estuary has water depths of 6-20 meters (Wienberg and Hebbeln,
2005), Grabemann et al. (1997), however, describes that the outer estuary has an average
depth of 16 meters and the inner estuary depth of 12 meters. The Western Scheldt has a
water depth of 15 meters at Vlissingen and decreases to 3 meters at Gent (Sistermans and
Nieuwenhuis, 2021). The Yangtze estuary has water depths ranging between 4.9 and 24
meters (Wu et al., 2016b).
So the water depths vary within an estuary, especially between the upstream and downstream
parts of an estuary. The Elbe and Western Scheldt have a greater depth close to sea than
upstream. Also, Sistermans and Nieuwenhuis (2021) and Wu et al. (2016b) describe that
the water depth in the navigation channels is maintained by dredging to maintain the
current water depths and deepening it if needed. The water depths range between 3 and 35
meters for there five estuaries.

3.2. Tidal range and tidal current

Two parameters that describe the tide in an estuary are the range in tidal range and the
tidal current.

3.2.1. Tidal range

The tidal range (difference between water level at ebb and flood is the same as twice the
tidal amplitude) varies over the length of the estuary. Therefore several locations are used
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to describe the local tide. For example, the tidal range for the Elbe estuary is 3.0 meters at
Cuxhaven (near the mouth of the estuary) and 2.7 meters at Glückstadt and 3.5 meters
at Hamburg (around 90 km upstream) (Papenmeier et al., 2014). The tidal range of the
Gironde is 1.3 to 5 meters at the estuary mouth during neap and spring tide (Allen and
Castaing, 1973; Billy et al., 2012) and this tidal range increases to 3 to 6 meters at Bordeaux
(Billy et al., 2012). The outer Weser has a tidal range of 3.5 meters (Wienberg and Hebbeln,
2005). The Western Scheldt has a tidal range of between 3.5 (Vlissingen at mouth of
estuary) and 5.2 meters (Antwerpen upstream of Vlissingen) (Sistermans and Nieuwenhuis,
2021; Francken et al., 2004). The tidal range of the Yangtze estuary is 2.7 meters at the
mouth and decreases upstream to Gaoqiao (2.4m) and Wusong (2.2 m) (Wu et al., 2016b).
The tidal range depends on the estuary and the location within the estuary. The highest
tidal range is 6 meters at Bordeaux. The smallest tidal elevation range found is 1.3 meters
during neap tide at Royan. Both extremes are for the Gironde.

3.2.2. Tidal current

The tidal current or the tidal flow is the velocity created by the in- and outgoing tide. The
ebb and flood current values differ due to tidal asymmetry. So, one tide is shorter in time
and has a stronger tidal current than the other tide.
For example, the Weser is ebb dominant Schrottke et al. (2006) and Vandenbruwaene et al.
(2013) describe that the time-averaged ebb and flood flow velocities range between 0.1 and
0.6 m/s. Vandenbruwaene et al. (2013) their figures suggest that the time-averaged flood
flow velocity varies between 0.1 and 0.9 m/s depending on location. The time-averaged
ebb flow velocity varies between 0.1 and 0.6 m/s over the length of the estuary. However,
Schrottke et al. (2006) describes the mean tidal current of 1-1.3m/s, which is higher than
the values described by Vandenbruwaene et al. (2013).
Muurman (2021) describes the current velocity of the Elbe Estuary by the time-averaged
velocity amplitudes for the Pagensand Nord and the Rhineplate Nord. The average velocity
amplitude at the Pagensand Nord is at bed 1.0 m/s and the surface 1.3 m/s, for the
Rhineplate Nord is at bed 0.8 m/s and the surface 1.2 m/s. Vandenbruwaene et al. (2013)
show that the mean tidal current varies over the length of the estuary between 0.2 and 0.9
m/s with stronger flood currents than ebb currents.
For left flank close to the mouth of the Gironde estuary, Berne et al. (1993) describes a peak
ebb current of 98 cm/s and a peak flood current of 88 cm/s during spring tide, these peak
currents decrease to a tidal current of 50 cm/s for both ebb and flood during the neap tide.
Vandenbruwaene et al. (2013) studies the Western Scheldt, where the mean tidal velocities
vary between 0.1 and 1 m/s depending on the location. But Muurman (2021) suggest a
higher tidal current with a velocity amplitude of 1.3 m/s close to Vlissingen, this tidal current
decreases to 1.1 m/s for Borssele and Terneuzen. However, Sistermans and Nieuwenhuis
(2021) suggest even a higher tidal current of 1 to 2 m/s in the main channels.
The Yangtze has a mean tidal velocity of 1 m/s (Hu et al., 2009). Wan et al. (2014) measures
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Estuary Mean
dis-
charge
m3/s

Maximum
dis-
charge
m3/s

Minimum
dis-
charge
m3/s

Area
cross-
section
m2 a

Ures

mean
m/s

Ures

max
m/s

Ures

min
m/s

Elbe 325 b 1920 c 278 c 3.2*104 0.010 0.060 0.0087
Gironde 900 d 5000 e 160 e 8.0*104 0.011 0.063 0.0020
Weser 713 f 1230 g 118 g 9.5*103 0.075 0.13 0.012
Western
Scheldt

107 h 191 i 78 i 2.7*104 0.0040 0.0071 0.0029

Yangtze 2.93 ·104 j 7.71 ·104 k 1.17 ·104 k 1.5*105 0.20 0.51 0.078

Table 2: The calculated residual current. a: Appendix A b: Grabemann et al. (1997) c:

Papenmeier (2012) d: Berne et al. (1993) e: van Maanen and Sottolichio (2018)
f : Papenmeier et al. (2014) g:Schrottke et al. (2006) h: Francken et al. (2004) i:
Damme et al. (2005) j : Wu et al. (2016b) k: Weihua et al. (2008)

a tidal-period and depth-averaged value of the flood tide between 0.3 and 1.2 m/s. The ebb
tide varies between 0.6 and 1.7 m/s. Wan et al. (2014) took those measurements between
Xuliujing (before the bifurcations) and Niupijoa (in the North Passage).

So to conclude, the values vary between measurements (in time and location) in an
estuary and between different estuaries. The ebb and flood current velocities differ within
an estuary. The lowest current velocity is a local mean velocity of 0.1 m/s, found in the
Weser and at the Western Scheldt Estuary. The highest suggested tidal current is 2.0 m/s
for the Western Scheldt.

3.3. Residual current

The residual current is the effect of the river discharge on the estuary. This residual current
will be calculated.

Ures = Q/A (12)

With Ures the residual current in m/s, Q the river discharge in m3/s and A the surface area
of the cross-section in m2. Table 2 shows the calculation of the residual current. Appendix
A explains the values calculated for the surface area A. Here the mean, low and high
discharges are used to give a range in the residual current of each estuary.

The values of the discharge and residual current of the Yangtze estuary are significantly
higher compared with the values of other estuaries. The Gironde Estuary has the lowest
values of 0.0020 m/s, and the highest value is found for the Yangtze estuary and is 0.51
m/s. All river currents have values between 0 and 0.05 m/s except for the Yangtze, which
has a value of 0.2 m/s.
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3.4. Sediment size

The grain size described is a mean grain size used at locations with sand dunes. The
grains are mostly sand, but there are findings of fragments of clay and silt at sand dunes.
The mean sediment size of the Elbe estuary is in the range of 300-500 µm following van
Rijn (1993), this corresponds with the values of 343-478 µm with a mean value of 407 µm
described by Muurman (2021). In the Gironde a wider mean sediment size range is found of
between 320 and 650 µm, so this is mean to coarse sand (Berne et al., 1993). In the Weser
estuary, sand dune grain size is coarser with mean values of between 350-490 µm following
(van Rijn, 1993) and 200-700 µm following (Herrling et al., 2021). The Western Scheldt
has a sediment size of 150-300 µm in the navigation channel, and this decreases to smaller
than 200 µm for the shoals (Sistermans and Nieuwenhuis, 2021). Francken et al. (2004)
describes a larger sediment size variation of 100-700µm, while Muurman (2021) describes
larger sediment size than Sistermans and Nieuwenhuis (2021) of 237-406 µm with a mean
value of 294 µm. The Yangtze estuary has a smaller sediment size of 8-170 µm (Wu et al.,
2009) and a mean sediment size of 108 µm (Shuwei et al., 2016), so here the bed consists of
silt and sand.
The sediment sizes range between the smallest mean sediment size in the Yangtze of 108
µm. And the largest sediment size ranges between 320 to 650 µm for the Gironde. For the
Weser, the largest sediment size found equals 700 µm.

3.5. Salinity gradient

The salinity gradient describes the change in the salinity for one location or over a length.
In general, we expect to find a salinity of 30 psu for seas and oceans. Freshwater has low
salinity close to zero psu. The minimum salinity gradient is 0, so no change in salinity
at this location or area. The Elbe estuary has a mean salinity gradient of 0.38 psu/km,
which differ between local seasonal values of 0.11-0.60 (Vandenbruwaene et al., 2013). The
Gironde Estuary has a salinity between 0.1 and 0.6 psu/km (van Maanen and Sottolichio,
2018). However, van der Sande et al. (2021a) presents a range of 0 to 1.3 psu/km based on
the same paper of van Maanen and Sottolichio (2018). The mean salinity gradient of the
Weser is 0.43 psu/km (Vandenbruwaene et al., 2013). The Western Scheldt has a mean
salinity gradient of 0.4 psu/km. This salinity gradient decreases to 0.35 psu/km for the
summer. And has a local maximum of 0.57 psu/km in the winter (Vandenbruwaene et al.,
2013). The Yangtze has a mean salinity gradient of 0.3 psu/km and local values of between
0.1 and 0.6 psu/km (Wan et al., 2014). van der Sande et al. (2021a) suggests the lowest
and higehst salinity gradient and therefore the range for the salinity gradient of 0 and 1.3
psu/km for the Gironde estuary.
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3.6. Vertical eddy viscosity and drag coefficient

The vertical eddy viscosity describes the turbulence transfer in the water column. The
model of van der Sande et al. (2021a) uses a constant eddy viscosity. In reality, the eddy
viscosity changes over time and in the water column. van der Sande et al. (2021a) use
a fixed vertical eddy viscosity of 0.05 m2/s based on the formula Av = cdHUM2, with cd
(the drag coefficient) of 0.0025. More papers describe the eddy viscosity in estuaries. For
example, Wei et al. (2016) uses a vertical eddy viscosity of 0.0085 m2/s for the Scheldt
Estuary and uses the range of 0.001 and 0.1 m2/s for a sensitivity analysis. de Jonge et al.
(2014) describe that the eddy viscosity coefficient differ over the years for the Ems Estuary,
which varies between 0.011 and 0.18 m2/s, but Chernetsky et al. (2010) only suggest 0.019
m2/s for 1980 and 0.012 m2/s for 2005. Those values are higher than found by de Jonge
et al. (2014). Schramkowski and de Swart (2002) suggest that the values differ between
locations within the estuary. They obtain realistic values for the vertical eddy viscosity
parameter between 0.062 and 0.207 m2/s for the Western Scheldt with an average of 0.096
m2/s.
Also, the drag coefficient can describe the vertical eddy viscosity. The drag coefficient varies
over time and width and is case depending (Ullman and Wilson, 1998; Li et al., 2004).
Prandle (1985) uses a drag coefficient of 2.5*10−3 however others describe a higher range of
2.5*10−3 to 1.0*10−2 (Ong et al., 1994) or even 5.0*10−3 to 2.0*10−2 for sinuous estuaries
(Bo et al., 2021). But Lu et al. (2019) describes lower drag coefficients mean values of
1*10−3 and 8*10−4 for the North Passage in the Yangtze River estuary during a few days.
But these measurements are local and only for a short time. Lyu and Zhu (2018) shows a
bottom drag coefficient in the range of 1.5*10−3 to 4.3*10−3 for the Yangtze estuary.
The analysis describes a vertical eddy viscosity parameter between 0.0085 and 0.21 m2/s.
This range is almost within the lower range for coastal sand dunes suggested by Hulscher
(1996) which is 0.01-0.5m2/s. However, the estuarine values are significantly higher than
the river dune value of 1.9 · 10−4m2/s(Paarlberg et al., 2006). The drag coefficient ranges
between 8*10−4 and 2.0*10−2.

3.7. Slip parameter

To slip parameter (alias resistance parameter), determines the relation between horizontal
velocity and the shear stress on top of the boundary layer at the bed level (Hulscher, 1996).
Currently the model of van der Sande et al. (2021a) uses a slip parameter of 0.04 m/s based
on a calibration. In theory the slip parameter can vary between no stress (s → 0 m/s) and
no-slip, which results in infinity stress (s → ∞ m/s) (Maas and Haren, 1987). However in
physical environments these minimum and maximum slip values are not that extreme and
hove a smaller range in values.
Wei et al. (2016) describes the influence of the slip parameters for an estuary model. Here
in they use a range of 0.0001 to 0.1 m/s with 0.0099 m/s as the default value of the model.
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Also, Schramkowski and de Swart (2002) describes the slip parameter, now for the Western
Scheldt of 0.007 - 0.024m/s. de Jonge et al. (2014) describes the variation of the slip
parameter over a period 1960-2005, the lowest and highest values are 0.06 and 0.47m/s.
Chernetsky et al. (2010) also describes the Ems Estuary and has only values of 1980 and
2005 those are 0.098 and 0.049 m/s.
The slip parameter for estuarine sand dunes varies between 0.007 and 0.47 m/s. This is
significant smaller than coastal sand dunes with a range of 0.1-10 m/s (Hulscher, 1996)
Paarlberg et al. (2006) describes a slip parameter of 1.9 · 10−4 for river sand dunes. The
estuarine slip parameter values are between the coastal sand wave and river sand dune slip
parameter.

3.8. βb: Bed load exponent

The values of the bed load exponent depend on the source and formula used. The transport
formula depends on grain size and flow velocity (or shear stress) but not on the environment.
Hulscher (1996) describes a similar formula for the sediment transport of sand waves and
suggests that the bed load exponent varies between 1 and 3 and uses 1.5 in her model.
However Campmans et al. (2017) suggest that typical values of the bed load exponent have
a smaller range between 1 and 2 in his marine sand dune model. Also the formula of van
Rijn (1993) (general sediment transport formula), the model of van der Sande et al. (2021a)
(estuarine sand dunes) and Paarlberg et al. (2006) (river sand dunes) uses a the bed load
exponent of 1.5. Based on this analysis, the bed load exponent will vary between 1 and 3.
The most common value found is 1.5.

3.9. Bed slope coefficient

The bed slope coefficient includes the effect of a sloped bed. The bed slope varies due to sand
dunes. A slope correction factor of 0 excludes the positive and negative influence of the bed
slope on sediment transport. The current model of van der Sande et al. (2021a) currently
uses a bed slope correction of 1.5. Baar et al. (2018) describes this slope correction factor,
which can be calculated following several formulas, depending on sediment properties and
fluid drag and sediment mobility. This paper only gives for one formula a fixed number of
1.1 for the equation of Wiesemann et al. (2006). Hulscher et al. (1993) suggest a correction
rate of between 1-3 for coastal sand dunes for an equation depending on velocity, however
in a later paper of her, she reports a correction rate of between 1 and 2 for a shear stress
formula (Hulscher, 1996). Also the paper of Campmans et al. (2017) presents a range of
between 1 and 2 for marine sand dunes. But Paarlberg et al. (2006) presents a significantly
lower slope correction factor of 0.1 for river sand dunes. Both regimes influence the estuarine
sand dunes so, the slope correction factor will range between 0.1 and 3.
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3.10. Summery

Table 3 summaries all ranges for the found parameters.

Table 3: Overview of all ranges in parameters

Parameters Range

Water depth [m] 3 -35

Tidal velocity [m/s] 0.1-2

River current [m/s] 0.002-0.51

Sediment size [µm] 108-700

Salinity gradient [psu/km] 0.0-1.3

Vertical eddy viscosity [m2/s] 0.0085-0.21

Drag coefficient 8.0*10−4 -2.0*10−2

Slip parameter[m/s] 0.007-0.47

Bed load exponent [-] 1.0- 3.0

Bed slope coefficient [-] 0.1-3

Fra
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4. Model output sensitivity due to individual parameters

The OFAT sensitivity analysis uses a base set and range of the variation per parameter
needed. In this case, is the base set changes at the values of the Gironde Estuary used by
van der Sande et al. (2021a). Table 4 presents the ranges and the values in the Gironde.
For the base set, we find a growth rate of the FGM of 37/year . It has a wavelength of 100
meters and a landward migration rate of 94 meters per year.

Table 4: Parameter ranges found in research question 1

Parameters Default
(Gironde)

Range

Water depth [m] 20 3-35

Depth averaged M2 velocity
amplitude [m/s]

1 0.1-2

River current [m/s] 0.011 0.002-0.51

Sediment size [µm] - 108-700

Bed load coefficient, αb

[m7/2s2 kg−3/2]
1.56*10−5 recalculated based on D50

Salinity gradient [psu/km] 1 0.0-1.3

Vertical eddy viscosity [m2/s] 0.05 0.0085-0.21 (recalculated in
the model )

Drag coefficient [-] 2.5*10−3 8*10−4 - 2*10−2

Slip parameter[m/s] 0.04 0.007-0.47

Bed load exponent [-] 1.5 1.0- 3.0

Bed slope coefficient [-] 1.5 0.1-3

4.1. Water depth

The water depth ranges between 3 and 35 meters depth, which results in a newly calculated
vertical eddy viscosity between 0.0075 and 0.0875 m2/s. Figure 5 shows the sensitivity of
the variation of the total range. For the water depth larger than 26.5 meters the model has
sometimes a perturbed flow calculated where the bed boundary conditions are inaccurately
calculated, however, since the figure shows that the larger values follow an existing trend,
the data can still give some insights into the effect of water depths larger than 26.5 meters.
With a small water depth, the growth rate is high. This growth rate is inversely proportional,
this is due to a smaller impact of some of the parameters on the bottom with larger depths.
The wavelength of the FGM increases with a higher mean water depth. The smaller water
depths causes a seaward migration. The migration is caused by the river discharge and the
salinity gradient. The depth-averaged river discharge did not change in the model, however,
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Figure 5: Sensitivity of the FGM to changes in the water depth range 3-35 (m) a: Growth
rate of FGM b:wave length of FGM c: migration speed of FGM

Figure 6: Sensitivity of the FGM to changes in the depth averaged M2 velocity amplitude
range 0.1-2.0 (m/s), a: Growth rate of FGM b:wave length of FGM c: migration
speed of FGM. The range 0.1 to 0.3m/s inaccurately calculated which causes the
jumps in the graph

the salinity induced baroclinic forcing is affected by the water depth and therefore this
effect increases with a larger water depth. The larger water depth decreases the bed stresses
in the model, and the sand dunes can migrate upstream.

4.2. Depth averaged M2 velocity amplitude

The range for the depth-averaged M2 velocity amplitude is between 0.1 to 2 m/s. Therefore
the vertical eddy viscosity varies between 0.005 and 0.1 m2/s based on the changes in the
depth-averaged M2 velocity amplitude that represents the tidal current. For the lowest
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values of the depth-averaged M2 velocity amplitude, the vertical eddy viscosity needs to be
recalculated, since the river flow has also a large impact on the vertical eddy viscosity. This
change is currently not implemented in the model. The increase of the tidal current affects
the system since this increases the flow velocities and therefore the bottom friction and
sediment transport. However, the tidal current also affects the eddy viscosity and therefore
the calculation of the bed shear stress at the bed.

Figure 6 shows the results of the OFAT sensitivity of the tidal current. The first two points
in the calculations are calculated, however, based on an inaccuraly calculated perturbed
flow, therefore not all calculated values will have real meaning. So the steep part of the
growth rate, the rapidly changes in the wave length and the steep parts in the migration rate
at the lower values is probably due to an inaccurate calculation since they show a different
pattern than the accurately calculated values. The maximum growth rate of 40/year is for
a tidal velocity amplitude of 0.6 m/s and a wavelength of 63 meters. The wavelength of the
fastest growing mode increases with an increasing tidal velocity amplitude. The maximum
migration rate upstream is at a tidal velocity amplitude of 0.4 m/s and has a wavelength of
48 meters.

4.3. River current

Figure 7: Sensitivity of the FGM based to changes in the river current range 0.002-0.51
(m/s) , a: Growth rate of FGM b:wave length of FGM c: migration speed of FGM

The river velocity varies between 0.0020 and 0.51 m/s. Figure 7 shows the results of the
OFAT sensitivity analysis of the river depth-averaged current. When the river discharge
increases, the growth rate of the FGM also increases, but the related wavelength has a
minor decrease. The maximum growth rate is 49.9 for a river discharge of 0.51 m/s. The
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depth-averaged river current has an enormous impact on the migration rate of the FGM,
with a maximum value of 4.0*103 meters per year (twice as high as migration of the median
discharge in the Rhine (Lokin et al., 2022)). This impact could be expected since the
river-current influence the asymmetry of the system and therefore creates a positive residual
flow to the sea, which results in a positive migration speed in the direction to the sea.

4.4. Sediment size

The sediment size influences the alpha in the sediment model. Based on the recalculations
of alpha for the sediment range of 108-700 *10−6 m this gives a α of 2.2*10−5- 1.3*10−5

m7/2s2 kg−3/2. The αbed used as the base parameter is within the newly calculated range.
Figure 8 shows some negative exponential relation between the sediment size and the new
calculated αbed. The increase in grain size decreases the αbed.

Figure 8: Recalculated alpha

Figure 9 describes the sensitivity of the sediment size. The growth rate decreases with
decreasing alpha and increasing sediment size. The migration rate also increases (however
the absolute migration decreases) with an increasing sediment size. The maximum growth
rate is always found for the same wavelength, however the the growth rate at this location
depends on the sediment size. We could have expected a trend of ”a decreasing growth rate
and migration rate for an increasing sediment size” since smaller sand grain sizes can be
easier transported when the model excludes the suspended sediments. The model explains
this decrease, since the larger grain sizes have a smaller alpha, which is a scaling parameter
in the sediment transport equation, and since the alpha decreases, the amount of sediment
transport decreases. This decrease in sediment transport is shown in the graph of the
growth rate and migration rate.

32



Figure 9: Sensitivity of the FGM to changes in the sediment size 108-700 (µm) , a: Growth
rate of FGM b:wave length of FGM c: migration speed based of FGM

Figure 10: Sensitivity of the FGM to changes in the salinity gradient parameter range 0-1.3
(psu/km), a: Growth rate of FGM b:wave length of FGM c: migration speed of
FGM

4.5. Salinity gradient

The salinity gradient in the sensitivity analysis ranges between 0 and 1.3 psu/km. Figure
10 presents the sensitivity to the salinity gradient . The salinity gradient has a relatively
small impact on the growth rate of the FGM since this only ranges between 37 and 37.8.
The growth rate decreases with an increase in a salinity gradient. A higher salinity gradient
effect has some positive influence on the wavelength of the FGM. The salinity gradient
has a negative linear effect on the migration rate of the sand dune. The salinity gradient
can create a negative migration (upstream). Due to the river discharge, we have first a
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positive migration rate with a small salinity gradient. The modelled effect of the upstream
migration is described in the literature and one of the reasons to include the gravitation
circulation by van der Sande et al. (2021a).

4.6. Drag coefficient

The effect of vertical eddy viscosity is recalculated based on the range of the drag coefficient,
which ranges between 0.0008 and 0.02 . Then the eddy viscosity varies between 0.016 and
0.4 m 2/s. So the lowest implemented value for the drag coefficient leads to a smaller
minimum eddy viscosity than the minimum eddy viscosity from the literature. Also for this
lowest drag coefficient, the model is unable to present an accurately modelled perturbed
flow. Figure 11 describes the sensitivity of the drag coefficient and indirectly the vertical

Figure 11: Sensitivity drag coefficient parameter range 8*10−4- 2*10−2 (-), a: Growth rate
of FGM b: wavelength of FGM c: migration speed of FGM. Point cd= 0.008 has
an inaccurately calculated perturbed flow and therefore presents an inaccurate
calculation of this FGM

eddy viscosity. Lower values of the drag coefficient result in a high growth rate. With a
slight increase in drag coefficient, the growth rate decreases fast. The wavelength of the
FGM increases with higher drag coefficient values. With a small drag coefficient, the dunes
migrate upstream. The migration rate decreases rapidly to zero when the drag coefficient
increases. The larger drag coefficient values have a minimum impact on the migration
rate. But still, the high drag coefficients have a maximum positive migration rate of 2*102

m/year downstream.
Next to the general increase and decrease of the output parameters of the FGM, the

graph shows some strange behaviour with the smallest values of the drag coefficient. This
unusual behaviour is a fast decrease in growth rate and a slight decrease in wavelength.
This decrease is based on the calculation of the smallest drag coefficient, which results in
inaccurate calculated perturbed flow.
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4.7. Slip Parameter

The sensitivity of the slip parameter ranges from 0.0008 to 0.47 m/s and is presented in
Figure 12. The growth rate increases with an increasing slip parameter. The slip parameter
affects the shear stress at the bottom, and therefore the amount of sediment transport
increases for a higher slip parameter based on the sediment transport equation. The slope
between the growth rate and slipe parameter decreases with higher slip parameters. For
small slip parameters, we find large wavelengths for the FGM. This wavelength rapidly
decreases for higher slip parameters to wavelengths of the FGM between 50 and 200 meters.
The slip parameter increases the migration rate with increasing slip parameters, based on
a larger amount of sediment transport. However, it can not influence the direction of the
migration of sand dunes.

Figure 12: Sensitivity slip parameter range 0.007-0.47 (m/s), a: Growth rate of FGM b:
wavelength of FGM c: migration speed based of FGM

4.8. Bed load exponent

Figure 13 shows the sensitivity to the bed load exponent, where the bed load exponent
ranges between 1 and 3. This range in bed load exponent could also change other parameters
within the model, however, in this case, only the bed load exponent is adjusted and not
alpha (a scaling factor within the sediment transport equation). The growth rate of the
FGM increases with an increasing bed load exponent. The bed load exponent has an
enormous impact on the growth rate and migration rates since both have maximum values
in the order of 103. Both increase exponential, and this could be expected since the bed
load exponent is an exponent in the sediment transport equation and therefore increases
rapidly the amount of sediment transport. However, the impact on the wave length is
relatively smaller but still significant. The wavelength decreases with an increasing bed
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Figure 13: Sensitivity of the bed load exponent range 0.1-3.0 , a: Growth rate of FGM
b:wave length of FGM c: migration speed based of FGM, the effect of the bed
load exponent on the bed load coefficient is excluded.

load exponent. The largest values of bed load exponent give very large values of growth
rate and migration rate that it is clear that this model parameter then overestimates the
amount of sediment transport and therefore the growth and migration rates.

4.9. Slope correction factor

The slope gradient varies from 0.1 to 3. But, the model gives warnings for calculating the
smallest slope corrections, since the model calculates a wave number larger than the range
of wave numbers calculated. The results for a small slope correction seems to follow the

Figure 14: Sensitivity slope gradient range 0.1-3.0, a: Growth rate of FGM b:wave length
of FGM c: migration speed based of FGM
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pattern of the growth rate and migration rate. The migration rates for small values of
the slope correction factor has a increase in migration for increases of the slope correction
factor, while the rest of the graph decreases. Therefore this part of the migration rate is
inaccurately represented by the wave numbers. The range of the wave numbers represents
a range for sand dunes and smaller bed forms. The minimum of a slope correction of 0.1 is
used in a model of river dunes wavelength of 0.6 meters Paarlberg et al. (2006) and this
slope correction factor is found for a modelled river dune and these have a typical wave
length which is smaller than estuarine sand dunes. Also, higher slope correction results in
smaller values of sediment transport and therefore the growth rate is reduced. These higher
migration rates for those smaller wavelengths is also expected since smaller bed forms can
migrate easier.

4.10. Conclusion

This chapter shows that different parameters have a different local impact on the growth
rate, wavelength and migration rate of the FGM. The bed load exponent, water depth and
slip parameter have a large effect on the growth rate of the FGM. The salinity gradient,
river current and tidal current have a minor impact on the growth rate of the FGM. Table 5
presents a summery of the effect of the different input parameters on the growth rate, wave
length and migration rate. Please not that for the migration rate some of the parameters
are able to change the direction of the migration (these are the water depth, depth-averaged
M2 velocity amplitude, river discharge, salinity gradient and drag coefficient). While the
other parameters only changes the amount of migration.
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Table 5: The amount of impact of the parameter and the effect based on increases values of
the parameter on the different FGM properties

Growth rate (1/year) Wave length (m) Migration rate (m/year)

Water depth H (m)
Very strong
decrease

Medium
increase

Medium
decrease

Depth-averaged M2 velocity
amplitude UM2 (m/s)

Medium to small
increase

Medium
increase

Small
increase

Depth averaged river flow
velocity Ures (m/s)

Small
increase

Very small
decrease

Very strong
increase

Sediment size D50 (mµ)
Small
decrease

none
Very small
decrease

Salinity gradient ϕ (psu/m)
Very small
decrease

Very small
increase

Very small
decrease

Drag coefficient Cd (-)
Medium
decrease

Strong
increase

Medium
increase

Slip parameter s (m/s)
Strong
increase

Strong
decrease

Medium
decrease

Bed load exponent βb (-)
Very strong
increase

Medium
decrease

Very strong
increase

Slope correction gradient λ (-)
Strong
decrease

Medium
increase

Very small
decreases
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5. Effect environmental parameters compaired with the effect of
empirical model parameters

This chapter describes the variations within the empirical model based on the environmental
and empirical model parameters. The model uses ten different values for each parameter.
Since we have 5 different environmental parameters, we have a large number of input
variations than for the empirical model parameters. In the end, we look at the spreading of
the fastest growing mode, its wavelength, growth rate and migration rate. Secondly, we
look in this chapter at the combined effect of two parameters on predicted FGM properties.
Herein we combine the parameters of the depth-averaged M2 velocity amplitude and the
river discharge. The combined effect of the slip parameter and drag coefficient. Lastly, the
combined effect of the bed load exponent and the slope correction factor.
The parameter ranges are changed based on the results of Chapter 4, so all inaccurate calcu-
lated parameter values are excluded from this analysis since this gives a false representation
of the number of accurately calculated values. Also the range of the bed load exponent,
βb is limited, since the large values of beta overestimate the volume of sediment transport
and therefore gives unrealistic values. The range of bed load exponent is changed to 1-2 as
Campmans et al. (2017) suggested.

5.1. Environmental parameter dependency

In total 100,000 combinations of 5 different input parameters are used to calculate the FGM
properties. However, only 66300 combinations of these model settings have an accuracy
error of less than 10−4, these parameter settings are used to describe the effect of the
parameter changes on the FGM properties. Of the 66300 accurate calculations, 20 have a
negative largest growth rate and therefore we expect no sand dunes by those driving forces
and therefore we find no growth rate, migration rate and wave length. We also exclude the
results where the sand dune wavelength is too small. Those small wavelengths are not sand
dunes and they are not relevant for this research. Only 43460 of the total of 66300 accurate
calculated have a wave number of less than 0.17 ( so a sand dune wave length of at least
37 meters). Table 6 and Figure 15 present the spreading of the FGM data by changes in
environmental parameters.

Table 6: Overview of the environmental parameter effects
Growth rate (1/y) Wave number () Wave length (m) Migration rate (m/y)

Average 2.34*102 8.51*10−2 1.00*102 4.94*103

Median 9.49*101 6.91*10−2 9.09*102 2.98*103

Standard deviation 4.50*102 4.75*10−2 5.38*101 6.56*103

Minimum 2.10*10−1 2.54*10−2 3.15*101 -3.29*102

Maximum 4.62*103 1.99*10−1 2.48*102 8.03*104
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Figure 15: The environmental parameter dependency variation based on the a: the growth
rate, b: wave length, c: migration rate.

5.2. Empirical model parameter dependency

The empirical model dependency uses 4 parameters so a total of 10,000 combinations
of input parameters are used to calculate the FGM. The input parameters are the drag
coefficient, slip parameter, bed load exponent and slope correction factor. 9000 combinations
were calculated accurately with an error of 10−4 for the numerical solving of the perturbed
state. Of the 9000 accurate calculated parameter sets only 6191 outcomes are within the
limit of sand dunes wave lengths, 902 combinations give only negative growth rates. Table

Figure 16: The empirical model parameter dependency variation based on the a: the growth
rate, b: wave length, c: migration rate.

40



7 and Figure 16 present the spreading of the FGM data by changes in empirical model
parameters.

Table 7: Overview of the empirical model parameter effects
Growth rate (1/y) Wave number (-) Wave length (m) Migration rate (m/y)

Average 5.41*102 5.73*10−2 1.87*102 7.63*102

Median 1.30*102 4.33*10−2 1.45*102 2.22 *102

Standard deviation 1.15*103 4.13*10−2 1.43*102 1.41*103

Minimum 4.14*10−2 6.29*10−3 3.70*101 -1.52*103

Maximum 1.73*104 1.70*10−1 9.98*102 1.15*104

5.3. Difference environmental and empirical model parameter dependency

Since there are 5 environmental parameters and only 4 empirical model parameters, we see
a difference within the number of model calculations, but also in the reductions based on
accuracy and the wave length limitations. The environmental parameters have a higher
reduction (34%) when the inaccurate calculated perturbed state is removed than the em-
pirical model parameters (10%). The difference in the amount of reduction could be due
to different reasons. One reason is that the number of parameters within the sensitivity
analysis affects the number of inaccurate calculated model results. This inaccuracy is based
on the solving of the calculation of the perturbed flow. For four of the five environmental
parameters have an impact on the perturbed flow, while only the grain size is part of
the sediment transport equation. While for the empirical model parameters, only two
parameters have an impact on the perturbed flow (slip parameter and drag coefficient).
The bed load exponent, βb and the slope correction factor λ mainly impact the sediment
transport equation.

The number of calculations with negative growth rates is significantly higher for the
empirical model parameter sets (902), compared to the environmental parameter sets (20),
while there are fewer parameter sets for the empirical model parameters. The empirical
model parameters, including the slip, parameter have a larger impact on the calculated
shear stress. This shear stress influenced sediment transport. If there is no significant shear
stress, the sediment will not be transported, therefore the empirical model parameters have
more influence on the sediment transport than the environmental parameters. Therefore
the empirical model parameters have a larger number of results with negative growth rates.
However the water flow within the water column is more affected by the tidal and river
currents, but the eddy viscosity and the slip parameter influence more the effect around the
bed and therefore the sediment transport. The reduction based on the limitation of a sand
dune of at least 37 meters is for both cases ( 34% for environmental parameters and 32%
for empirical model parameters) almost the same when including the reduction because of
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negative growth rates. However, when excluding the negative growth rates the reduction
for the empirical model parameters based on wave length is reduced to 23%.

Figure 15 represents the variation of the FGM properties based on the accurately cal-
culated sand dunes for the environmental parameter variation. Figure 16 represent the
FGM variation of the empirical model parameter sets. The average growth rate of the
environmental parameter is lower and the standard deviation of the growth rate is smaller
In both cases, the average value is relatively closer to the minimum than the maximum
value of the growth rate (so the average is higher than the median value). The average value
and the standard deviation of the wave length are lower for the environmental parameter set
compared with the empirical model parameter set. In both cases, the minimum wave length
starts at 37 meters and the most calculated wave lengths are in the histogram bin closest to
the value of 37 meters. This are the bins of between 37-109 meters for the empirical model
parameters or between 37-58 meters for the environmental parameters. The number of
results with larger wavelengths decreases with the wave length. The variation of migration
rate is mainly dependent on the environmental parameters since this standard deviation is
larger and the average value is also higher for the environmental parameters. The migration
is mainly effected by the different forces of the migration (so the salinity gradient and river
discharge), however the sediment transport equation has also a significant influence on the
migration rates.

5.4. Effect of two parameters

Now we compare the effect of two environmental or two empirical model parameters on
the FGM properties. For the empirical model parameters, we compare the effect of the
depth-averaged tidal velocity amplitude and the depth-averaged river flow velocity. For
the empirical model parameters, we combine the effect of the slip and drag coefficient and
secondly the effect of the bed load exponent and the slope correction factor.

5.4.1. Depth averaged M2 velocity amplitude and the river discharge

Those parameters are both environmental parameters and both affect the flow velocity
within the water column and together they form a balance between the tide and the river
discharge. The river discharge is a one-directional flow, however, the tidal flow implemented
is symmetrical.

Figure 17 describe the combined effect of the velocities of the tidal current and river flow.
This figure shows that the model currently is unable to calculate the results accurately for
low values of the depth-averaged tidal velocity amplitude especially combined with higher
values for the depth-averaged river flow velocity. This inaccuracy is also visible in the figures
by the large variations between one cell and the next cell within the wave number graph and
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the migration growth rate graph. The wave number graph shows that the depth-averaged
tidal velocity amplitude has the largest influence on the wave number, for larger values
we find a smaller wave number and therefore larger wave lengths. The growth rate is
also mainly influenced by the depth-averaged tidal velocity amplitude and larger values
decrease the growth. The migration rate is influenced by both, the depth-averaged river
flow velocity and depth-averaged tidal velocity amplitude. With lower values, the migration
decrease and is even negative for the smallest values of both parameters combined due to
the effect of the salinity gradient. Based on the analysis of Chapter 4 these results could be
predicted, except that the tide has also a significant influence on the amount of migration
when those parameters are combined. The graph of the migration rate shows mainly that
those parameters interact with each other.

5.4.2. Slip parameter and drag coefficient

The slip parameter and the drag coefficient are two empirical model parameters, that affect
the boundary conditions on the bed. The slip mainly acts on the water flow at the bottom
and the drag coefficient influences the modelled water flow in the water column and less
on the bed. Figure 18 show that for the smallest values of the slip parameter, we find no
positive growth rate, therefore these locations are white in the graph. Also, the values for
the smallest drag coefficient are inaccurately calculated, this shows in some big changes
in this line between neighbouring cells. The drag coefficient has more impact on the wave
number than the slip parameter, however, the wave number decreases a little for higher slip
parameter values. The slip parameter mainly influences the variation of the growth rate,
larger values increase the growth rate due to more slip at the bed, however, the increase in
drag coefficient decreases the growth rate. The drag coefficient has a larger impact on the
calculated migration rates compared to the slip parameter, while Chapter 4 describes that
they have almost the same influence on migration. The lower values of the slip parameter
still decrease the migration, however mainly the larger values of the drag coefficient increase
the migration rate, due to more turbulence within the water column since there is a higher
eddy viscosity.

5.4.3. Bed load exponent and the slope correction factor

The bed load exponent and the slope correction factor are two empirical model parameters,
part of the sediment transport equation. The bed load exponent increases the volume of
sediment transport and therefore the growth rate and migration rate. However, the slope
correction factor decreases the predicted volume of sediment transport and therefore the
predicted growth of the sand dunes and their migration. This combined effect is represented
in Figure 19. The slope correction factor has a larger influence on the wave number than
the bed load exponent, however, the higher values of the bed load exponent increase the
wave number a little. In the calculation, the slope correction factor affect the larger wave
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numbers (so smaller wave lengths) more since the smaller wave lengths have with the same
bed amplitude a steeper slope and therefore more correction than larger wave lengths. This
is comparable with a small slope correction for a river dune Paarlberg et al. (2006). Both
the slope correction factor and the bed load exponent have a large impact on the growth
rate. The large values of the slope correction rate values reduce the growth rate, while
the increase of the bed load exponent increases the growth rate. The top left values have
smaller growth rates, while the bottom right has a larger growth rate. Almost the same
pattern is seen for the migration rate, less migration in the parts with smaller growth rates
and the largest migration for a small slope correction factor and a large bed load exponent.

44



Figure 17: The combined effect of the depth averaged river flow velocity on the x-axis and
the depth averaged tidal velocity amplitude on the y-axis and their effect on
FGM. The top left figure represents the accuracy of the calculation, with blue
inaccurate. Top right the wave number, bottom left growth rate and bottom
right migration rate.
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Figure 18: The combined effect of the slip parameter on the x-axis and the drag coefficient
on the y-axis and their effect on FGM. The top left figure represents the accuracy
of the calculation, with blue inaccurate.Top right the wave number, bottom left
growth rate and bottom right migration rate.
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Figure 19: The combined effect of the bed load exponent βb on the x-axis and slope correction
factor λ on the y-axis and their effect on FGM. The top left figure represents
the accuracy of the calculation, with yellow all accurate calculated perturbed
flows. Top right the wave number, bottom left the growth rate and bottom right
migration rate.
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6. Validation of the model

This chapter describes the validation of the current model of van der Sande et al. (2021a).
First, we present the validation locations by their environmental parameters, combined with
the values of the Gironde estuary. Second, the results of the adjustment of the environmental
parameters are presented. The third step describes the amount of adjustment in the slip
parameter for a re-calibration.

6.1. Environmental parameters

For the validation of the sand dune model of van der Sande et al. (2021a) we look at three
new locations in two estuaries, the Scheldt estuary (locations Vlissingen and Terneuzen)
and the Elbe Estuary (sand dunes near Grauerort) Table 1 presents an overview of several
sand dunes at these estuaries, however, for the validation, we only use the selected locations.
Table 8 represents the sand dunes located at the sites named above. The sand dunes at
Grauerort have relatively small wave lengths between 20 and 38 meters. In Chapter 5 they
were classified as smaller bed forms and there excluded but, in this chapter, these sand
dunes are included.

Table 8: Sand dunes located at the locations of the model validation

Estuary Location Wave
length
[m]

Wave
heigth
[m]

Depth
[m]

Migration Source

Elbe Grauerort 20-38
mean 30

1.3-2.2
mean 1.7

20 Muurman
(2021)

Gironde Royan 37-182
mean 84

1.5-6.7
mean 4.9

20-30 Downstream
crest migra-
tion

Schrottke
et al. (2006)

Western
Scheldt

Vlissingen 155-330
mean210

1.7-3.4
mean 2.6

20-25 Muurman
(2021)

Western
Scheldt

Terneuze 30-120
mean 65

0.6-2
mean 1.25

35 max Muurman
(2021)

Table 9 describes that there are variations in all 5 environmental parameters. Some of
the variations in the parameters have smaller effects than others, especially the combination
between the difference within the depth-averaged tidal velocity amplitude and the depth-
averaged river flow velocity can have significant changes and therefore some impact.
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Table 9: The environmental parameters for different locations and estuaries, a Muurman

(2021) b Vandenbruwaene et al. (2013) c Chapter 3 and Appendix A d van der
Sande et al. (2021a)

Parameter Unit Gironde
Scheldt estuary
(Vlissingen)

Scheldt estuary
(Terneuze)

Elbe estuary

Mean water depth (H) m/s 20 22 a 25 a 20 a

Depth averaged tidal
amplitude (UM2)

m/s 1 1.3 a 1.05 a 0.7 a,b

Depth averaged river
flow velocity (Ures)

m/s 0.0031-0.022 c 0.0040-0.0071 c 0.0045-0.0079 c 0.01-0.06 c

Grain size(d50) µm 350 289 a 299 a 407
Longitudinal salinity
gradient (ϕ)

psu/m 0.6 d 0.4 b 0.4 b 0.38 b

6.2. Validation for three other locations

The validation of the three locations is done based on the different input parameters and
the results of the FGM properties. We compare this data with data of the sand dune sizes
described earlier in Table 1. Herein is especially the wave length the most relevant. The
model output is shown based on a variation in the depth-averaged river flow velocity on the
x-axis since there is some variation within this parameter and therefore the total range is
presented. The range in wave number differs between the estuaries since the range partly
describes the accuracy and also depends on the expected sand dunes wave lengths based on
the data in Table 8.

Figure 20: The validation of the model based on 4 different sets of input parameters, of
which the Gironde is the calibrated set and the other 3 locations are for validation

This current model is calibrated based on the environmental parameters and the outcome
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of the Gironde Estuary. However, the model is calibrated by adjusting the value of the slip
parameter based on the wave lengths of the sand dunes in the Gironde estuary, therefore
the modelled FGM wave length varies a little bit more, however, Figure 20 presents that the
FGM calculated wave length of the Elbe is the smaller compared with the wave length of
the Gironde and the Scheldt Estuary. However, the wave length at the Scheldt at Terneuzen
is overestimated and even higher than the Gironde, while in reality, the values of the wave
length of the sand dunes Scheldt at Terneuzen are in the same order or slightly smaller
than the values of the sand dunes of Gironde estuary. So, the model underestimates the
differences between the modelled FGM wave length and the wave lengths found in case
studies. For example, the wave length predicted for the Elbe estuary at Grauerort is 71
meters, however, the range in wave lengths measured is between 20-38 so even less than
half of the wave length predicted. Also, the wave lengths at Vlissingen are underestimated
in the model ( 1.3*102) while the site study shows larger sand dunes (155-330 meters with
a mean of 210 meters). So the model can predict how the sand dunes wave length differs
between locations, however the model under and overestimates the wave lengths.

The migration rates of the Gironde and the two locations of the scheldt combined with the
smaller values in river discharge on these locations present a negative migration rate. So
the model predicts an upstream migration of the sand dunes. For the Elbe estuary the
migration depending on the discharge can be both positive (max of 200m/year) and negative
(minimum of -16 m/year ). The maximum of 200m/year compared with measurements of
estuarine sand dunes migration is relatively high, however is still reasonable for this model.
This research did not find dune migration data at the location of Grauerort, however the
dune migration rates corresponds with the data of sand dunes closer to Hamburg. The
direction of the migration, in the model and measurement for the Scheldt at Vlissingen is
negative and relatively small. The direction of the dune migration is in the same , so the
migration rate is more correct at this location than the wave length. For the Gironde, the
model predicts a landward migration for the current values and for large river discharges
this migration direction switch to seaward migration. Since the measurement show small
river discharges the model calculated a negative migration, but based on the paper of
Berne et al. (1993) we would expect a positive seaward migration. The model calculated a
negative migration at Terneuzen (Western Scheldt) there are no measurements of sand dune
migration here, but since we found both landward (downstream of Terneuzen) as seaward
(upstream of Terneuzen) migration we can not say anything about this direction of this
computed migration.

So the values of the migration rates of the sand dunes are in the correct order of magnitude,
however we do not always have measurements to compare this data. However the direction
of the migration is only incorrect for the Gironde estuary, and for the Terneuzen location
the direction of the migration can not be determined based on the local measurements.
So the current values of the slip parameter give a relatively good image of the amount of
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migration, however the calculated wave lengths are under and overestimated for the current
value of the slip parameter.

6.3. Calibration for other location

Since the model over and underestimates the wave lengths for other locations than the
Gironde Estuary, the slip parameter is re-calibrated for these other estuaries. The migration
rates may not increase since the current model already overestimates the migration. The
amount of changes in the slip parameter is an indicator for future use of the model and the
amount of re-calibration needed. The current slip parameter in the model is 0.04 ms−1

Figure 21: The calibration of the slip parameter for the Elbe estuary at Grauerort. a) The
corresponding growth rate, b) The wave length limited around the mean wave
length c) the corresponding migration rate

The calibration graph in figure 21 shows that a slip parameter of 0.2 ms−1 is needed
to find a wave length of 30 meters for the local environmental parameters of the Elbe
estuary. In this graph not all parameters are calculated accurately, however, the values
around the point s= 0.2−1 are calculated accurately. For this value, we find a growth rate
of 1.2 *102/year, a wave length of 30 meters (k=0.21 /m) and a migration rate of 1.8*102

m/year (was 1.0102 meter/year for s= 0.04 ms−1). However also the amount of migration
increases by the increase of slip parameters and therefor the migration rate increases in the
model. Since we find a migration rate of 55 meters/year for the larger sand dunes (L=46
meters) located at Hamburg, the value of 1.8*102 m/year is relatively large however could
be reasonable for those smaller dunes. So the slip parameter of 0.2 ms−1, 5 times larger
than for the Gironde estuary case gives a more correct wavelength however also increases
the migration rate .

The calibrated slip parameter of the Scheldt estuary at Vlissingen is 0.028 ms−1 to find
a wave length of 210 meters. Figure 22 shows the calibration. For this value, we find a
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Figure 22: The calibration of the slip parameter for the Scheldt estuary at Vlissingen. a)
The corresponding growth rate, b) The wave length limited around the mean
wave length c) the corresponding migration rate

growth rate of 20/year (was 40/year), a wave length of 2.1*102 meters (k=0.030/m) and
a migration rate of 5 meters/year (was 20 meters/year). The values of the growth rate
and migration rate of the dunes decreases due to a smaller slip parameter, but both values
before and after the calibration could be realistic for these sand dunes. The calibrated slip
parameter is almost half of the slip parameter of the Gironde estuary case.

The Gironde model overestimates the wave length of Scheldt estuary at Terneuzen. The
re-calibration of the slip parameter gives a new slip parameter of 0.088 ms−1 to find a wave
length of 65 meters. Figure 23 shows the calibration. For this value, we find a growth rate
of 95/year, (was 27/year) a wave length of 65 meters (k=0.097/m) and a migration rate of
1.2 *102 meter/year (was 50 meters/year). The slip parameter is more than twice the value
of the slip parameter of the Gironde estuary case.
So the calibrated slip parameters range between 0.028 and 0.2 ms−1 based on the wave

lengths. These values are within the ranges of the slip parameter earlier found in Chapter
3 and between half and five times the value of the Gironde. The larger values of the slip
parameter also increases the migration and growth rates, so the maximum value of the
slip parameter of 0.2 ms−1 is relatively large. The calibrated value is not constant for
one estuary. And if the model needs to perform with one value for the Scheldt, the slip
parameter of the Gironde is between the two calculated slip parameters for the Scheldt,
however, the slip parameter depends on the location within an estuary and not on the
estuary.
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Figure 23: The calibration of the slip parameter for the Scheldt estuary at Terneuzen. a)
The corresponding growth rate, b) The wave length limited around the mean
wave length c) the corresponding migration rate
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7. Discussion

This chapter discusses the conducted study. The first part of the discussion is about the
methodology decisions, the second part discusses the results and

7.1. Methodology

In the methodology several decisions are made, however, they impact the methodology and
therefore the research.

7.1.1. Selection of estuaries

In this study, the parameter ranges are based on a review of 5 selected estuaries. Four of
these five estuaries are located in West Europe, therefore the parameters are more influenced
by the same weather and insights inside discharge control and insights of the dredging of
the bed. Those influences can limit the ranges in parameters. The outcome may be different
using a different selection of estuaries and different sources for the estuary data. One of the
challenges is the definition of an estuary. For example, the Bahia Blanca (Argentina) is by
some definitions classified as an estuary, however, in this case, the discharges of the rivers
are insignificant compared with the amount of the incoming tidal wave and therefore this
study will classify it as a bay instead of an estuary. This difference in definition has some
influence on the ranges in parameters.

7.1.2. Classification of sand dunes based on wave lengths

This study uses in Chapter 5 a minimum wave number of 0.17 however, the sand dunes
described in Table 1 have wave lengths smaller than 37 meters (wave number of 0.17). The
definition of a sand dune, therefore, varies within this study and also other studies differ
about the definition and size of an estuarine sand dune. Similar to the definitions of marine
sand waves and river dunes, they partly differ between studies. Although papers differ in
definition, the paper of Ashley (1990) is widely cited for the classification of the sizes of
sand waves in marine environments. The sizes of the sand dunes in an estuary depend on
the location within the estuary. For example, the sand dunes sizes at the mouth of the
estuary close to the sea or ocean are more influenced by the marine than fluvial processes
and therefore the dimensions are closer to marine sand waves than the smaller river dunes.

7.1.3. Indirect influence of parameters

Currently, all input parameters are addressed as if all parameters are independent correlated
of each other. However, there could be some discussion if all parameters change indepen-
dently of each other. For example, the water depth is one input parameter, however, this
parameter is closely related to the depth-averaged river flow velocity (calculated based on
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cross-section and river discharge) and possible the depth-averaged M2 velocity amplitude.
Next, the parameters in the sediment transport equation affect each other. The parameters
bed load exponent βb, slope correction factor λ and the bed load coefficient αb together
are the empirical parameters which could be changed based on the fitting of the measured
sediment transport and the calculated sediment. This bed load coefficient could therefore
be a scaling factor and this scaling based on different bed load exponent or slope correction
is not included in the current model. Also the sediment size is now only included by the
recalculation of the bed load coefficient αb, however the grain size has also some impact on
other parameters. BAGNOLD (1956) describes that the slope correction factor depends
on several factors, one of them is the sediment size, earlier was this effect excluded in the
model. Also the sediment size influences the calculation of the drag coefficient, since this
parameter is mostly calculated based on the balance of the drag force and the forces of
the gravity (Arora et al., 2010). So both the environmental parameters and the empirical
model parameters are correlated within the group of parameters however even the empirical
parameters depend on the environmental parameters. So the effect of one single parameter
change is underestimated in this model. Therefore the effect on the FGM properties could
be over-or underestimated.

7.1.4. Incorrect calculation of the growth rate of the FGM

The large sand dune model consists of several subparts. The sub-model FGM calc is
responsible to calculate the FGM properties based on a vector of dimensional growth rates
and migration rates for a vector of wave numbers. These vectors of the growth rates and
migration rates are earlier in the model calculated. The model published van der Sande
et al. (2021b) has only a few checks. The first check is that the maximum growth rate is
positive (else there are no sand dunes) and if the corresponding wave length of the maximum
growth rate is smaller than 1000 meters (these large wave lengths are not expected). The
second check is whether the wave number belonging to a certain maximum growth rate is
not the maximum wave number. If so, this leads to a warning, but the model calculations
continue. Then a 3-dimensional polynomial curve fitting (polyfit) is made for the growth
rate to calculate the maximum growth rate. Based on the derivative of this polyfit the
location of the maximum growth rate is calculated. However for some parameter sets the
growth rate has no local maximum based on the derivative (based on the ABC formula,
Figure 24 is an example of a polyfit with no correct calculated maximum growth rate )
and the location of the maximum (so the value of the wave number) includes an imaginary
part. The growth rate calculated has also an imaginary part, however, the model is unable
for calculating its migration rate at this location due to the imaginary sub solution of the
model, and the model stops its calculation. The model is adjusted to use in this case the
location of the maximum growth rate (at one of the calculated values of k) and not the
maximum of the polyfit. Based on this maximum growth rate its corresponding migration
rate is selected. and the model can calculate the other sets of input parameters.
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Figure 24: Example of a growth rate and migration curve where there is no maximum cal-
culated growth rate. (H=10.83m,UM2=0.2m/s, Ures=0.17m/s, ϕ= 1.16 psu/km,
D50=634µm

7.2. Results

The discussion also discusses the results of the research questions. This discussion consists
of the effect of the limitation in wave length, the eddy viscosity formulation, the estimation
of water depths and their effect on the validation.

7.2.1. Eddy viscosity formulation

The vertical eddy viscosity is calculated following Prandle (1985) approach (Av = cdHUM2).
Herein is cd the drag coefficient, H the mean water depth and UM2 the depth-averaged
tidal velocity amplitude. However, Figure 17 shows that the model has some problems in
calculating the perturbed flow for low values of the depth-averaged M2 velocity amplitude
combined with higher values of the depth-averaged river flow velocity. One of the reasons
for these inaccurate results could be that the eddy viscosity now only depends on the tide,
however, the inaccurate perturbed flow results present themselves when the river flow and
the tide both have a significant influence. Three possible solutions are tested to change the
velocity component in the eddy viscosity equation: 1) the maximum velocity of UM2 or Ures

is implemented 2) the sum of both UM2 or Ures is the velocity component 3) Pythagoras
is used to combining the two velocities. The first solution gives almost the same results
in all four sub-graphs and has still a large part where the perturbed state is inaccurately
calculated. The second solution is presented in Figure 25. For this solution, all combinations
of values are calculated accurately. The third solution is presented in Figure 26. For this
solution, only a few combinations of values are calculated inaccurately. Therefore solutions
2 and 3 could both work for an improvement of the eddy viscosity in the cases of a small
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depth-averaged tidal velocity amplitude. However solution 3 uses a smaller value of the
U implemented for the calculation of the eddy viscosity, therefore the difference in the U
for higher values of the depth-averaged tidal velocity amplitude is less and this solution
is closer to the already implemented solution in the model as suggested by van der Sande
et al. (2021a).

7.2.2. Estimation of the water depth in validation

For the validation of the model used in this study, an estimation is made of the water depth
based on sources and a cross-section of the area with sand dunes. However this water depth
should represent the average depth of the sand dune field and therefor one measurement on
a bed with sand dunes, can overestimates the water depths at Vlissingen and Terneuzen in
the Scheldt. When excluding the difference in the model based on the locally measured
depths (Figure 27, the spreading of the wave length based on the other parameters, is closer
to the measurements of the case studies at those locations. The wave length at the location
of Terneuzen is now closer to the wave length at the Gironde estuary. In the case studies,
the ranges of wave lengths of these two locations have a large overlap and the mean wave
lengths measured at these sites vary less between those two than in the other locations.
So the situation with all the same water depth better represent the spreading of the wave
lengths between the different locations.
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Figure 25: Solution 2 (sum of the velocities): The combined effect of the depth averaged
river flow velocity on the x-axis and the depth-averaged tidal velocity amplitude
on the y-axis and their effect on FGM. The top left figure represents the accuracy
of the calculation, with blue inaccurate. Top right the wave number, bottom left
growth rate and bottom right migration rate.
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Figure 26: Solution 3 (Pythagoras with the velocities) :The combined effect of the depth-
averaged river flow velocity on the x-axis and the depth-averaged tidal velocity
amplitude on the y-axis and their effect on FGM. The top left figure represents
the accuracy of the calculation, with blue inaccurate. Top right the wave number,
bottom left growth rate and bottom-right migration rate.
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Figure 27: The validation of the model based on 4 different sets of input parameters with the
same water depth of 20 meters, of which the Gironde Estuary is the calibrated
set and the other 3 locations are for validation
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8. Conclusion

This study evaluates whether the model of van der Sande et al. (2021b) can be used to learn
about the formation of estuarine sand dunes and looks into the validation of the current
model. There are two types of parameters used to understand the formation of sand dunes,
the environmental parameters and the empirical model parameters. The environmental
parameters are depending on the environment of the sand dunes in an estuary, those are
the water depth, the depth-averaged M2 velocity amplitude, the depth-averaged river
flow velocity, grain size and salinity gradient. The empirical model parameters are more
indirect depending on the environment. The model parameters are the drag coefficient, slip
parameter, bed load exponent and slope correction factor.

What are realistic values for model parameters used in the model for estuaries
with sand dunes ? Chapter 3 describes the literature study preformed to find the ranges
in the model parameters used for the following questions. Table 3 present the ranges in
the parameters. Most of these parameters ranges are based on 5 estuaries, while others
are based on suggestions and ranges of other researchers. Some of the ranges within one
parameter seems larges, due to a order difference between the smallest and the largest value.

What are the effects of one individual parameter changes on the fastest
growing mode ?
By implementing the estuarine parameter ranges (Chapter 3) into the model to study
the effect of individual parameters, we see that the literature-based parameter ranges
can cause some problems in the solving of the flow of the perturbed state. However, in
most cases, only a small part of the parameter range has an inaccurate solution for the
perturbed flow model. Therefore the results of the effects of one individual parameter
change on the FGM properties can still be evaluated. Each of the nine parameters has
a different effect (and amount of effect) on the FGM properties. For example, the mean
sediment size has a relatively small influence on the growth rate, migration rate and the
corresponding wave length, while for the slip parameter only the small values have a large
influence on the wave length, while the larger values have a much smaller impact on the
wave length. Table 5 gives an overview more in-depth overview of all parameters in Chapter 4

What is the combined effect of varying the environmental or empirical model
parameters of question 2 on the fastest growing mode and its corresponding
migration rate?
The environmental parameters combination have a larger impact than model parameters
combinations on the migration rate. However, the model parameters have a larger range in
the growth rates and wave lengths. In both cases, the results of the wave length of most
parameter sets are close to the boundary of what a sand dune is. Also for the growth rates
and migration rates graphs, there is one large bin in the histogram, with median lower than
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the average values. This means that a large number of calculations have a relatively low
value and a few extreme values increase the average.
The next step was to combine two input parameters change to affect the FGM properties
since these interact with each other and therefore these combined changes are sometimes
a little different than the individual changes in a parameter. Three combinations of pa-
rameters are implemented: 1) the tide and river discharge, 2) the slip parameter and drag
coefficient 3) the bed load exponent and the slope correction factor. The analysis of these
combinations shows that sometimes mainly one parameter determines the FGM properties
(the tide for the combination tide and river combined except for the migration rate). While
the other two combinations of parameters have more interaction between the two input
parameters and therefore affect all three parameters of the FGM properties. Some of the
results could be explained by the results of Chapter 4, however, these combinations give
some new insight into sand dunes formation due to changes in both parameters.

How representative is the sand dune model of van der Sande et al. (2021a) with
its current values for the Elbe and Scheldt estuary?
The model of van der Sande et al. (2021a) can be used to understand the formation of sand
dunes. The current model is calibrated for one location and some of the effects changed by
the environmental parameter can be explained by the current settings of the model. The
slip parameter now resembles a value for the Gironde Estuary, but based on the analysis of
Chapter 6 we have seen that a re-calibration of the slip parameters better represent the
sand dunes wavelengths, however, the current model can still help in understanding the
initial development of sand dunes without the re-calibration.

62



9. Recommendations

This current research is conducted based on the assumption that: ’the individual input
parameters do not influence each other’. The discussion (Chapter 7) described that some
of the parameters influence each other. The relations between the input parameter is not
researched in this study, however, could be relevant for further use of the current model.

Secondly, Muurman (2021) describes the presents of an asymmetrical tide for the lo-
cations of the Western Scheldt estuary. The current calculations only are done with an
M2 tide. However, the model can include the combination with an M4 wave or higher
orders. This will affect the FGM properties and is currently not investigated. Those changes
in input parameters help to better represent the local environmental values and help to
better present the local environment in the model. It could help to better understand the
differences in wave lengths between estuaries and therefore it could be relevant for further
investigation.

The current study looked into the initial growth of the sand dunes based on linear stability
analysis and individual parameters changes. However, the effect of a parameter changes
when the sand dunes are well developed. Then the sand dunes affect the hydrodynamics of
the system. In the validation are some of the differences between dynamics of the system
and the expected wave lengths explained, however a more in-depth study of these cases
can help to even better understand the differences between wave lengths of sand dunes
in estuaries. Herefore a study with a full 3D model like Delft3D can help understand the
currently missing link that explains the wave lengths between estuaries since the current
model only gasps. However, this full 3D model approach is a more complex model. This
method takes more time to evaluate one estuary.
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Appendices

A. Surface calculation

This appendix explains the calculation of the surface area of a cross-section surface of the
estuaries used in paragraph 3.3

A.1. Elbe estuary

Boehlich and Strotmann (2008) describes the cross-section area of the tidal part of the
Elbe based on the Elbe-Km. The maximum cross-sectional area is 5.1*10 4 m2 for mean
sea level, close to the estuary mouth. This maximum cross-section increases for mean sea
level+1.5 meters to 6.0*104 m2 . The cross-sectional area decreases to less than 1.0*104

m2 at Hamburg. An estimate of 3.2*104 m2 represents the area close to the sea. An area
of 2.0*104 m2 represents the area halfway in the estuary(Elbe km 660-685). We use the
cross-section close to the sea to calculate the river discharge velocity.

A.2. Gironde estuary

The Gironde estuary cross-section surface is estimated to be 8.0*104 m2 based on the
estimation of van der Sande et al. (2021a).

A.3. Weser estuary

Lange et al. (2008) describes the cross-sectional area along the lower Wesser. The maximum
cross-section is 9.5*103 m2 found at km 65 (close to Bremshaven), the minimum cross-section
is 2.0*10 3 m2 at Oslebshausen.

A.4. Western Scheldt estuary

Muurman (2021) describes three bed level profiles for the Western Scheldt, located at
Vlissingen, Terneuzen and Borssele. The cross-section of Vlissingen has an average depth of
22.5 meters depth and a width of 1200 meters. So at a cross-section at Vlissingen is 2.7*104

m2. The cross-section at Terneuzen has a maximum depth of 34 meters and an average
area of 2.42*104 m2. An estimate for the cross-section area of Borssele is 3.0*104 m2. So
the average cross-section calculated is 2.7*104 m2

A.5. Yangtze estuary

The Yangtze River splits in the estuary into several channels. Therefore the sum of the
different cross-sections is used to describe the total cross-section. As in Figure 28 shows.
The estuary consists of a North and South Branch. The South Branch splits in the North
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and South Channel. The southern channel splits more down streams in the north and South
Passage. The total cross-section area consists of the sum of the cross-sections of the North
Branch and the North and South channel.
The North Branch has a depth of mean depth that decreases from 5.85 meters in 1958 to
3.14 meters in 2003 and has a mean of 3.86 meters over the period 1958-2013 (Dai et al.,
2016). The cross-section calculation uses the time-averaged mean water depth. The width
of the North Branch varies from 1 km upstream to 8 km at the mouth. The upstream
area has an estimated mean width of 1.8 km. The width is 3.5 km (at road G40), close
to cross-sections NC1 and SC1 in the North Branch (Wu et al., 2016a).The cross-section
area varies over length. In the upstream North Branch, this is 6.9 ∗ 103 m2 and 1.4 ∗ 104
m2 area close to the G40 road. Wu et al. (2016a) describes several cross-sections of both
the North and South Channel. The first cross-section of the South Channel is 6.5* 104 m2.
The first cross-section of the North Channel in this paper is approximately 7.0*104 m2. So
the sum of the three different channels is 1.5*105 m2
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Figure 28: Overview of Yangtze Estuary Hu et al. (2009)
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