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Summary
Beach buildings are often placed in rows in front of coastal sand dunes for recre-
ational purposes. With the placement of a row of buildings, airflow-induced aeolian
sediment transport is altered in the vicinity of the buildings. As a result, bed mor-
phology over the dune profile and around the row of buildings may be altered. The
influence of the row of buildings depends on various building characteristics. In spe-
cific, this thesis focuses on the influence of varying pole height and distance between
the row of buildings and dune.

For the computation of change in bed morphology a model has been used that
couples a 3D airflow model in OpenFOAM with a 2D-horizontal aeolian sediment
transport model, AeoLiS. Simulations were conducted by modeling a row of beach
buildings upwind of a vegetated coastal dune profile. The distance between the row
of buildings and dune as well as the height of the poles were systematically varied
throughout this study. A range of variations was examined, starting from zero (for
buildings placed directly at the dune toe or on the bed) to greater distances and
increased pole heights.

The bed level change around a row of buildings and over the dune profile was com-
puted. Findings showed that a row of beach buildings on poles causes strong
erosion around the buildings whereas deposition is enhanced over the dune toe.
Although effects on the dune slope and top are minimal, our findings indicate a
negative impact on dune growth over the dune slope and a positive effect over the
dune top. Increasing pole height generally creates stronger sedimentation-erosion
patterns in the vicinity of the buildings. The impact of the buildings on dune mor-
phology decreases as the buildings are placed at larger distance from the dune.
The sand supply in the dune is maximized when buildings are placed on long poles
at substantial distance from the dune. However, this may result in strong longshore
variation in bed level elevation if buildings are placed too close to the dune toe. In
addition, results indicated that the critical gap width ratio as found in previous re-
search, lowers for buildings on longer poles. The presence of vegetation over the
dune profile efficiently traps sediment and significantly reduces erosion, mainly at
the dune crest.

The model that was used in this study is able to capture morphodynamics over a
dune profile including a row of beach buildings. However, validation showed that the
computed morphological development over a single day is similar to the seasonal
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bed evolution as observed in the field, indicating an overestimation of the rate of mor-
phological change in the model. Nevertheless, the magnitude and patterns of the
computed morphological bed evolution roughly agrees with field data and are similar
to findings by previous researchers. Therefore, the knowledge gained through this
study can help coastal managers to make decisions on the design and placement
of beach buildings in front of coastal sand dunes.

Keywords: Dune morphological change, Bed morphology around a row of Beach
Buildings, Aeolian Sediment Transport, Computation Fluid Dynamics, OpenFOAM,
AeoLiS



Contents

Preface iii

Summary v

1 Introduction 1
1.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Problem definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Research Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3.1 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.2 Research approach and scope . . . . . . . . . . . . . . . . . . 3

1.4 Report outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Theoretical background 5
2.1 Air flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Sediment transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Bed morphodynamics around a dune profile and building geometry . . 11

3 Methodology 14
3.1 Model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.1.1 Model domain . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1.2 Coupling Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.1.3 Model settings . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2 Model validation case . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3 Model configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4 Results 25
4.1 Validation data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Influence of a row of buildings on poles on dune morphodynamics . . 26
4.3 Influence of building-dune distance and pole height on bed morpho-

dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.3.1 Influence Building-Dune distance . . . . . . . . . . . . . . . . . 29
4.3.2 Influence Pole Height . . . . . . . . . . . . . . . . . . . . . . . 31

4.4 Combined influence building-dune distance and pole height . . . . . . 34
4.5 Sensitivity additional model parameters . . . . . . . . . . . . . . . . . 38

4.5.1 Vegetation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38



VIII CONTENTS

4.5.2 Domain Height . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.5.3 Wind Speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.5.4 Time between wind field updates . . . . . . . . . . . . . . . . . 40

5 Discussion 43
5.1 Bed morphodynamics around a dune profile downwind of a row of

buildings on poles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.1.1 Sedimentation patterns induced by a dune shape . . . . . . . . 43
5.1.2 Sedimentation patterns induced by a row of buildings with vary-

ing pole height and building-dune distance . . . . . . . . . . . 43
5.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.2.1 Numerical model . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2.2 Model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.2.3 Sediment transport . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.3 Validation with Kijkduin beach buildings . . . . . . . . . . . . . . . . . 49

6 Conclusions and recommendations 51
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

References 55

Appendices

A Sedimentation patterns in x-y plane 61

B Model parameter settings 65
B.1 OpenFOAM settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
B.2 AeoLiS Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

C Model lateral boundary correction 68

D Model implementation dune shape 69

E Inlet and outlet boundary condition 70



List of Figures
1 a. Beach buildings on the Zuiderstrand near Kijkduin, adopted from

Pourteimouri et al. [1] and b. Beach buildings on the beach side of a
coastal dune adopted from WOTY webpage on beach houses [2]. . . 2

2 Morphological bed evolution loop that shows the interactions between
relevant aspects adopted and modified from Pourteimouri et al. [3] . . 6

3 Schemetic overview of sediment transport modes adopted from Durán
et al. [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

4 Schematization of the stepwise approach used to answer the research
questions in this study . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

5 Schematized overview of the computational domain. The figure in-
cludes three model domains (in y-direction) to indicate that the model
domain (dark shading) represents a single plot as part of a row of
buildings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

6 Overview of Coupling model adopted from Pourteimouri et al. [1].
It shows the iterative process over time between multiple wind field
computations through OpenFOAM and bed updates through AeoLiS. . 18

7 Cross-sectional view of the mesh composition near the building ge-
ometry and dune profile in cross-shore direction. The building poles
are not visible since these are placed underneath the corners of the
building, whereas this figure shows a cross-sectional view in which
the building corners are not included. . . . . . . . . . . . . . . . . . . . 19

8 Overview of the Zuiderstrand near Kijkduin, the Netherlands [5]. The
specific row beach houses that is used in this study is highlighted with
a black arrow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

9 Design beach buildings Kijkduin, the Netherlands [6] . . . . . . . . . . 21
10 Overview of the configurations with varying the pole height (Hpole) and

building-dune distance (Lbuilding−dune) for the parameters in table 3.1.
Additionally, a configuration, named ‘No Building’, is computed that
does not include a building geometry to represent the undisturbed
conditions. This configuration is not shown in the figure. Note that the
difference between the parameters is not constant. . . . . . . . . . . . 24

11 Elevation data Kijkduin beach houses measured on the 10th of July
2017 [7]. The elevation data is shown in the range of 4.8 - 5.8 [m+NAP]. 26



X LIST OF FIGURES

12 Elevation data Kijkduin beach houses measured on the 10th of July
2017 (top) and the 9th of October 2018 (bottom) [7]. The buildings
are located in the middle of the figures and are colored white. The
white section on the right-hand side of the figures indicates the higher
elevation of the dune. The elevation data is shown in the range of 4.8
- 5.8 [m+NAP] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

13 Sedimentation pattern (Zb - Zb0) for the cases a. ’No Building’ and
b. ’Default Building’ over 24 hours. The black dashed box represents
the location of the building geometry, the black dashed lines represent
dune toe and dune crest. The green dotted line represents the start
location of the vegetation cover. . . . . . . . . . . . . . . . . . . . . . . 28

14 Average bed level change over the width of the domain for the ’No
Building’ (indicated by blue) and ’Default Building’ (indicated by red)
cases over 24 hours. The minimum and maximum amplitudes over
the width of the domain are included and indicated by the shaded col-
ors. The building geometry, dune profile and the location of vegetation
are included in the figure . . . . . . . . . . . . . . . . . . . . . . . . . . 29

15 Schematized overview of regions in which morphological bed evolu-
tion will be analyzed. These regions include: 1) ‘Dune toe’, 2) ‘Dune
slope’ 3) ‘Dune top’ and 4) ‘Building’. The area between the build-
ing (4.) and dune toe (1.) regions differs for varying building-dune
distance ratio (D*) and has not been included in any of the regions. . . 30

16 Influence of building-dune distance ratio (D*) on regional mean (a.)
and minimum and maximum (b.) bed level change relative to the ‘No
Building’ case over 24 hours. Building-dune distance ratio varies be-
tween 0 and 5.56 [-] for a constant pole height ratio (Ph*) of 0.14 [-].
The regions include: Dune toe (red), Dune slope (green), Dune top
(blue) and Building (grey). . . . . . . . . . . . . . . . . . . . . . . . . . 31

17 Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with increasing distance ratio: a. 0; b. 0.56; c. 1.39 (’Default build-
ing’); d. 2.78.; e. 5.56 [-]. All configurations include a pole height ratio
of 0.14 [-]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

18 Influence of pole height ratio (Ph*) on regional mean (a.) and mini-
mum and maximum (b.) bed level change relative to the ‘No Building’
case over 24 hours. Pole height ratio varies between 0 and 0.83 [-]
for a constant building-dune distance ratio of 1.39 [-]. The regions
include: Dune toe (red), Dune slope (green), Dune top (blue) and
Building (grey). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

19 Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with increasing pole height ratio: a. 0; b. 0.14 (’Default building’); c.
0.42; d. 0.83 [-]. All configurations include a distance ratio of 1.39 [-]. . 34



LIST OF FIGURES XI

20 Influence of building-dune distance ratio (D*) and pole height ratio
(Ph*) on mean bed level change relative to the ‘No Building’ case over
24 hours of the dune toe (a.), dune slope (b.), dune top (c.) and
around the building (d.). . . . . . . . . . . . . . . . . . . . . . . . . . . 35

21 Influence of building-dune distance ratio (D*) and pole height ratio
(Ph*) on mean bed level change relative to the ‘No Building’ case over
24 hours of the dune slope (b.) and dune top (c.) with adjusted color
bar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

22 Sedimentation patterns (Zb - Zb0) for a selection of all configurations
that contain noteworthy results over 24 hours. Configurations are
shown with the following building distance ratio and pole height ra-
tio: 5.56; 0.83 (a.), 0.56; 0.83 (b.), 0; 0.83 (c.), 1.39; 0 (d.) and 0;
0.42 (e.). The dune toe and crest are indicated by a black dashed
bar over the width of the domain. A green dashed line indicates the
cross-shore starting location of the vegetation. . . . . . . . . . . . . . 37

23 Average bed level change and minimum and maximum amplitudes
over the width of the domain for the ’No Vegetation’ and ’Default’
cases over 24 hours. The building geometry, dune profile and the
location of vegetation are included in the figure . . . . . . . . . . . . . 38

24 Average bed level change and minimum and maximum amplitudes
over the width of the domain for the ‘Domain Height’ and ‘Default’
cases over 24 hours. The ‘Domain Height 80 m’ case includes the
top boundary at a height of 80 meters, whereas the ‘Default Building’
case contains the top boundary at 40 meters. The building geometry,
dune profile and the location of vegetation are included in the figure . 39

25 Average bed level change and minimum and maximum amplitudes
over the width of the domain for the ’Wind Speed’ and ’Default Build-
ing’ cases over 24 hours. The ‘Wind Speed’ case includes a reference
wind speed of 10 m/s and the ‘Default’ case 17 m/s. The building ge-
ometry, dune profile and the location of vegetation are included in the
figure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

26 Average bed level change and minimum and maximum amplitudes
over the width of the domain for the ‘Update wind field 2h’, ‘Update
wind field 8h’ and ‘Default (4h)’ cases over 24 hours. The time be-
tween two updates of the wind field through OpenFOAM are included
in the case names. The building geometry, dune profile and the loca-
tion of vegetation are included in the figure. . . . . . . . . . . . . . . . 41

27 Average bed level change and minimum and maximum amplitudes
over the width of the domain for the ‘Update wind field 2h’, ‘Update
wind field 8h’ and ‘Default (4h)’ cases over 24 hours. The time be-
tween two updates of the wind field through OpenFOAM are included
in the case names. The building geometry, dune profile and the loca-
tion of vegetation are included in the figure. . . . . . . . . . . . . . . . 42



XII LIST OF FIGURES

28 Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
without buildings (a. ’No Building’) and with the following distance
ratio and pole height ratio: 1.39; 0 (b.), 1.39; 0.14 (c.), 1.39; 0.42
(d.) and 1.39; 0.83 (e.). The dune toe and top are indicated by a
black dashed bar over the width of the domain. A green dashed line
indicates the cross-shore starting location of the vegetation. . . . . . . 61

29 Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with the following distance ratio and pole height ratio: 5.56; 0 (a.),
5.56; 0.14 (b.), 5.56; 0.42 (c.) and 5.56; 0.83 (d.) 2.78; 0 (e.), 2.78;
0.14 (f.) and 2.78; 0.42 (g.). The dune toe and top are indicated by a
black dashed bar over the width of the domain. A green dashed line
indicates the cross-shore starting location of the vegetation. . . . . . . 62

30 Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with the following distance ratio and pole height ratio: 2.78; 0.83 (a.),
0.56; 0 (b.), 0.56; 0.14 (c.) and 0.56; 0.42 (d.) 0.56; 0.83 (e.), 0; 0 (f.)
and 0; 0.14 (g.). The dune toe and top are indicated by a black dashed
bar over the width of the domain. A green dashed line indicates the
cross-shore starting location of the vegetation. . . . . . . . . . . . . . 63

31 Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with the following distance ratio and pole height ratio: 0; 0.42 (a.)
and 0; 0.83 (b.). Additionally, configurations without vegetation (c.),
domain height of 80 meters (d.), wind speed of 10 m/s (e.) and time
step between two wind field updates of 2 hours (f.) and 8 hours (g.)
are shown for distance ratio 1.39 [-] and pole height ratio 0.14 [-]. The
dune toe and top are indicated by a black dashed bar over the width
of the domain. A green dashed line indicates the cross-shore starting
location of the vegetation. . . . . . . . . . . . . . . . . . . . . . . . . . 64

32 In the figure it can be seen how the bed is corrected after an AeoLiS
simulation is completed to prepare the bed on the lateral sides of the
domain for computation of the wind field in OpenFOAM. The top figure
shows the bed before the correction and the bottom figure shows the
bed after the correction is performed. The correction ensures that the
two most outer grid points at both lateral sides share equal bed level
elevation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

33 A schematized overview of the definition of the dune profile. Ldune

represents the total cross-shore length of the inclined section of the
dune profile from the dune toe (0 m+NAP) up to the dune crest (10
m+NAP). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69



LIST OF FIGURES XIII

34 An overview of mean (dark blue), minimum and maximum bed level
(light blue) change for the ’No Building’ configuration over the entire
domain length over 24 hours. The yellow line represents the dune
profile and the green line the location of the vegetation. . . . . . . . . 70





1. Introduction

1.1 Context

Sandy beaches are considered to be invaluable ecosystems that provide important
services to people living in coastal communities [8]. These beaches are appreci-
ated for, amongst others, their recreational service and attractiveness. To maximize
the recreational service of sandy beaches, humans have been modifying coastlines
worldwide. An example of such modification is the placement of buildings at the
beach-dune interface, see figure 1. In the Netherlands, beach houses can often
be found at the beach-dune interface in a row directly next to each other and wind
cannot pass underneath the building since the buildings are placed on the bed, see
figure 1 b. Depending on the geometry, dimensions, placement and composition,
beach buildings affect the wind field in the vicinity [9]. As a result, aeolian sediment
transport and bed morphology may be altered in the surrounding of the building.

A large area along the Dutch coast is protected by sand dunes, which are a highly
dynamic nature-based flood defense. The dunes form an important flood defense
that prevent coastal regions from being flooded [10] [11]. Coastal sand dunes are
subjected to wave attack which induces erosion, though are able to recover naturally
by means of wind flow-driven sediment supply originating from the sandy beach.
This sediment is actively being trapped by the vegetation on the dunes which allows
dune growth [12]. Aeolian transport occurs if wind-induced bed shear stress on sed-
iment particles exceeds a certain threshold value [4]. Due to the reliability of dunes
on wind-driven sediment transport, the placement of buildings in the beach-dune
interface could highly affect the natural growth and recovery process of these flood
defenses. As a result, the dune morphology may be changed with either negative or
positive effects on the flood protection level of the dune [13] [9] [14] [1].

Various building design parameters can influence the effects of a row of beach
houses on coastal dune morphology. To be able to get better understanding of these
influences on the dynamics of a coastal dune, it is essential to perform research.
Studies have been performed that aimed to improve understanding of bed morpho-
logical change around beach buildings (e.g. [3] [15]). The placement of buildings on
the bed limits sediment transport in duneward direction and causes sand particles
to be trapped [9] [15] [16]. However, elevating buildings on poles, without closure
of the gap, allows wind to continue underneath the buildings which could reduce
blocking effects and potentially even enhance sediment transport in duneward di-
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Figure 1: a. Beach buildings on the Zuiderstrand near Kijkduin, adopted from
Pourteimouri et al. [1] and b. Beach buildings on the beach side of a
coastal dune adopted from WOTY webpage on beach houses [2].

rection [13], depending on the downwind distance from the building [1]. Knowledge
that is created through these studies improves our understanding of the influence of
beach buildings on dune morphology. The insights can be used to create advise on
the placement and design of beach houses such that the negative effects of a row of
beach buildings on morphological dune development are minimized and sediment
transport towards the dune can potentially be enhanced if placed and designed cor-
rectly, as indicated by Pourteimouri et al. [1] and Hobeika [14].

1.2 Problem definition
Various studies have investigated the wind flow and sediment transport patterns
around buildings on a beach or over a dune profile. Experiments have been per-
formed by Poppema [15] on the sedimentation patterns that occur around a scaled
building on a beach. In addition, multiple aeolian transport studies have made use
of Computational Fluid Dynamics (CFD) to compute the wind field over a dune
profile and around buildings on a beach and/or associated aeolian sediment trans-
port [14] [17] [3] [18] [16]. Research by Hobeika [14] and Stevers [17] investigated
the influence of the placement and orientation of a row of buildings with respect to
each other, to the wind incidence angle and distance from the dune toe on wind
flow and sediment transport patterns using CFD. Pourteimouri et al. [3] [16] investi-
gated the influence of various building and wind characteristics on airflow, sediment
transport and bed evolution patterns around a single building and row of buildings
on a sandy beach surface and on elevated poles. In addition, a study performed by
Jonkheer [18] investigated wind flow and sediment transport patterns over a dune
profile as well as the influence of vegetation.

Pourteimouri et al. [1] developed a model that couples the CFD model OpenFOAM
with the process-based numerical aeolian sediment transport model AeoLiS [19].
Pourteimouri et al. [1] used this coupled model to investigate the pole height of a
row of buildings placed on a flat sandy beach on morphological bed level change.
The coupling of CFD with the AeoLiS model is able to deal with sediment supply lim-
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itations of the coastal sandy beach, for example, due to the presence of vegetation.

However, no previous research has quantified the influence of a row of beach build-
ings on dune morphodynamics over different sections of a dune profile while consid-
ering spatially and temporarily varying sediment supply limitations. In addition, pre-
vious research has shown the potential to enhance sediment transport in duneward
direction for a specific distance to the dune toe [14] and a specific pole height [1].
Though neither of these studies has researched the combined influence of pole
height and building distance from the dune toe over a vegetated coastal sand dune.

1.3 Research Objective
The goal of this research is to quantify the influence of a row of beach buildings in
front of a vegetated coastal sand dune on bed morphology over the beach and dune
as well as how pole height and building-to-dune distance influence morphology. In
addition, this research aims to provide guidance on decisions for pole height and
building to dune distance for a row of beach buildings in front of a vegetated coastal
sand dune based on sand supply into the dune.

1.3.1 Research Questions
For this research objective, two research questions have been made. The first re-
search question of this study addresses the influence of the placement of a row of
buildings in front of a vegetated coastal dune on sedimentation patterns that occur
over the dune profile:

1. How does a row of beach buildings on poles at the beach-dune interface alter
bed morphology over a vegetated coastal dune profile?

The second research question will focus on two parameters of the placement and
design of the row of buildings at the beach-dune interface, which are pole height
and distance between the building and the dune. These two parameters affect ae-
olian sediment transport and associated bed morphodynamics in the vicinity of the
buildings. Appropriate consideration of these two parameters may maximize sedi-
mentation over different parts of the dune in the presence of a row of buildings.

2. How do varying pole height and building-to-dune distance of a row of beach
buildings at the beach-dune interface alter bed morphology over a vegetated coastal
dune?

1.3.2 Research approach and scope
To answer the research questions as given in section 1.3.1, this research is per-
formed using the coupled model as proposed by Pourteimouri et al. [1]. The use
of a model allows to get insight into a system’s response to various modifications
within the system, in this study varying pole height and building-dune distance, in a
relatively cost and time-efficient manner when set up appropriately. However, mod-
els do not capture the true behaviour of a system but provide an approximation of
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reality. For that reason, model validation will be performed to get insight into the per-
formance and weaknesses of a model. The validation process is further elaborated
in section 3.2.

The coupled model [1] has shown the potential to simulate sediment transport around
a row of buildings on the beach [1] making it potentially suitable for computation of
morphological bed level change over a dune profile with a row of beach buildings lo-
cated upwind. The airflow model, OpenFOAM, is a 3D model and is able to compute
the wind field around complex objects, such as a row of cubic buildings. The altered
AeoLiS model is a 2DH model which uses the wind field as computed by OpenFOAM
to simulate sedimentation patterns over the bed. Due to the high computational cost
of the model, simulations will be performed over a period of 1 day without consid-
ering vegetation growth. To initiate significant sediment transport within this rather
short period of time, a storm event is simulated.

1.4 Report outline
Chapter 2 provides an overview of relevant previous studies that have been per-
formed. In chapter 3 the methodology which is used in this research is elaborately
presented. Afterwards, the results are presented in chapter 4. These results are
discussed extensively in chapter 5. At last, the conclusions of this research are
presented in combination with the recommendations for further research in chapter
6.



2. Theoretical background
This chapter aims to investigate wind flow, sediment transport and associated mor-
phological bed evolution in the vicinity of buildings on the beach in front of a veg-
etated coastal dune profile. The wind field over the bed is the driver for aeolian
sediment transport. The associated entrainment and deposition of sediment alters
the bed morphology. These changes, in turn, affect the wind field nearby, leading to
a continuous feedback loop between the bed and wind field.

The feedback loop gives rise to highly dynamic bedforms, such as dunes. With the
placement of buildings, static objects are added to the dynamic environment, contin-
uously changing the dynamics of the bed. The changes to the bed form can either
mitigate or enhance the effects of the buildings due to the interaction between the
bed and wind field (e.g. burial or scour). In figure 2 a visualization of the feed-
back loop is given, containing a dynamic bed morphology and a static object, like
a building. This chapter will discover the research that is performed on airflow, ae-
olian sediment transport and morphodynamics in the vicinity of buildings and dune
profiles.

2.1 Air flow

Wind continuously flows around us with a certain direction and magnitude. The
flow interacts and exerts stresses on surfaces over which it flows as well as on
particles that are present at that surface. If the stresses on particles exceed a certain
threshold, the particles are set to motion [4]. As a result, aeolian sediment transport
happens and bed level change is initiated.

Airflow can become very chaotic and complex, making it difficult to compute a wind
field for a specific case, which is of great importance for the computation of aeolian
sediment transport. Various researchers have attempted to investigate and propose
models that describe and compute airflow patterns at sandy beaches for the approx-
imation of aeolian sediment transport at coastal environments [20] [13] [21] [22].
Generally, aeolian transport is induced by turbulent wind fields [4]. A turbulent
flow contains fluctuations in wind speed over a wide range of spatial and tempo-
ral scales [4]. Shear stress on particles is a result of net vertical momentum flux of
upper air layers onto the particles [23]. This shear stress can be approximated using
an equation as has been used by Walker and Nickling [21]:
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Figure 2: Morphological bed evolution loop that shows the interactions between rel-
evant aspects adopted and modified from Pourteimouri et al. [3]

τ = ρu2
∗ (1)

Where τ is the bed shear stress [N/m2] and ρ is the density of air [kg/m3]. In addi-
tion, bed shear stress cannot be measured directly and thus is expressed by means
of an additional parameter, u∗, the shear velocity [m/s]. The shear velocity at the
lower wind speed profile of an incompressible and steady flow over a homogeneous
surface can be computed using the logarithmic Prandtl-Von Kármán equation:

uz

u∗
=

1

κ
ln(

z

z0
) (2)

Where z is the height at which the horizontal velocity is measured in [m], uz in [m/s]
is the horizontal velocity at height z, κ is the dimensionless Von Kármán constant
(≈ 0.4 [-]) and z0 is a measure for the hydrodynamic roughness in [m].

Though at coastal environments with the presence of dune profiles, wind flow gener-
ically is non-logarithmic and unsteady, which highly affects the aeolian sediment
transport over the dune profile [24]. Models have been created that tried to compute
the wind field over a coastal dune profile [25] [26]. Though, these models are gener-
ally not valid due to the presence of jet flows or flow separation and can only be used
to compute wind over a gentle windward slope [27]. Besides, over the past recent
years, computational power has increased and as a result, aeolian sediment trans-
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port studies have increasingly shifted to the use of Computational Fluid Dynamics
(CFD). Therefore, the wind field in this thesis is computed using CFD.

Computational Fluid Dynamics is generally used in aeolian sediment transport to
compute the complexity of the near-bed wind field in the boundary layer. CFD uses
the Navier-Stokes equations to compute the wind field numerically over a meshed
computational domain of a fluid flow [27]. The Navier-Stokes equations describe the
flow of fluids and comprise the conservation of mass, momentum and energy. Due
to the presence of non-linearity in airflow caused by turbulence, the solution to the
Navier-Stokes equations becomes highly complex. For that reason, the solution to
the Navier-Stokes equations is generally approximated by either Reynolds-Averaged
Navier-Stokes (RANS) or Large Eddy Simulation (LES) which differ in the computa-
tion of turbulence. LES has the ability to maintain a physical measure of turbulence
whereas RANS computes the wind field as mean and fluctuating components, re-
ducing computation cost significantly compared to LES. Another method is Direct
Numerical Simulation (DNS), though DNS requires an extreme amount of computa-
tion power, making it disfavored over the use of both RANS and LES. To close the
set of equations, the k-ϵ is commonly applied which is a two-equation turbulence clo-
sure model that computes turbulent kinetic energy (k) and energy dissipation (ϵ) [28].
The RANS k-ϵ is commonly used for the simulation of airflow over aeolian landforms
(e.g. [29] [16]) and requires significantly less computational power compared to other
methods. For that reason, the RANS k-ϵ is applied in this study to compute the wind
field.

Even though CFD is able to compute the fluid flow using the Navier-Stokes equa-
tions, it still comes with high computation cost and is not able to capture the actual
wind field as would occur in the field. However, there are various advantages of
using CFD for the computation of the wind field [27]. For example, CFD allows to
approximate the wind field for a detailed, complex and large geometry with high res-
olution and can be easily be altered to test a wide range of cases, which becomes
more difficult for wind tunnel experiments and other numerical models. Besides,
the edge wall effects are minimized since airflow can exit the domain, which is not
possible for wind tunnel experiments. An additional advantage compared to other
numerical methods is that CFD is able to compute flow separation zones that oc-
cur due to momentum loss and adverse flow direction at bedforms, such as dune
profiles.

Various studies have been performed which aimed to better understand the influ-
ence of wind incidence angle and dune slope inclination on wind magnitude and
wind direction over a dune profile which can then be related to aeolian sediment
transport [30] [31] [32] [33]. In addition, the study by Jonkheer [18] investigated the
use of a more natural smooth shape at the dune toe and dune crest to minimize
flow separation at the dune toe and dune crest. Besides, the shape of a dune profile
causes lower wind velocity upwind of the dune toe and wind acceleration at the dune
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crest [34] [35] [14] [18].

In comparison to the gently sloped dune profiles, buildings introduce rather sharp
edges that highly influence the wind field in the vicinity, creating complex shapes
and form a horseshoe-like vortex system [9] [15]. Flow separation, recirculation and
vortex shedding may form at the sides and downwind of the building, depending on
the level of turbulence in the flow, relative wind incidence angle, downwind length
and obstacle design characteristics [36] [37] [17] [14]. Two important design param-
eters are gap width between buildings that are placed in a row and the placement of
buildings on poles above the bed. Pourteimouri et al. [16] indicated that for a certain
gap width, wind velocity between the buildings may be increased. Besides, elevated
buildings allow airflow underneath the building and increase in velocity for a certain
pole height to building width ratio. The increase in velocity is caused by the funneling
effect which constrains the jet flow between the buildings [1].

2.2 Sediment transport
Sand is transported if wind reaches sufficient velocity, which is often in the order of
100 [m/s] [4]. As described by equation 1 and 2, the wind that blows onto a particle
causes shear stresses on that particle. The particle is set to motion if the shear
stress exceeds the threshold value.

Strong wind, in the order of 101 [m/s], exerts large shear stresses on sand particles
at the bed. This may cause small sand particles to transport in suspension. If sand
particles are sufficiently large, gravitational forces increase and become influential,
causing the particles to jump and transport in the form of saltation. Saltation par-
ticles that impact with the bed can set particles on the bed to motion if the impact
is sufficiently strong. As a result of this impact, grains may transport in the form of
reptation. Larger grains may transport with constant contact to the bed, which is
known as bedload [4]. Figure 3 shows these different transport forms.

The model proposed by Bagnold [38] is a widely used empirical model and is based
on wind tunnel experiments. The model assumes a proportional relationship be-
tween sediment transport rate (q [kg/m/s]) and shear velocity (u∗ [m/s]), if the shear
velocity exceeds a threshold value (u∗t [m/s]) based on particle composition [38] [39]:

q = CB(
ρ

g
)u3

∗(
d

D
)1/2 (3)

when u∗ > u∗t = A

√
gd(

ρs − ρ

ρ
)

Where CB is the empirical Bagnold coefficient [-], ρ is the fluid density [kg/m3], g is
the gravitational acceleration [m/s2], d is the median grain size [m], D is the refer-
ence grain size [m], A is a parameter being either 0.1 (motion by fluid force only) or
0.085 (motion by the momentum of impacting grains during saltation) [-] and ρs is
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Figure 3: Schemetic overview of sediment transport modes adopted from Durán et
al. [4].

the sediment density [kg/m3].

Multiple models have been proposed that are additions to the model by Bagnold and
are based on a similar relation (e.g. [40] [41] [42] [43] [44]). However, these models
as well as the model by Bagnold itself are generally considered to overestimate ae-
olian sediment transport since these are based on wind tunnel experiments that do
not incorporate the various sediment transport limiting factors that are present at the
coastal sandy beach [23]. These limiting factors include amongst others vegetation,
moisture content, beach armoring and fetch length. The sediment transport limiting
factors cause bed surface properties and, as a result, sediment supply to differ spa-
tially. Vegetation is commonly present on coastal sand dunes (see figure 1 b.). The
presence of vegetation affects the bed surface properties in the vicinity. Vegetation
mainly reduces bed shear stress, resulting in a reduction of sediment transport over
the vegetation [12].

Recently two models have been created that include sediment supply limiting pro-
cesses. The first is an elaborate model for aeolian sand transport proposed by Van
Rijn and Strypsteen [45] which does include moisture content, vegetation and beach
armoring by shells in a fairly simple form which is calibrated with wind-tunnel exper-
iments. A second model is proposed by Hoonhout and De Vries [19] which is a
numerical model and allows for the inclusion of varying sediment budget both spa-
tially and temporally, called AeoLiS. This makes AeoLiS suitable for the computation
of aeolian sediment transport in coastal environments, as in this study.

AeoLiS is a complex 2DH numerical modeling tool that incorporates various aeolian
sediment transport processes to compute sediment transport and associated bed
level change, for gentle slopes like dune profiles [19]. The main equation that is used
by AeoLiS to simulate sediment transport is a two-dimensional advection equation,
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see equation 4 adopted from De Vries et al. [46] and used by Pourteimouri et al. [1]:

∂c

∂t
+ us,x

∂c

∂x
+ us,y

∂c

∂y
= E −D (4)

Where c describes the sediment concentration in air [kg/m2], us denotes the saltation
velocity in both x- (cross-shore) and y- (alongshore) directions [m/s]. The right-hand
side (E - D) represents the net entrainment rate of sediment [kg/m2/s].

Aeolian sediment transport is key for the formation of coastal sand dunes, though not
much research has been performed on aeolian transport over a dune profile. Two
studies found that the shape of dune formations causes reduced sediment transport
over the dune toe and at the dune crest. An increase in sediment transport was
found just upwind of the dune crest caused by changes to the wind field [14] [18].
In addition, Jonkheer [18] found that increasing incidence wind angle results in a
significant reduction of sediment transport rate over the dune profile. The effects
were largest at the dune crest. For increasing dune slope, the sediment transport
rate at the dune toe showed a significant decrease. At the dune crest, a steeper
dune resulted in a higher sediment transport rate. Furthermore, Jonkheer [18] has
investigated the influence of vegetation by reducing the shear velocity with a factor
of 1.5 at the location where vegetation is simulated. Their findings indicated that
sediment transport is fully blocked at the dune toe, where the vegetation started
in the model. Over the dune slope and at the start of the dune crest sediment
transport still increased though was significantly smaller in magnitude, with a factor
of approximately 5.

The placement of buildings on the beach influences aeolian sediment transport
around the building as a result of alteration to the near-bed wind field. Stevers [17]
and Hobeika [14] found that buildings affect sediment transport in duneward direc-
tion least if placed at 5 meters from the dune toe and if the building face is oriented
towards the dominant wind angle. Besides, buildings could bend longshore winds in
cross-shore direction resulting in enhanced sediment transport in duneward direc-
tion [17]. Pourteimouri et al. [16] proposed that gap spacing between buildings in a
row can either limit or enhance sediment transport in downwind direction depending
on wind incidence angle. In a more recent study, Pourteimouri et al. [1] found that
sediment transport in duneward direction may be enhanced or reduced depending
on the pole height of the buildings and the distance downwind from the building. This
may be caused by reversed flow and/or a low-speed wind velocity region downwind
of the building. For increasing pole height this region is located further downstream
of the building. Besides, an appropriate gap width ratio between neighbouring build-
ings may enhance downwind sediment transport by flow acceleration as a result of
funneling effects. For elevating buildings on poles, this effect may be created as well
in the gap underneath the buildings. Effects of pole height on sediment transport
were found to be largest directly at the downwind face of the building and reduce
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further downwind of the building.

2.3 Bed morphodynamics around a dune profile and
building geometry

Aeolian sediment transport can induce bed morphological evolution and on decadal
time scale this may result in the formation of bedforms such as coastal sand dunes,
as often observed along sandy beaches at coastal environments (e.g. [47]). These
bedforms commonly have a slope of approximately 30 degrees, which is limited
by the properties of the sand particles at the bed [48] [18]. Dunes may erode in
short-term periods of storms (wind and waves) due to strong sediment entrainment
compared to aeolian transport-driven dune growth which occurs during long-term
periods of relatively calm weather conditions [47].

As previously mentioned, vegetation can often be found on coastal dune profiles.
Vegetation cover is key to the existence of dunes since root systems stabilize the
bed, reducing erosion of the bed. Besides, the reduction in bed shear stress caused
by the presence of plants enhances sediment trapping and promotes dune growth
[12]. Without the presence of vegetation, the dunes cannot effectively trap sediment
over the dune slope and the crest of the dune would rapidly get eroded [49] [18].
Besides, the dune shape causes a region of sediment deposition upwind of the
dune toe and over the dune toe, which is strongly influenced by the presence of
vegetation [50] [18]. Just upwind of the dune crest, a decrease in deposition or
potentially erosion may occur. Jonkheer [18] also found a region with deposition just
downwind of the dune crest. The sedimentation patterns are strongest for a cross-
shore wind (0◦) and dune slope of 20◦ and decrease for varying parameters [18].

Research on the effects of a building on dune morphology is complex though mul-
tiple studies have been performed to investigate this [51] [9] [3] [15] [16] [1]. Gen-
erally, findings indicated that dune growth may be limited or enhanced depending
on building characteristics, such as shape, size, construction material and place-
ment. Studies by Poppema [15], who used field experiments, and Pourteimouri et
al. [3] [16] [1], who used numerical modeling, performed research on the influence
of building geometry, gap width between buildings that are placed in a row and pole
height on sedimentation patterns around one or multiple buildings over a flat bed.
The findings of these studies are discussed in the following paragraphs

Poppema [15] and Pourteimouri et al. [3] indicated that sedimentation patterns are
generally one order of magnitude larger than building geometry, of which building
width has largest influence on sedimentation patterns. Gap width showed large in-
fluence on sedimentation patterns, defined in terms of gap width ratio (gap width
divided by building center to center distance). For gap width ratio smaller than 0.5
sedimentation patterns are similar to that of on very wide building. For larger gap
width ratios, the patterns around two neighbouring buildings interact to form a com-
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plex structure and showed dependency on gap width. This relation is valid up to
a sufficiently large gap width ratio, after which patterns form without interaction be-
tween two neighbouring buildings. Poppema [15] and Pourteimouri et al. [16] found
similar critical gap width ratios of 0.67 for patterns of neighbouring buildings to de-
velop separately. The placement of buildings oblique to the incidence wind angle
seemed to cause asymmetry in sedimentation patterns with a relation to this wind
angle [15].

In addition, it was found that the placement of buildings on poles results in an ex-
pansion of the sedimentation pattern size [15] [1]. Pourteimouri et al. [1] indicated
that the erosion region upwind of the buildings shifts to just underneath the build-
ing. Also, a region with strong erosion forms directly downwind of the building which
is not found for buildings without poles. A deposition area behind the buildings is
formed and the deposition tails behind the gaps spread over a longer distance with-
out changing significantly in magnitude, indicating more deposition [1]. This contra-
dicts somewhat with field observations by Poppema [15] who found deposition tails
downwind of the building to be located further downwind, extending in size and de-
creasing in magnitude. Increasing pole height seemed to move the deposition tails
further downwind [15].

A commonly used method to approximate morphological bed evolution over time is
by means of the Exner mass balance equation [52] which is deduced from the origi-
nal Exner equation [53]. The equation assumes that bed level change is proportional
to the convergence of the sediment transport rate, see 5:

∂zb
∂t

= − 1

ρs(1− n)
∇⃗ · q⃗ (5)

Where zb represents the bed level elevation in [m] and can vary on temporal scale
t in [s]. ρs defines the sediment density in [kg m−3], n the sediment porosity in [-]
and q the sediment transport rate in [kg m−1 s−1]. This mass balance provides that
convergence of the transport rate results in a positive bed level change over time
period t, thus sediment is being deposited. For a divergence of the transport rate,
this is conversely and erosion of the bed occurs.

Though as discussed in chapter 2.2 sediment transport limiting processes are present
in coastal environments. Since the Bagnold formula for sediment transport is based
on a steady wind field and abundance in sediment supply, the morphological bed
evolution in the field is generally overestimated. AeoLiS is able to compute bed level
change including some of these sediment supply limitations [19]. Pourteimouri et
al. [1] have compared these two methods. The coupled model generally computes
less bed level change, especially underneath the building and downwind of the build-
ing. The direct use of the Bagnold equation results in much deposition underneath
and downwind of the building whereas AeoLiS computes mainly erosion. Down-
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wind of the building, both methods compute deposition, though AeoLiS computes
much less deposition to occur. A strong difference between both methods is the
strong gradient in bed level for the direct use of the Bagnold equation, which can-
not be found in the results computed by AeoLiS [1]. This may be explained by the
avalanche process in AeoLiS to avoid large gradients near strong erosion or deposi-
tion regions. Besides, the differences could be related to additional sediment supply
limitations that are included in AeoLiS which are not included in the direct Bagnold
method. This Exner method computes the maximum sediment transport which oc-
curs if sand supply and fetch length do not limit sediment transport [1]. Also, local
variations in wind velocity are included as well as non-linear processes which are
known to decrease the amplitude of patterns in bed morphodynamics [1].

Since the coupling model as proposed by Pourteimouri et al. [1] has shown opti-
mistic results with respect to field observations by Poppema [15], this model has
the potential to simulate morphological bed evolution over the bed when including a
dune profile in the domain. For that reason, the research of this thesis is performed
using the coupling model as proposed by Pourteimouri et al. [1].



3. Methodology
This chapter discusses the various steps in the methodology to answer the research
questions. Figure 4 shows how the research questions are related. The first part
introduces the model setup, followed by an elaboration of the model which is used in
this research. Next, a case is presented which introduces a row of beach buildings
placed at the Zuiderstrand near Kijkduin. This case will be used for validation. The
third section will elaborate on the choice of the variation in pole height and building
location with respect to the dune toe. The last section discusses the step-wise
approach which has been followed in this study.

3.1 Model setup
The building design has been based upon a row of beach buildings at the Zuider-
strand near Kijkduin, which is further elaborated in section 3.2. In addition, this
study will be performed using a coupled model proposed by Pourteimouri et al. [1]
since results were considered promising for the computation of bed morphological
change around a row of buildings on poles placed on a flat beach in relation to field
observations [15] [1]. Next, appropriate settings for the coupling, the airflow model
OpenFOAM and the sediment transport model AeoLiS are elaborated. The model
domain is presented first.

3.1.1 Model domain
A schematic visualization of the model domain can be found in figure 5. The param-
eters are provided in table 3.1 and will be elaborated hereafter. The length, width
and height of the beach buildings are based on a row of beach buildings that have
been placed on the Zuiderstrand near Kijkduin [54], see section 3.2. The row exists
of 10 buildings on poles with certain height (Hpole) placed on the beach at a distance
from the dune toe (Lbuilding−dune). In the model, the geometry of these buildings is
simplified into a cuboid shape taking into account the model resolution, see section
3.1.3. The dune profile is implemented as a simplified uniform single dune without
longshore variations. Dunes generally include large spatial variation, however, this
creates challenges for the implementation in the model. Therefore, the dune shape
is designed according to the method used by Jonkheer [18] and based on the nat-
ural and common dimensions of a dune [48] to represent an average dune that can
be found in the field. An elaboration of the dune shape can be found in Appendix D
The placement of identical beach buildings in a row generally results in somewhat
similar sedimentation patterns around the middle buildings of the row, see figure 11.
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Figure 4: Schematization of the stepwise approach used to answer the research
questions in this study

Therefore, computation time is reduced significantly by limiting the domain width to
one building plot using circular boundary conditions (see section 3.1.3) as to repre-
sent a building plot in the middle of a row. In addition, domain height (Hdomain), beach
length (Ldomain ) and dune top length (Ltop) are chosen to minimize the boundary ef-
fects in the domain, see Appendix E. Vegetation commonly starts approximately at
the end of the dune toe with large spatial variation. However, the implementation of
spatial variation is considered to be irrelevant due to the rather small domain width.
Besides, interpretation of the model results could become challenging if vegetation
starts at varying distances into the dune. Therefore, vegetation is included some dis-
tance into the dune (Ld,non−veg) with equal coverage over the domain width (Wdomain)
and stretches over the dune slope (Ld,veg) and dune top (Ltop).

3.1.2 Coupling Model
As discussed in chapter 2.2, AeoLiS [19] is a complex sediment transport model
that incorporates various processes to simulate sediment transport. AeoLiS is able
to compute bed shear stress over a surface which is then used to compute sediment
transport. Though this is valid only for a gently sloped bed, whereas buildings consist
of vertical walls with sharp edges [1]. To compute the complexity of the near-bed
wind field around buildings, Pourteimouri et al. [1] created a coupling between an
airflow model in OpenFOAM, to compute the bed shear stress, and the aeolian
sediment transport model AeoLiS.

The first step in the coupling is the computation of the airflow field within a three-
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Figure 5: Schematized overview of the computational domain. The figure includes
three model domains (in y-direction) to indicate that the model domain
(dark shading) represents a single plot as part of a row of buildings.

Table 3.1: Model domain and building geometry. The design parameters of the
buildings ( Wbuilding,Hbuilding and Lbuilding) are based on the beach build-
ings near Kijkduin [54].

Variable Value Unit
Ldomain 150.0 [m]
Hdomain 40.0 [m]

Ld,non−veg 5.0 [m]
Ld,veg 17.0 [m]
Ltop 53.0 [m]

Wdomain 12.0 [m]
Wbuilding 3.6 [m]
Hbuilding 3.0 [m]
Lbuilding 8.0 [m]

Lbuilding−dune To be determined [m]
Hpole To be determined [m]
Hdune 10.0 [m]
θdune 30 [◦]
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dimensional domain using a steady-state wind model in OpenFOAM. The wind-
induced bed shear stress over the surface is then extracted at the grid point locations
in AeoLiS. The extracted bed shear stress is used by AeoLiS to compute the asso-
ciated morphological bed evolution over a certain time period. Small changes to
the bed cause little alterations to the wind field compared to the changes caused by
the presence of a dune profile or a row of buildings. Though, over time bed forms
may grow, as well as the influence on the wind field. To incorporate these morpho-
logically induced near-bed wind field changes, the bed shear stress needs to be
updated through OpenFOAM after a certain time period. The updated wind field is
again exported to Aeolis to compute morphological bed evolution. An overview of
the coupling model can be found in figure 6.

3.1.3 Model settings

OpenFOAM settings

Since results from the study by Pourteimouri et al. [1] showed promising results,
similar OpenFOAM settings are used in this study. The SimpleFOAM solver is cho-
sen which uses the Finite Volume Method (FVM) and Pressure-Linked Equations
(SIMPLE) to solve the Reynolds-Averaged Navier Stokes equations. To capture the
complex turbulent flows around the buildings and over the bed, the k-ϵ turbulence
closure model is utilized. The solver and closure model are not further investigated
in this study. The parameter settings for the model can be found in Appendix B.1.

A mesh is set up with the automated meshing utility ‘cfMesh’ with the finest cells
of size ∆x = ∆y = ∆z = 0.05 m adjacent to the buildings on poles and ∆x =

∆y = ∆z = 0.10 m over the bed to capture the wind field around the building and
over the bed with high quality. The mesh expands away from the surface to reduce
computation time. The coarsest cell size ∆x = ∆y = ∆z = 1.60 m is used far
from the buildings and bed surfaces. The domain height is set to 40 meters. Since
the wind field is restricted by the continuity of incompressible flow, wind velocity
increases over the dune profile (10 meters in height) with a factor of 40/30 = 1.33.
To properly account for these effects, domain height should be reconsidered for a
different dune height. This grid composition creates a mesh with approximately 2.3
million cells. A side view can be found in figure 7.

The lateral boundaries in OpenFOAM are set to the periodic boundary condition,
‘CyclicAMI’. This ensures that flow conditions at both sides are similar, to allow in-
teraction of the wind at both sides of the building to represent the wind field around
a row of buildings. CyclicAMI requires equal patches though allows dissimilar in-
ner grid composition. Unequal side patches form due to asymmetry in morpholog-
ical bed level change over time as computed by AeoLiS. To ensure equal lateral
patches, a correction of the bed very close to the lateral boundaries is performed,
see Appendix C. The top patch is defined as slip and the bed and building surface
as no-slip. The outlet is defined as zero gradient.
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Figure 6: Overview of Coupling model adopted from Pourteimouri et al. [1]. It shows
the iterative process over time between multiple wind field computations
through OpenFOAM and bed updates through AeoLiS.

The inlet patch enforces wind conditions into the domain using an Atmospheric
Boundary Layer (ABL). This ABL is defined by a vertical logarithmic velocity pro-
file, turbulent kinetic energy and dissipation. The enforcing wind direction is North-
Western (x-direction in figure 5) and the reference wind speed (Uz) is set to 17 m/s
at a reference height (zref ) of 1.8 m. The wind is chosen orthogonal with the front
face of the building due to limitations in the version of the AeoLiS model that is used
in this study. The wind speed of 17 m/s is above average [55] and can be considered
as a storm on the scale of Beaufort [1]. This high wind is chosen to speed up the
morphological bed evolution process. In addition, the uniform roughness height of
the bed (z0) is set to 1x10−5 m, which is based on median grain size at the beach
(300 µm) [1].

Coupling settings

The coupling computes morphological bed evolution over a time period of 24 hours
(1 day) due to the high computational cost of the coupling model. In addition, a
wind speed of 17 m/s generally occurs for a period no longer than one day [55].
The number of wind field updates through OpenFOAM is set to 6 times within this
24 hour period. As a result, changes in the bed form are captured in the wind field
every 4 hours. This choice is based upon the ability to divide the total simulation
time by this time step and the frequency is slightly higher compared to Pourteimouri
et al. [1], which showed promising model results for an update of the wind field every
5 hours.

AeoLiS settings

The 2D horizontal grid in AeoLiS is defined with a cell size of ∆x = ∆y = 0.20 m
to correctly capture the grid points of the dune shape, see section D. The elevation
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Figure 7: Cross-sectional view of the mesh composition near the building geom-
etry and dune profile in cross-shore direction. The building poles are
not visible since these are placed underneath the corners of the building,
whereas this figure shows a cross-sectional view in which the building
corners are not included.

data is provided for each cell in the computational domain as well as the bed shear
stress computed by OpenFOAM. All settings for the AeoLiS model are provided in
Appendix B.2

Sediment supply limitations have not been included in the coupling model yet [1].
Thus for appropriate implementation of the effects, additional research is required
into the various sediment supply limitations. Due to time restrictions, it has been de-
cided to implement the environmental conditions to represent an abundant supply of
dry sediment, with a simple implementation of vegetation as sediment supply limita-
tion over the dune slope and dune top. The dry supply of sediment is represented
by a non-erodible layer at a depth of 4 meters and no moisture throughout the bed.
The bed consists of sand particles with a size of 300 µm which is common along
the coast. The lateral boundaries are defined as circular conditions such that the
domain represents a single plot of a row of buildings, though may only be applied for
a grid that is aligned with the wind direction [56]. Additionally, AeoLiS includes an
avalanche process to limit strong gradients in bed-level elevation, for example near
the poles. The angle of repose is set to 34◦ [57]. This limits the maximum dune
angle in AeoLiS, since the avalanching process occurs for slopes steeper than the
defined angle of repose.

The presence of vegetation has a significant impact on aeolian sediment transport
over a dune profile, see section 2.2 and 2.3. AeoLiS allows to include effects of
vegetation as vegetation cover for each cell in the grid. The coverage is then used
to reduce the bed shear stress with a factor. In this study, a vegetation cover of
20 percent is included over the dune profile, which results in a reduction of bed
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shear stress with a factor of approximately 2. This is somewhat arbitrary, though is
comparable to the reduction factor used by Jonkheer [18] (1.5).

3.2 Model validation case
To improve understanding of the validity of the model for the computation of bed
morphological evolution over time around a row of beach buildings placed close to
a dune profile, a validation is performed. The validation involves elevation data that
has been collected around beach buildings on the Zuiderstrand near Kijkduin in the
Netherlands, see figure 8. The project includes the placement of various rows of
beach houses, though this section will focus on a specific row of beach houses only,
see figure 8 highlighted with a black arrow. The municipality of The Hague has
provided permits for the placement of these beach houses over a period of 5 years
between the 1st of March and the 1st of November. This row of beach buildings
can be used for the validation of this study since information on the design and
placement of the row of buildings is available, the buildings are placed on poles and
at relevant distances from the dune toe and elevation field data is available.

Figure 8: Overview of the Zuiderstrand near Kijkduin, the Netherlands [5]. The spe-
cific row beach houses that is used in this study is highlighted with a black
arrow.

Since the project is located in the vicinity of the Natura-2000 reserve Solleveld &
Kapittelduinen, the buildings need to comply to various design conditions [54]. The
buildings Therefore, The design and placement of the beach buildings are intended
to minimize the environmental effects in the vicinity of the buildings. The project has
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been tested on various environmental indicators, such as surface area loss, noise
disturbance and light disturbance [54]. However, the following part considers the
sand deposition and excavation (flattening of the beach prior to building placement)
indicators only.

The row of beach buildings consists of 10 buildings placed on a plot of 12 meters
width and have a length of 10.0 m, a width of 3.5 meters and a height ranging be-
tween 2.90 and 3.50 meters, see figure 9. The buildings are placed with a spacing
of 8.5 m [54], which is considered to be sufficient to minimize the interaction of the
wind fields and effects on sediment transport since the minimal gap width is esti-
mated to be the width of the building [58]. However, the presence of buildings may
still enhance erosion directly downwind of the building and affect sediment transport
and deposition up to 25 m downwind of the buildings [59]. The buildings are placed 5
meters from the fence along the dune toe on poles with the height ranging between
0.50 and 0.80 meters. The building-to-dune distance is considered to be sufficient to
allow estimated dune growth over the period during which the buildings are placed
on the beach [60]. Potential effects of the buildings may recover over the winter
period when the buildings are removed since wind speed commonly increases [55]
during the winter enhancing the natural recovery process of the dune system. It has
been decided to place the buildings with the front face pointing towards the dominant
wind direction (NorthWestern [55]) to minimize wind field alteration [54]. However,
this cannot be included in the model since the version of AeoLiS is not able to deal
with oblique wind angle, see section 3.1.3. The translation of the building design
parameters into the model can be found in table 3.2.

Figure 9: Design beach buildings Kijkduin, the Netherlands [6]

In support of the ShoreScape project, Shore Monitoring & Research collected data
to monitor the Zandmotor between Kijkduin and Ter Heijde using a UAV LiDAR sys-
tem. The data captures the area around the row of beach buildings as indicated
in figure 8. The elevation data includes sedimentation patterns that are created by
the presence of the row of beach houses as well as by the environmental conditions
that occurred prior to the data survey [7]. The data surveys were performed on the
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Table 3.2: Model domain and building geometry similar as table 3.1 with
Lbuilding−dune and Hpole specified for the validation case.

Variable Value Unit
Ldomain 150.0 [m]
Hdomain 40.0 [m]

Ld,non−veg 5.0 [m]
Ld,veg 17.0 [m]
Ltop 53.0 [m]

Wdomain 12.0 [m]
Wbuilding 3.6 [m]
Hbuilding 3.0 [m]
Lbuilding 8.0 [m]

Lbuilding−dune 5.0 [m]
Hpole 0.5 [m]
Hdune 10.0 [m]
θdune 30 [◦]

10th of July 2017 [7] and on the 9th of October 2018 [61]. This data is processed to
perform the validation with respect to model results.

For the comparison of the field data at Kijkduin with model results, the elevation
data is being processed. The data includes the bed level elevation with a resolution
of 0.25x0.25 and 0.5x0.5 cm around the row existing of 10 beach buildings. Since
the elevation data might include local variation as a result of people altering the
environment or minor variation in environmental conditions, the elevation data of
all plots is combined to represent one building plot o represent the most reliable
validation data. However, sedimentation-erosion pattern around the outer buildings
of the row deviates from the middle buildings due to the interaction of the wind field
with only one neighbouring building. To exclude the side effects, the plots of the
two outer buildings on both sides of the row are excluded from the data analysis.
As a result, the average bed level elevation is computed for the six buildings in the
middle of the row to represent bed morphology around a row of buildings placed at
a distance of 5 meters from the dune on poles with a height of 0.5 meters.

The buildings of both field surveys are placed roughly at the same location. The
starting bed morphology has a significant effect on the sedimentation patterns that
form around the buildings, though is unknown. However, the buildings are removed
over the winter period, allowing the bed morphology to recover. Therefore, it is
assumed that the starting bed morphology did not differ between both years. The
evolution of the bed thus corresponds to the time period over which the buildings
have been present on the beach. The data of 2017 is observed 3 months prior
to the data of 2018, allowing sedimentation patterns caused by the presence of
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buildings to develop over a period of 3 months longer compared to the data of 2017.
Also, sediment transport is mainly influenced by wind direction and velocity, though
detailed wind data is not available at Kijkduin over the relevant periods. Therefore,
it is assumed that the sedimentation patterns are caused by the dominant wind
incidence angle, which is West [55].

3.3 Model configurations
To answer the research questions various model configurations will be computed.
The first research question investigates the influence of a row of buildings on poles
placed in front of a dune profile on sedimentation patterns over the dune profile.
Therefore, two model configurations will be computed. At first, a run will be per-
formed which does not include a building geometry, referred to as the ‘No Building’
case. This case represents undisturbed morphological bed evolution induced by a
dune profile. The second model configuration is based on the beach buildings at the
Zuiderstrand near Kijkduin, which has been described in section 3.2, with parameter
settings as presented in table 3.2. The building is placed on poles of 0.5 meters and
at a distance of 5 meters from the dune toe and is referred to as the ’Default Building’
case.

The second research question addresses the influence of pole height underneath
the building (Hpole in figure 10) and the distance between the building and dune toe
(Lbuilding−dune in figure 10) on bed morphology. Both parameters are varied and the
selection for both parameters is well-considered due to time limitations and high
computational cost for each run. Pourteimouri et al. [1] showed influence on aeolian
sediment transport for a pole height ranging between 0 to 2.5 times building width
(Hpole/w). Considering a building width of 3.6 m in our study, usage of a similar range
would result in uncomfortable high buildings and unrealistically large poles in relation
to building dimensions and dune height. Besides, the largest effects on downward
sediment transport were found for a pole height up to 0.8 times the building width [1].
In practice buildings often can be found either on the bed or on poles with a closed-
off gap underneath the front face of the building, see figure 1 b. Therefore, the
decision is made to create configurations with Hpole of 0.0 and 3.0 m. In addition,
runs will be performed for a pole height of 0.5 m (Kijkduin case) and 1.5 m to get
improved understanding of a potential relationship.

The placement of the beach buildings at the Zuiderstrand near Kijkduin is based on
an estimate of dune growth over the period during which the buildings are present
on the beach, which is estimated on 5 meters [54]. In addition, for the range of pole
height ratios of 0 to 0.8, as decided upon in the previous paragraph, Pourteimouri [1]
showed that sediment transport is significantly altered up to and including a distance
of 4 times the building width. In our study this distance corresponds to approximately
14 meters, considering a building width of 3.6 m. To capture an extreme case,
configurations will be performed for a larger distance of 20 meters. Another extreme
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Figure 10: Overview of the configurations with varying the pole height (Hpole) and
building-dune distance (Lbuilding−dune) for the parameters in table 3.1. Ad-
ditionally, a configuration, named ‘No Building’, is computed that does
not include a building geometry to represent the undisturbed conditions.
This configuration is not shown in the figure. Note that the difference
between the parameters is not constant.

case is the placement of buildings directly at the dune toe (0 meters). Additional
distances of 2 and 10 meters provide insight into the trends that occur between the
previously described distances. This leads to a set of building-dune distances of 0, 2,
5, 10 and 20 meters. An overview of all 20 configurations, excluding a configuration
without buildings, can be found in figure 10

At last, additional model runs will be performed to get insight into the sensitivity
of certain model settings, since some model settings are decided upon in an arbi-
trary manner and might affect results significantly. At first, a configuration without
the presence of vegetation is performed to get better insight into the influence of
the implementation of vegetation, namely this method has not been studied exten-
sively. Also, a configuration is performed with a domain height of 80 meters. Next,
a configuration included lower wind velocity and lastly a different frequency for the
wind field update through OpenFOAM. The results are analyzed on a dimensionless
spatial scale to get insight into general behaviour rather than for a specific case by
dividing with the building width, which is not varied throughout this study. This build-
ing design parameter was found to affect morphological bed evolution patterns the
most and has been used in previous research for the conversion to dimensionless
parameters.



4. Results
In this chapter, the results will be analyzed as described in chapter 3. At first, the
data of the beach buildings at Kijkduin are processed and interpreted. In the second
and third sections, varying building-to-dune distance and pole height are analyzed
based on morphological bed evolution over the dune and around the building. The
morphological bed evolution is used to create sedimentation patterns with respect
to the initial bed (Zb0). Next, an analysis is performed for a combination of varying
building-dune distance and pole height. At last, certain additional model settings are
varying in order to get better understanding of the sensitivity of these settings. It is
important to notice that all spatial parameters on the axis of the figures are divided
by the building width (w), 3.6 m to create dimensionless parameters, see section
3.3. The dune toe is considered to be the middle of the domain (x=0).

4.1 Validation data analysis
Figure 11 shows the elevation data around the row of beach buildings only for the
survey that was performed on the 10th of July 2017. It can be seen that the sedi-
mentation patterns around the middle buildings are indeed roughly similar. The red
section in the South Eastern part of figure 11 is considered to be coastal dune. The
buildings at the sides of the row show an exception to the sedimentation patterns
since these only have one neighbouring building.

The data of figure 11 has been processed for observation on the 10th of July 2017
and can be found in the top subplot of figure 12 and will be referred to as 2017. The
elevation that is measured on the 9th of October 2018 can be found in the bottom
subplot of figure 12 and will be referred to as 2018.

Generally, the height of sedimentation patterns that occur around the building is in
the order of 10−1 meter. The rather uniform high bed level elevation that is observed
in front of the building is related to the presence of a path of concrete slabs. It
can clearly be seen that the dune has extended seaward in the 2018 data while this
pattern is significantly smaller in magnitude for the data from the year 2017. Besides,
the limitation of dune growth caused by the presence of a row of buildings can clearly
be seen in the data of 2018. Generally both subplots in figure 12 an erosion region
forms at both sides of the front face of the building. Besides, behind the building a
region forms with no deposition, indicating limitation of deposition compared to the
region in between the buildings. Upwind of the building, considering the dominant
wind direction is West, a region of deposition can be found. In the data of the year
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Figure 11: Elevation data Kijkduin beach houses measured on the 10th of July 2017
[7]. The elevation data is shown in the range of 4.8 - 5.8 [m+NAP].

2017 a deposition area can be found at one side of the building directly next to
the side, which is not visible in the data of 2018. This may be formed depending
on specific wind characteristics prior to the observation, whereas this did not occur
prior to the observation of 2018.

4.2 Influence of a row of buildings on poles on dune
morphodynamics

This section compares the model results of a configuration without a building (‘No
Building’) and a configuration with a building (‘Default Building’). Black dashed bars
show the location of the dune toe (x/w = 0 [-]) and dune crest (x/w = 6.11 [-]). The
building location and geometry is visualized with a black dashed box and the build-
ings are placed at building-to-dune distance ratio (D* = Lbuilding,dune/w) of 1.39 [-] with
a pole height ratio (Ph* = Hpole/w) of 0.14 [-].

Figure 13 shows sedimentation patterns for both the ‘No Building’ (a.) and ‘Default
Building’ (b.) cases. It is clearly visible that the presence of a row of buildings on
poles forms a horseshoe-like erosion pattern around the upwind side of the build-
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Figure 12: Elevation data Kijkduin beach houses measured on the 10th of July 2017
(top) and the 9th of October 2018 (bottom) [7]. The buildings are located
in the middle of the figures and are colored white. The white section
on the right-hand side of the figures indicates the higher elevation of the
dune. The elevation data is shown in the range of 4.8 - 5.8 [m+NAP]

ing approximately 0.8 m deep. Directly downwind of the erosion tails, areas with
strong deposition form approximately 0.6 m high. Underneath the building, a region
with deposition can be found, whereas weak erosion can be found underneath the
downwind face of the building.

To add to the visual analysis of the sedimentation-erosion patterns, the mean bed
level change and its maximum and minimum (referred to as amplitudes) are com-
puted over the domain width (y-direction) and are visualized in figure 14. It can
be seen that the dune shape with a slope of 30 ◦ (blue) causes deposition upwind
of the dune toe and erosion at the dune crest with small variation in amplitudes.
Just downwind of the dune crest, some minor deposition and erosion can be found.
Sedimentation over the straight section of the dune slope is minimal and shows no
variation. In Appendix E the ’No Building’ case is provided with a smaller range
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Figure 13: Sedimentation pattern (Zb - Zb0) for the cases a. ’No Building’ and b.
’Default Building’ over 24 hours. The black dashed box represents the
location of the building geometry, the black dashed lines represent dune
toe and dune crest. The green dotted line represents the start location
of the vegetation cover.

for the y-axis (Zb - Zb0) to provide better insight into the patterns that are formed
as a result of the dune shape. With the introduction of a row of buildings in front
of the dune (red), a region of deposition is located far upwind of the buildings with
similar magnitude of the deposition that occurs just upwind of the dune when there
are no buildings (’No Building case’). Around the buildings, strong erosion can be
found with significant difference between the amplitudes. At a moderate distance
downwind of the building (D* = 1.0 [-]) a region is located with strong deposition.
This region partly overlaps with the dune toe. Over the dune toe, just upwind of the
vegetation, an increase in sedimentation height can be found, which decreases to
zero further up the dune slope. At the crest of the dune, it can be seen that ero-
sion is enhanced and variation in bed level change increases. Also, it can be seen
that sedimentation height and difference in amplitude at the vegetated region are
significantly smaller compared to the unvegetated area around the building.

4.3 Influence of building-dune distance and pole height
on bed morphodynamics

Similar to figure 13, visualizations have been created for the sedimentation patterns
over the bed and dune profile for all configurations discussed in chapter 3. Though,
a clear comparison between the different configurations is rather difficult to make
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Figure 14: Average bed level change over the width of the domain for the ’No Build-
ing’ (indicated by blue) and ’Default Building’ (indicated by red) cases
over 24 hours. The minimum and maximum amplitudes over the width of
the domain are included and indicated by the shaded colors. The build-
ing geometry, dune profile and the location of vegetation are included in
the figure

since the figures do not provide clear insight into the effects on bed morphology over
different sections of the dune. Therefore, supporting figures are provided that quan-
tify morphological bed evolution over different regions into average bed level change
and the minimum and maximum amplitudes over the region. To get better insight
into the influence of a row of buildings on bed morphology, the bed level change
per region is shown relative to the ’No Building’ case. Positive values indicate an in-
crease in either average, maximum or minimum regional bed level height compared
to the case without the presence of a row of buildings. First, the influence of distance
between the building and dune is studied, followed by the influence of pole height.
Afterwards, results are shown for combined variation in building-dune distance and
pole height. The definition of the regions are shown in figure 15. The section be-
tween regions 1. and 4. are not included since the cross-shore length varies for
different building-dune (D*) distance ratios and becomes zero if the buildings are
placed at the dune toe. Besides, the aim of this study is on dune morphology, of
which the most relevant regions are captured by this division of regions.

4.3.1 Influence Building-Dune distance
In figure 16 a. it can be seen that the dune toe is the most affected dune region as a
result of the placement of a row of buildings. In addition, both the dune toe and dune
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Figure 15: Schematized overview of regions in which morphological bed evolution
will be analyzed. These regions include: 1) ‘Dune toe’, 2) ‘Dune slope’
3) ‘Dune top’ and 4) ‘Building’. The area between the building (4.) and
dune toe (1.) regions differs for varying building-dune distance ratio (D*)
and has not been included in any of the regions.

top show a positive relative mean bed level change, which is approximately zero or
slightly negative for the dune slope. This indicates enhanced deposition over the
dune profile as a result of the placement of a row of beach buildings which is maxi-
mum for buildings placed at moderate distance (D* = 2.8). Besides, all dune regions
show a trend to zero mean relative bed level change for an increasing building-dune
distance (D*), larger than 2.8 [-]. Over the dune toe region, increasingly less sedi-
ment deposits as the building is placed closer to the dune. If the buildings are placed
at the dune toe (D* = 0 [-]), the mean bed level change shows a minor increase over
the dune slope and top, whereas a strong decrease can be found at the dune toe.
The relative erosion around the building shows a somewhat similar, but negative,
trend as for the dune toe region. However, the magnitude of the relative mean bed
level change around the building is significantly larger in magnitude.

In figure 16 b., it can be seen that the minimum amplitude remains rather constant
for varying distance in all regions except the dune toe where deeper holes form for
placement of the buildings closer to the dune. Near the building, largest variation in
amplitudes can be found. The maximum amplitude of the relative bed level change
at the dune toe, shows a similar trend as for the mean in that region, see figure
16 a. Also, the maximum amplitude for the dune slope and building region show a
similar positive trend for placement closer to the dune. However, effects of varying
the distance seem to have largest effect when the building is placed close to the
dune for the dune toe, dune slope and area around the building.
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Figure 16: Influence of building-dune distance ratio (D*) on regional mean (a.) and
minimum and maximum (b.) bed level change relative to the ‘No Build-
ing’ case over 24 hours. Building-dune distance ratio varies between 0
and 5.56 [-] for a constant pole height ratio (Ph*) of 0.14 [-]. The regions
include: Dune toe (red), Dune slope (green), Dune top (blue) and Build-
ing (grey).

In addition, the subplots in figure 17 show sedimentation patterns for constant pole
height ratio (Ph*) of 0.14 [-] and varying building-dune distance. It can be seen that
undisturbed deposition tails form downwind of the building extending over a distance
of approximately 4w (subplot e.). However, deposition tails are limited in magnitude
and extend up to approximately 1.5w into the dune as the buildings are located
closer to the dune toe (figures 17 b. and c.). For placement of the buildings directly
at the dune toe, the deposition tails reduce significantly in magnitude (figures 17 b.
and c.). The behaviour of the deposition tails supports the trend over the dune toe
region in figure 16 a.

4.3.2 Influence Pole Height

In figure 18 a., it can be seen that the overall dune toe and dune top regions capture
sediment, whereas the dune slope region erodes. For all dune regions, the relative
mean bed level change is less when the buildings is placed on small poles (Ph*
= 0.14 [-]) compared to placement on the bed (Ph* = 0 [-]). The deposition over
the dune toe increases with increasing pole height. The dune slope and dune top
region show least relative mean bed level change for a pole height ratio of 0.42 [-
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Figure 17: Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with increasing distance ratio: a. 0; b. 0.56; c. 1.39 (’Default building’);
d. 2.78.; e. 5.56 [-]. All configurations include a pole height ratio of 0.14
[-].

] which increases for larger poles. However, the magnitude is significantly less in
relation to the dune toe region. In the vicinity of the buildings, erosion occurs for all
different pole height configurations with increasingly more erosion for increasing pole
height. This enhanced erosion transports increasingly more sediment downwind,
which could explain the increase of deposition for longer poles over the dune toe
region.

The maximum and minimum amplitude of the relative bed level change over the four
regions can be found in figure 18 b. In general, pole height variation shows small
effect on both minimum and maximum amplitudes over all regions. Over the dune
toe, dune top and building regions, the difference between amplitudes is smallest for
buildings without poles (Ph* = 0), whereas this is true for the dune slope for medium
long poles (Ph* = 0.42 [-]). Over the dune toe, the difference between the amplitudes
reduces if buildings are placed on medium poles (Ph* = 0.42 [-]) compared to short
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Figure 18: Influence of pole height ratio (Ph*) on regional mean (a.) and minimum
and maximum (b.) bed level change relative to the ‘No Building’ case
over 24 hours. Pole height ratio varies between 0 and 0.83 [-] for a
constant building-dune distance ratio of 1.39 [-]. The regions include:
Dune toe (red), Dune slope (green), Dune top (blue) and Building (grey).

poles (Ph* = 0.14 [-]). Further increase of pole height (Ph* = 0.83 [-]) does not
influence the difference between the amplitudes, however, both amplitudes show an
increase.

The subplots in figure 19 show the sedimentation patterns in the domain for varying
pole height ratio (Ph*) and constant distance ratio (D*) of 1.39 [-]. For the placement
of buildings on increasingly longer poles, the erosion pattern upwind of the building
expands in size and stretches further underneath the building (subplots b., c. and
d.). Besides, the placement of buildings on small poles (Ph* = 0.14 [-], see subplot
a.) allows for the formation of a deposition region underneath the building. For
medium poles (Ph* = 0.42) the deposition region underneath the building reduces in
extend, whereas an area of deposition forms directly behind the building. Placing the
buildings on long poles (Ph* = 0.83 [-]) results in shrinkage of the deposition region
underneath the building and partly shift to erosion. Directly behind the building,
increasingly more sediment deposits for increasing pole height, which explains the
increase in relative deposition over the dune toe region as indicated by figure 18.
The deposition tails downwind of the gap remain similar in magnitude and size for
varying pole height.
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Figure 19: Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with increasing pole height ratio: a. 0; b. 0.14 (’Default building’); c.
0.42; d. 0.83 [-]. All configurations include a distance ratio of 1.39 [-].

4.4 Combined influence building-dune distance and
pole height

Figure 20 shows the average relative bed level change with respect to the ‘No Build-
ing’ case in the four regions for all configurations as presented in chapter 3. Figure
20 a. shows increased deposition over the dune toe region for all configurations if
buildings are present, whereas the magnitude depends on pole height and building-
dune distance. In the region around the buildings, erosion increases for all config-
urations (20 d.). Over the dune slope and dune top, effects of buildings are minor
independent of pole height and building-to-dune distance (20 b. and c. respectively).
In general, an optimum for distance ratio (D*) in the dune toe region seems to exist,
which is in the range of 0.5 - 2.5 [-] depending on pole height ratio, with maximum
deposition for a distance of approximately the building width (1w) in combination
with a pole height ratio of 0.83 [-]. A local maximum is found for a distance ratio of
approximately 2.8 [-] in combination with a pole height ratio of approximately 0.15 [-].
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Figure 20: Influence of building-dune distance ratio (D*) and pole height ratio (Ph*)
on mean bed level change relative to the ‘No Building’ case over 24
hours of the dune toe (a.), dune slope (b.), dune top (c.) and around the
building (d.).

For the building region, increasing pole height results in enhanced erosion, whereas
building-dune distance shows to have negligible influence on the strong erosion oc-
curring around the building. The dune slope (b.) and top (c.) regions show sediment
erosion and deposition respectively for almost all configurations. However, the dune
slope and dune top are further analyzed based on figure 21 which includes a color
bar with reduced range to show the influence of the two parameters on the dune
slope and top regions on a smaller scale.

In figure 21 it can be seen that for the placement of buildings close to the dune (D*
≤ 3.0) the pattern for the dune slope region looks somewhat similar to that of the
dune toe (figure 20 a.). In addition, erosion over the dune slope is minimum for
buildings without poles (Ph* = 0 [-]) placed at a significant distance from the dune
toe (D* ≥ 1.0 [-]). For buildings placed within a certain range from the dune (D* =
1.2 - 2.5 [-]), the erosion over the dune slope even shifts to deposition. If buildings
are placed on poles (Ph* ≥ 0 [-]), the erosion pattern over the dune slope shows
larger dependency on building-dune distance, with maximum erosion for buildings
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Figure 21: Influence of building-dune distance ratio (D*) and pole height ratio (Ph*)
on mean bed level change relative to the ‘No Building’ case over 24
hours of the dune slope (b.) and dune top (c.) with adjusted color bar

placed at a distance ratio of approximately 2.8 [-]. At the dune top (c.), sedimentation
patterns strongly depend on pole height and show a weaker dependency on the
building-dune distance. Sedimentation over the dune top is weakest for pole height
ratio ranging between 0.1 and 0.5 [-] and increases for shorter and longer poles.
The sedimentation over the dune top is strongest when the row of buildings is placed
directly at the dune toe (D* = 0 [-]) in combination with no poles or long poles (Ph* =
0 and 0.83 [-] respectively). Dune growth in all regions is found for buildings without
poles (Ph* = 0 [-]) placed at moderate distance from the dune toe (D* = 1.2 - 2.5 [-]).

An overview of all sedimentation-erosion patterns can be found in Appendix A. In
general, these figures show similar trends for pole height and building-dune dis-
tance influence as shown in sections 4.3.1 and 4.3.2. Though, if the row of buildings
is placed at different distances from the dune toe, the influence of pole height alters
indicating the importance of the dune shape. Figure 22 a. and b. show that for build-
ings placed close to the dune profile (D* < 2.8 [-]), the deposition tails downwind of
the gaps seem to be limited in extent by the dune profile and decrease in magni-
tude for placement closer to the dune (see figure 22 a. and b.). The deposition tails
disappear entirely when buildings are located directly at the dune toe (see figure 22
c.). Besides, for the placement of a row of buildings at the dune toe, on long poles
(Ph* = 0.83 [-]), the deposition area underneath the buildings are larger compared
to placement at a certain distance from the dune (see figure 22 a., b. and c.).

As mentioned previously, figures 20 and 21 show relative growth for all dune regions
when buildings without poles are placed at moderate distance from the dune (Ph =
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Figure 22: Sedimentation patterns (Zb - Zb0) for a selection of all configurations that
contain noteworthy results over 24 hours. Configurations are shown with
the following building distance ratio and pole height ratio: 5.56; 0.83 (a.),
0.56; 0.83 (b.), 0; 0.83 (c.), 1.39; 0 (d.) and 0; 0.42 (e.). The dune
toe and crest are indicated by a black dashed bar over the width of the
domain. A green dashed line indicates the cross-shore starting location
of the vegetation.

0 and D* = 1.2 - 2.5 [-]). However, this results in large variation in bed level elevation
over the width of the dune toe region, see figure 22 d. To minimize longshore vari-
ation in bed level elevation without creating areas of strong erosion over the dune
profile, the row of buildings should be placed at appropriate distance from the dune
(D* >2.8 [-], see figure 22 a.) or on poles with appropriate height (Ph* >0.4 [-]). For
these combinations a deposition region forms directly downwind of the buildings to
form similar deposition height over the width of the domain (see figure 22 b. and
e.). To ensure the formation of deposition tails for buildings placed at the dune toe,
pole height should be limited (D* = 0 and 0.2 <Ph <0.8), see figure 22 c. for no
deposition tails and e. for deposition tails.
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4.5 Sensitivity additional model parameters
In this chapter, the sensitivity of certain model settings is reviewed. These include
vegetation, domain height, wind speed and the time between two updates of the
wind field through OpenFOAM.

4.5.1 Vegetation
In figure 23, the influence of vegetation is visualized. Vegetation has been included
as a reduction of bed shear stress with a factor of approximately 2 caused by a veg-
etation cover of 20%. The decision for this 20% cover is somewhat arbitrary, though
a rough estimation allowed to include vegetation in the model results as is present in
the field. The comparison can be found in figure 23. The influence is mainly visible
over the dune slope and dune top, where vegetation is implemented. Around the
building and over the dune toe, differences are minor. Over the dune slope, exactly
from the start of the vegetation, and even more at the crest, the erosion is reduced
significantly. Besides, over the dune top, erosion may even be shifted to deposition
in the presence of vegetation. When no vegetation is present, the variation between
the minimum and maximum amplitudes is significant. In general, effects of vege-
tation are significant and reduce erosion over the vegetated area. However, minor
over- or underestimation of vegetation effects could largely exacerbate or alleviate
final results, indicating the importance of appropriate vegetation settings.

Figure 23: Average bed level change and minimum and maximum amplitudes over
the width of the domain for the ’No Vegetation’ and ’Default’ cases over
24 hours. The building geometry, dune profile and the location of vege-
tation are included in the figure
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4.5.2 Domain Height
All configurations have been run for a domain height of 40m, but since the bed
level elevation of the beach is different from that of the dune, the vertical spacing
for the wind decreases from 40 meters over the beach to 30 meters over the dune.
However, the wind field is constrained by the continuity which states that the same
volume of air that enters the domain through the inlet should exit the domain through
the outlet. This causes compression and as a result an increase in wind velocity over
the dune with a factor of approximately 40/30 = 1.33. To get better understanding
of the influence of this factor, the domain height is increased to 80 meters, which
corresponds to 70 meters between the dune top and the domain height. As a result,
wind velocity increases with a factor of approximately 80/70 = 1.14. The effect of the
increase of domain height from 40 to 80 meters can be seen in figure 24. Mainly
at the dune crest, less sediment erodes. Variation between the minimum and maxi-
mum amplitudes is similar for both cases. Besides, just downwind of the building, an
increase in deposition can be found. The effects are small, though are not negligible.

Figure 24: Average bed level change and minimum and maximum amplitudes over
the width of the domain for the ‘Domain Height’ and ‘Default’ cases over
24 hours. The ‘Domain Height 80 m’ case includes the top boundary at
a height of 80 meters, whereas the ‘Default Building’ case contains the
top boundary at 40 meters. The building geometry, dune profile and the
location of vegetation are included in the figure

4.5.3 Wind Speed
A wind speed of 17 m/s is used in the simulations to speed up the morphodynamic
process. However, this wind speed is considered to be a storm and model results
do not represent morphological development for milder wind velocity. Therefore, the
model is run with a lower wind speed of 10 m/s to get insight into the influence
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of milder wind speed on morphological bed evolution and to see whether similar
sedimentation patterns occur. Figure 25 shows that similar sedimentation-erosion
patterns form for a configuration with lower wind speed. However, the mean sedi-
mentation patterns are much smaller in magnitude as well as the difference in am-
plitudes.

Figure 25: Average bed level change and minimum and maximum amplitudes over
the width of the domain for the ’Wind Speed’ and ’Default Building’ cases
over 24 hours. The ‘Wind Speed’ case includes a reference wind speed
of 10 m/s and the ‘Default’ case 17 m/s. The building geometry, dune
profile and the location of vegetation are included in the figure.

4.5.4 Time between wind field updates
The coupling model relies strongly on the number of wind field updates through
OpenFOAM. Higher resolution results are created for a smaller time step between
wind field updates, though increase computational cost. The decision for 6 wind
field updates over a period of 24 hours (4 simulation hours between updates) is
somewhat arbitrary and has not been well investigated. Therefore, simulations are
performed for the ‘Default Building’ case with 2 and 8 hours between two wind field
updates through OpenFOAM. Results are shown in figure 26. It can clearly be seen
that for an increase in number of updates (shorter time step) erosion underneath the
building decreases whereas the bed level at the start of the vegetation increases.
The increase in bed level height at the start of the vegetation is not visible the ‘OF 8
hour’ run. The difference between the minimum and maximum amplitudes remains
similar as well as the sedimentation pattern over the dune top.

The subplots in figure 27 show the sedimentation patterns for a time step between
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Figure 26: Average bed level change and minimum and maximum amplitudes over
the width of the domain for the ‘Update wind field 2h’, ‘Update wind field
8h’ and ‘Default (4h)’ cases over 24 hours. The time between two up-
dates of the wind field through OpenFOAM are included in the case
names. The building geometry, dune profile and the location of vege-
tation are included in the figure.

two updates of the wind field of 2 hours, 4 hours (’Default’) and 8 hours respectively.
A large difference can be found in the patterns of increasing and decreasing the
time step compared to the ‘Default (4h)’ case. Increasing the time step from 4 hours
to 8 hours shows large effects on the erosion pattern around the building and the
deposition tails downwind of the gaps. The erosion pattern is rather uniform, without
the formation of humps (see figure 27 a.) whereas the deposition tails decrease in
extent. This indicates the importance of increasing wind field update frequency by
reducing the time step between two wind field updates from 8 to 4 hours. However,
decreasing this time step further, from 4 hours to 2 hours, seems to reduce the
erosion around the building even further. In addition, reducing the time step from
4 to 2 hours shows deposition tails to extend further onto the dune. This indicates
that an increase in amount of wind field updates results in larger variation in height
of sedimentation-erosion patterns around the buildings and further extension of the
deposition tails onto the dune.
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Figure 27: Average bed level change and minimum and maximum amplitudes over
the width of the domain for the ‘Update wind field 2h’, ‘Update wind field
8h’ and ‘Default (4h)’ cases over 24 hours. The time between two up-
dates of the wind field through OpenFOAM are included in the case
names. The building geometry, dune profile and the location of vege-
tation are included in the figure.



5. Discussion
In this chapter, the results from chapter 4 are discussed as well as the performance
of the model. Afterwards, limitations to the study are discussed followed by a valida-
tion of the model with field data.

5.1 Bed morphodynamics around a dune profile down-
wind of a row of buildings on poles

Within this section, the results are discussed in different parts. At first, the sedi-
mentation patterns that occur as a result of a dune shape are discussed. Next, the
influence of a row of buildings on bed morphology in the domain is compared with
literature. At last, the results on the influence of building-dune distance and pole
height are interpreted.

5.1.1 Sedimentation patterns induced by a dune shape
Sedimentation patterns that form due to the shape of a dune agree to findings by
other studies [50] [18] and correspond to expectations based on wind field pat-
terns [34] [35] [14] [17]. Besides, the sedimentation patterns are in the same order
of magnitude, which validates the use of this model for simulating morphological bed
evolution over a dune profile. The shape of the dune profile causes wind decelera-
tion upwind of the dune and over the dune toe, whereas velocity strongly increases
towards the dune crest [34], [35] [18]. As a result, sediment deposition is found over
a large region upwind of the dune and partly over the dune toe, whereas erosion is
found over the dune crest, see figure 14. Jonkheer [18] found deposition height over
the dune toe region. This difference can be explained by the reduction in entrained
sediment concentration, as included in AeoLiS, towards the dune toe due to depo-
sition upwind of the region, which was not included in the study by Jonkheer [18].
In addition, Jonkheer [18] found cross-shore variation in deposition and erosion just
downwind of the dune crest, which was also observed in our findings.

5.1.2 Sedimentation patterns induced by a row of buildings with
varying pole height and building-dune distance

It may be expected that buildings trap sediment and block aeolian sediment transport
in duneward direction affecting dune growth [51] [9] [15]. However, the results of
this study contradict this and agree with the statement that buildings could enhance
dune growth, since dune growth over all regions was found for buildings without
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poles at moderate distance from the dune toe (1.2 < D* < 2.5 [-]), see figures 20
and 21 [14] [3] [16] [1].

With the introduction of a row of buildings on poles (D* = 1.39 [-] and Ph* = 0.14
[-]) upwind of the dune profile, new insights are created on changes to dune mor-
phology induced by a row of buildings on poles. The sedimentation over the dune
toe (see figure 14) originates from the eroded area around the building, caused by
flow acceleration around the building and funneling effects between neighbouring
buildings [13] [62] [3] [15] [16] [1]. Due to flow expansion downwind of the gaps, flow
decelerates and as a result, deposition tails form. Also, sediment deposits under-
neath the building, which can be explained with similar reasoning, compression of
airflow between the poles and expansion downwind of the buildings underneath the
building [1]. The sedimentation pattern over the width of the domain was expected
to be symmetrical. According to figure 13 this is somewhat true, though there are
minor differences. These might be caused by inconsistencies in the wind field as
computed by OpenFOAM. Due to the repeating interaction between the wind field
and bed, these small variations may grow over time. Additionally, it was found that
placing buildings on poles (Ph* > 0 [-]) does not necessarily minimize erosion or en-
hance deposition over all regions of the dune as indicated in previous studies [25] [1].
Namely, our findings indicate that the sedimentation patterns are also dependent on
the distance at which the row of buildings is placed.

The sedimentation patterns in the vicinity of the building generally agree with find-
ings by previous research on beach buildings on poles [15] [16] [1]. This validates
the use of this model setup including cyclic boundary conditions to represent a row of
buildings for the computation of morphological bed evolution around a row of build-
ings on poles. However, differences are found in the placement of buildings without
poles in relation to the placement on poles. The field experiments by Poppema [15]
showed that the placement of buildings on small poles (Ph* = 0.2 [-]) causes a region
with strong deposition to form downwind of the building, which seems to be located
underneath the building in our results, see figures17. Besides, Poppema [15] found
that the deposition tails decrease in magnitude and increase in length for increas-
ing pole height, while our results indicate the opposite. The difference could be
explained by the varying wind conditions that were present during the field experi-
ments, whereas the model includes one wind direction. Varying wind direction may
flatten patterns, whereas constant wind direction may promote further formation of
the patterns.

Additionally, sedimentation-erosion pattern in the surrounding of the building on long
poles (Ph* = 0.83 [-]) located far from the dune (D* 5.56 [-]) corresponds to findings
by Pourteimouri et al. [1]. However, a difference is found in the formation of the depo-
sition tails downwind of the gaps. According to Pourteimouri et al. [1] the deposition
tails are located further downwind and become longer in extent for the placement
of buildings on poles (Ph* = 1 [-]) compared to no poles, which is in agreement with
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Poppema [15]. Our results show that the deposition tails remain in place and do
not stretch over longer area but increase height. This difference could be related to
the influence of the dune shape on sedimentation patterns compared to a flat bed,
which causes flow deceleration upwind of and over the dune toe. Since erosion up-
wind and around the building increases for longer poles due to flow compression [1],
more sediment gets suspended, which may transport further since the flow deceler-
ation zone is located higher. However, due to the presence of a dune profile, wind
velocity between the dune and row of buildings is reduced, which promotes deposi-
tion between the buildings and dune profile. As a result, the length of the area over
which deposition occurs is limited as well as the sediment transport in downwind
direction. Another reason could be related to the difference in gap width ratio (g* =
s/(s+w)) which defines a parameter to define relation between gap spacing of two
neighbouring buildings (s) and building width (w). Pourteimouri et al. [1] used a gap
width ratio of 0.5 [-], which is similar to the ratio that was found to create strongest
funneling effects. The funneling effects cause strong wind acceleration through the
gap and just downwind of the gap causing sediment to be transported with higher
velocity further downwind of the gaps. In our study, a gap width ratio of 8.4/(8.4+3.6)
= 0.7 [-] is used, which is slightly larger than a defined critical gap width ratio (g*
= 0.67 [-]) beyond which funneling effects are found to be minimal and wind fields
of two neighbouring buildings hardly showed interaction [15] [1]. As a result, sedi-
ment travel with lower velocity through the building’s gaps and deposit closer to the
building gaps.

In agreement with studies by Poppema [15] and Pourteimouri et al. [1], results show
that increasing pole height enlarges erosion underneath the front face of the build-
ings. As a result, the deposition region underneath the buildings grows up to a
critical pole height ratio (Ph* = 0.1 - 0.4 [-], see figure 19) after which it declines.
This may explain the strong increase in downwind sediment transport found by
Pourteimouri et al. [1] for increasing pole height ratio from approximately 0.3 to 0.8
[-]. As a result of a reduction in deposition, more sediment travels to the flow de-
celeration zone downwind of the building, allowing a sediment deposition area to
form. New insights are found in the results related to the influence of gap width ratio.
Namely, the patterns seem to become wider for increasing pole height, which indi-
cates that the findings by Qian et al. [34] [35] and Poppema [15] on gap ratio does
not hold for structures on poles.

New insights are found downwind of the buildings if placed close to the dune toe (D*
≤ 2.8 [-]). Deposition tails were found to be limited in extent by the dune. In addi-
tion, placing buildings closer to the dune reduces the height of the deposition tails,
which fully disappear if located directly at the dune toe. The stretch of the deposi-
tion tails seems to be limited by the presence of vegetation, which contradicts the
expectation that vegetation would promote deposition [49] [12] [50] [18]. A potential
explanation can be related to the avalanche process included in AeoLiS which limits
the potential increase in bed level to 4◦, considering an initial bed slope over the
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dune of 30◦. Another explanation for the reduction in magnitude and disappearance
of the deposition tails could be related to the wind fields around the building geom-
etry and over the dune shape. The dune shape causes flow acceleration over the
dune slope and maximum velocity at the dune crest [34] [18]. For increasing pole
height, the flow deceleration zone downwind of the building gaps is elevated higher
and therefore interferes stronger with the flow acceleration zone of the dune shape.
As a result, the wind velocity downwind of the gaps decelerates less, resulting in
less to no deposition downwind of the gaps onto the dune profile.

Poppema [15] established a linear relation of the height (H) and width (W) of the
wind-facing wall of the buildings with the horizontal extend of the deposition tails
(B = H2/3W1/3). In our study, the results are scaled with the building width only,
which equals the width of the wind-facing wall due to the wind forcing perpendicular
to the front face of the building. However, the relation that has been proposed by
Poppema [15] is based on field observations around buildings placed on the bed
and it is unknown whether the relation holds for buildings on poles, as is included
in our study. In addition, the building geometry and wind incidence angle have not
been varied throughout this study. Therefore, the wind-facing wall was constant and
results can easily be re-scaled with other building parameters.

In addition, results highlight the importance of vegetation which corresponds to find-
ings of other researchers [49] [12] [50] [18]. The presence of vegetation highly
affects sediment transport over the dune slope and top and as a result, only small
changes in relative bed level change are observed over the dune slope and dune
top.

5.2 Limitations
In this section, multiple aspects of this study are discussed that can be improved to
create more reliable and relevant results. This chapter discusses limitations in the
usage of the numerical coupling model, the model setup and the limitations in the
computation of aeolian sediment transport.

5.2.1 Numerical model

This study makes use of a coupling model as proposed by Pourteimouri et al. [1].
The coupling combines an airflow model in OpenFOAM with the sediment trans-
port model AeoLiS [19]. For the coupling settings and both models, decisions had
to be made regarding model settings. Two model settings were altered to see the
influence on model output, see sections 4.5.2 and 4.5.4. Regarding the time step be-
tween two updates of the wind field, it was found that the sedimentation-erosion pat-
terns that form differ in certain regions. The sedimentation-erosion patterns showed
that the current model setup did not fully allow to capture the erosion pattern around
the building and the extent of the deposition tails onto the dune correctly. However,
these differences are limited to small areas within the domain. Multiple other model
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settings for AeoLiS and OpenFOAM should be tested in order to improve the reli-
ability of the model and potentially reduce computation time without reducing the
model’s accuracy. In addition, Jonkheer [18] indicated high sensitivity of the rough-
ness height parameter in the computation of the wind field. Jonkheer [18] found
that an increase in roughness length with a factor of 3 increases bed shear stress
with a factor of approximately 1.4 at the dune crest and less over other parts of
the domain. Increasing the roughness length could increase the bed shear stress
and induce more sediment transport. As a result, a reduced quantity of sediment
deposits over the dune toe and sediment erosion is increased, especially over the
dune crest, which may increase deposition over the dune top.

5.2.2 Model setup
In the setup of the model, various choices have been made related to the dune
geometry, building geometry and domain dimensions to simulate similar conditions.
These choices might cause large differences between the model and field conditions
resulting in significant differences in patterns or trends. Important differences to
reality are:

• The building geometry is based on the row of beach buildings as are placed on
the Zuiderstrand near Kijkduin [54]. These buildings are included in the model
simplified as a cuboid shape. Besides, in reality, stairs are placed upwind
of the building, which could have large effect on sedimentation patterns by
trapping sediment or altering the wind field in the vicinity and underneath the
building. Besides, Nordstrom et al. [9] indicated the importance of building
material, which influences the airflow pattern around the building. For improved
inclusion of building geometry, the full design of the building should be included
in more detail.

• The dune is designed as 10 meters high with a flat top. No longshore varia-
tion was implemented over the dune profile. However, in reality, dunes may
form with much spatial variation in longshore direction over dune profiles [63].
In addition, dune shape interacts with the wind field and the effects on dune
morphology might be highly influenced by the shape of a dune.

• A large difference with reality can be found in the implementation of the wind
characteristics. The model includes constant wind forcing at the inlet with high
wind speed that may be considered as storm wind speed and constant in-
cidence wind angle. In reality, wind continuously varies in speed and direc-
tion [55]. The high wind speed could cause irregular flow conditions in the do-
main with requires further research. Besides, sediment transport in duneward
direction was found to be significantly enhanced for larger wind angles [16]. As
a result, the computed morphological bed evolution downwind of the buildings
could become significantly higher for oblique wind angles.

• At last a flat beach is used, whereas in reality, the beach is sloping. However,
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the effects on an inclined bed on sediment transport towards the building and
dune profile are unknown and could provide better insight into the influence of
beach slope.

5.2.3 Sediment transport
This study includes a simplified form of vegetation over the dune shape, namely as
a reduction in bed shear stress. The bed shear stress as computed by OpenFOAM
is exported to AeoLiS which modifies the bed shear stress. Though, since the in-
fluence of vegetation is included only after the wind field is computed, the airflow
acceleration above the canopy is not included in the wind field [49]. Additionally,
the vegetation root system stabilizes the bed allowing bed slopes beyond the angle
of repose that has been used in our study (34◦) [12]. Since this study simulated
change of bed level elevation over a period of 24 hours, vegetation growth was not
considered. However, in reality, buildings are often placed for multiple months, such
as for the beach buildings near Kijkduin [54], in which vegetation dynamics might
become important for further development of the dune profile.

In addition, other bed surface properties as present on the beach may limit aeolian
sediment transport. Grain sorting has not been considered, whereas over time this
may lead to reduced aeolian sediment transport due to the formation of beach ar-
moring [64]. Additionally, moisture content of the bed significantly controls release
of particles for aeolian sediment transport [65]. Rainfall and tides increase moisture
content and velocity threshold of particles, whereas the drying process creates a
thin layer of dry sand on the surface which can be set to motion more easily. The
exposed layer may erode after which a deeper layer gets exposed to the drying pro-
cess. Moisture content has not been included in our study as the bed is assumed
to consist of a thick layer of dry sediment. However, on the beach, this sediment
transport may be much smaller in magnitude since the drying process limits the rate
at which sand may erode. Including this drying process in a simplified form may al-
ready give better insight into the actual magnitude of sediment transport on a beach.
Additionally, fetch length is the length over which wind flow may set sediment parti-
cles to motion. This is considered to have no limiting effect in our study due to the
long upwind beach length (47 meters) in wind direction, see Appendix E. However,
this has not been studied and might affect patterns, especially for large distance ratio
configurations since the particle concentration did not reach its full capacity yet.

At last, this study simulated aeolian sediment transport over a period of 24 hours
directly after the buildings are placed on the beach. The wind field over the flat beach
and dune profile experiences an extreme change as a result of the placement of a
row of beach buildings. The alteration of the bed as a result of this extreme change
in wind field is strongest in the short period directly after the buildings are placed.
Therefore, the magnitude of the sedimentation patterns that are observed in this
study may not fully represent long-term evolution (seasonal) of the bed in the vicinity
of a row of buildings and dune profile.
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5.3 Validation with Kijkduin beach buildings

To get better insight into the performance of the model with respect to simulation bed
morphology around a row of buildings on poles upwind of a dune profile, the model
results are compared to field data of the beach buildings at Kijkduin. The ‘Default
building’ case represents the model results for the Kijkduin beach buildings case,
with similar building dimensions, pole height and distance to the dune foot during
the placement of the buildings. Data has been collected on the 10th of July 2017
and on the 9th of October 2018, whereas in both years the buildings were placed on
the 1st of March, see figure 12.

First of all, the formation of sedimentation patterns is closely linked to wind direction.
At Kijkduin the dominant wind direction, thus the main driver for the formation of
sedimentation patterns, is Western, whereas the front face of the beach buildings
points in Northwestern direction at an angle of 45 ◦ with respect to the dominant
wind direction. This differs from the wind direction in our study due to which a
one-to-one comparison cannot be made regarding the sedimentation patterns in
the surrounding of the pattern. However, the sedimentation patterns can still be
compared roughly in terms of magnitude and pattern formation with respect to the
dominant wind angle. Thus, sedimentation patterns of figures 12 and 13 b. are
compared with respect to wind dominant wind angle.

Sedimentation patterns that are found in field surveys and in our results are roughly
in the same order of magnitude, 10−1 m. The erosion patterns that form are approxi-
mately 0.2 m lower whereas deposition over the dune toe is approximately 0.2 to 0.4
m (compared to year 2017 and 2018 data respectively) higher. Though, the patterns
that were found at the Zuiderstrand have been created by aeolian sediment transport
over a time period of approximately 4.5 months, whereas our results formed after 1
day of simulation. This difference in morphological development rate could be re-
lated to the high wind speed in the domain, which results in a significantly higher
erosion and deposition rate in the model. In reality, wind speeds of 17 m/s are rare
events and are mainly measured over the winter period [55], during which buildings
are not present on the beach. Besides, the wind incidence angle varies over time
causing an overlap of various sedimentation patterns, flattening out sedimentation-
erosion patterns. Additionally, the model includes an abundant of dry sediment,
whereas at the beach various supply limiting processes are present. This could ex-
plain the deeper erosion pattern and higher sediment depostion over the dune toe.
Besides, the magnitude and patterns around the buildings are similar in the data
that was are observed in October 2018, which formed over a period of 3 months
longer with respect to the data that was observed in July 2017. This indicates an
equilibrium for the sedimentation-erosion at the upwind side of the buildings, which
could be reached much earlier after the placement of beach houses on the beach
than indicated by the data. To conclude, the model overestimates the sedimentation
rate. However, the patterns that are simulated are in the same order of magnitude
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as observed in field data on seasonal time scale.

Additionally, similar sedimentation patterns can be found. Considering the alignment
of the dominant wind direction, both figures 12 and 13 b. show similar patterns.
However, a large difference can be found at the upwind side (or corner in figure 12)
of the building. Note that the survey data includes a path of concrete slabs in front
of the buildings. The survey data of both years shows erosion in front of the wind-
facing section of the building, which is in line with the results shown in this study.
Though, upwind of the front face of the building, deposition can be found which
stretches in upwind direction. This can be explained by the presence of stairs at this
side of the building in combination with deposition upwind of the buildings. Sand
may be deposited by the owners of the buildings to remain a small elevation differ-
ence between the stairs and the bed. This deposition pattern might be shaped by
the dominant wind angle in combination with upwind deposition to form the oblique
deposition pattern that is observed.

Something interesting can be found in the data of the year 2018, which has been
observed approximately 3 months after the bed elevation of the year 2017. Namely,
the dune profile has significantly extended in between the buildings. This pattern
can also be observed in figure 13 b. It does not become clear whether the building
enhances dune growth in the gaps and whether dune growth is reduced downwind
of the building. Nevertheless, it can be concluded that the survey data and our
model results agree that this specific row of buildings configuration causes strong
longshore variation in bed level elevation over the dune profile for a row of buildings
on small poles (Ph* = 0.14 [-]) at moderate distance from the dune (D* = 1.39 [-]).

This validation provides insight into the patterns that form over long-term seasonal
presence of a row of beach buildings on poles in front of a coastal dune. This
validation did provide that the patterns that are simulated by the model represent
patterns that form on a small-time scale. However, the patterns that are observed in
the seasonal time period do comply with the patterns that have been simulated by
the model. The data does provide that the dune extends whereas the sedimentation-
erosion patterns around the front section of the building remain similar in magnitude,
indicating an equilibrium for the magnitude of these patterns. This could be reached
within a significant shorter time period than the time period between the placement
of the buildings and the surveys.



6. Conclusions and recommendations
This chapter consists of two sections. First, the conclusions are presented which
provide answers to the research questions. Next, a section is dedicated to the rec-
ommendations for future studies.

6.1 Conclusions
This study has been performed using a coupling model between a 3D airflow model
in OpenFOAM and the 2DH aeolian sediment transport model, AeoLiS [19]. Various
model runs have been performed with a dune profile and different building configura-
tions. The building configurations included variation in pole height and building-dune
distance. The results were computed using a coupling model between OpenFOAM
and AeoLiS. The two research questions of this study are addressed below. The
first research question is stated as follows:

1. How is bed morphology altered over a vegetated dune profile with the placement
of a row of buildings on poles at the beach-dune interface?

First of all, the shape of a dune with smooth edges causes flow deceleration up-
wind of the dune toe and over the dune. With the occurrence of aeolian sediment
transport, this flow deceleration zone induces sediment deposition upwind and partly
over the dune toe. Over the dune slope, flow accelerates, resulting in erosion of sed-
iments. Just downwind of the dune crest, deposition and erosion may occur due to
variation in flow velocity.

With the placement of a row of buildings on poles in front of a dune profile, sedimentation-
erosion patterns are significantly altered over different sections of the dune profile.
More sediment is deposited in the lower section of the dune, whereas enhanced
erosion occurs at the dune crest. Over the dune slope and the dune top, the mag-
nitude of sedimentation patterns is substantially smaller compared to the patterns
over the dune toe. This is related to the presence of vegetation, which stabilizes the
bed by reducing bed shear stress, indicating the importance of vegetation for the
formation of dunes. As a result erosion over the dune slope is significantly reduced
and deposition may even occur at the dune top. The shape of the buildings and
funneling effects through the building gaps cause strong erosion directly in front of
the buildings and through the side gaps. The entrained sediment is deposited in the
form of deposition tails downwind of the side gaps or underneath the building due to
the presence of flow deceleration zones.
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The second research question is stated below:

2. How do varying building pole height and building-dune distance of a row of beach
buildings in the beach-dune interface influence bed morphology over a vegetated
coastal dune?

The sedimentation patterns over various regions of the dune showed dependency
on both the pole height and building-to-dune distance. The results indicated that
dune growth may be enhanced by the placement of a row of buildings with an ap-
propriate choice of pole height and building-dune distance. The results showed that
the maximum amount of sand deposits in the dune for buildings at a distance of 1
times the building width on long poles (Ph* = 0.8), with most deposition over the dune
toe and minor erosion over the dune slope. Overall growth for all dune regions was
found for a row of buildings without poles (Ph* = 0 [-]) placed at moderate distance
from the dune (D* = 1.2 - 2.5 [-]). However, this combination results in significant
longshore variation in bed level elevation over the dune toe, which might be consid-
ered undesirable. To minimize longshore variation without creating areas of strong
erosion over the dune profile, it is recommended to place the row of buildings at
appropriate distance from the dune toe (D* >2.8) or on sufficiently long poles (Ph*
>0.4 [-]). In addition, for the placement of the buildings at the dune toe, it was found
that pole height should be limited (0.2 <Ph* <0.8).

For an increase in building pole height, erosion patterns around the buildings and
deposition downwind of the buildings become larger in magnitude. Underneath the
building, a deposition region forms due to local wind deceleration downwind of the
poles. If poles are sufficiently high (Ph* ≥ 0.4 [-]), the effects of flow acceleration and
deceleration by the poles seem to become less important, which allows part of the
sediment to be transported downwind. This suspended sediment is transported di-
rectly behind the building and settles to form deposition due to the flow deceleration
zone located downwind of the building. However, if the row of buildings is placed
sufficiently close to the dune profile (D* ≤ 2.8 [-]), the deposition tails are limited in
extent. For elevating the buildings on higher poles, the deposition tails decrease in
magnitude and may even fully disappear (Ph* ≥ 0.8 [-]), due to interaction between
the building-induced flow deceleration zone and the dune-induced flow acceleration
zone.

If buildings are placed further upwind of the dune toe (D* ≥ 4.0 [-]), the influence
of the row of buildings on dune morphology seems to become minimal, since the
altered wind field downwind of the building does not stretch onto the dune profile.

In addition, the elevation of a row of buildings on poles, provides new insights into the
effects of gap width of funneling effects. Namely, the wind fields around individual
buildings seem to become wider for increasing pole height, due to which the criti-
cal gap width for interaction between the wind fields of two neighbouring buildings
becomes lowers.
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When placing a row of buildings in front of a vegetated coastal dune with minimal
impact on bed level change and variation around the building for usability purposes,
it is recommended to place the buildings on the bed. However, this may result in
strong longshore bed level elevation difference downwind of the row of buildings,
thus should be considered thoroughly.

6.2 Recommendations
This is the final section of this report and provide recommendations to improve fur-
ther research into this topic:

• Based on the results of this research on the placement of a row of cuboid build-
ings with a specific geometry and significant gap width on the beach upwind
of a vegetation coastal dune, it is recommended to place the row of buildings
without poles at moderate distance (approximately 1.2 to 2.5 times the build-
ing width) to enhance dune growth over all sections of the dune profile without
considering longshore bed level variability. To minimize longshore variation,
buildings should be placed at substantial distance (D* >4 [-]) or on poles of
sufficient length (Ph* >0.4). As the row of buildings is placed at the dune,
longshore variation can be minimized by placing the building on poles of lim-
ited height (0.2 <Ph* <0.8). However, this study did not include vegetation
growth and varying wind conditions. Besides, the sedimentation-erosion pat-
terns for a row of buildings on poles may vary for different building height and
building length (and form a relation as found by Poppema [15] for buildings
without poles) as well as gap width ratio between neighbouring buildings.

• To improve the ability of the model to simulate real-world morphological pat-
terns, cyclic boundary conditions in AeoLiS should be implemented appro-
priately for wind directions other than the alignment of the grid cells. In this
way, varying wind direction can be included in the model together with varying
wind velocity to include varying wind conditions based on historic data. Due to
the high computational cost, multiple short-term model runs with varying wind
conditions can be combined to get insight into the long-term morphological
bed level evolution. With respect to the wind data observed at Kijkduin [55], a
model run can be performed with strongest wind speed (17 m/s) at an angle of
45◦ (West) and systematically reducing wind velocity to 8 m/s (threshold wind
speed for aeolian transport) for varying angles towards -90◦ (North-East) and
120◦ (South). With respect to the Kijkduin case, the occurrence of sufficient
wind speed (U >8 m/s) for aeolian sediment transport is observed for wind
directions ranging from -120 to 120 degrees with respect to the building orien-
tation [55]. The strong winds prevailing originate from the Western direction.

• The coupling settings used in this study made use of a wind field update every
4 hours. However, a sensitivity analysis in which the time step varied showed
that there is significant difference in morphological bed evolution over a period
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of 24 hours when the resolution of the wind field updates is further increased
from 4 hours to 2 hours. For that reason, it is recommended to reduce the
time step between two wind field updates in future research at least to once
every 2 hours. However, the variation in the time step was limited and further
reduction in the time step significantly improves the precision of the calcula-
tions. However, increasing the number of wind field updates becomes more
computationally expensive. Therefore, further research is recommended into
the time step between two wind field updates to determine the number of wind
field updates. However, it is recommended to reduce the time step from 4
hours to 2 hours if the computational power allows it.

• In this study, a simplified form of vegetation is included. In the results, it is vis-
ible that the influence of vegetation is significant and this is in agreement with
other studies. However, the magnitude of the reduction in bed shear stress in-
duced by the vegetation over the dune slope and top has not been researched
and requires more investigation to improve the reliability. In addition, the influ-
ence of vegetation on the wind field can be incorporated in the airflow model
in OpenFOAM to account for flow alterations as a result of vegetation charac-
teristics contrary to the alteration of the bed shear stress by AeoLiS. Besides,
for the investigation of long-term bed level evolution over the dune profile, veg-
etation growth is required to be included in cross-direction to allow dune ex-
pansion as was found in the field survey over the Zuiderstrand near Kijkduin
on the 9th of October 2018.

• In a future study, it is recommended to revise the method that is used to define
the dune regions. Namely, it was found that the magnitude of erosion over the
curvature of the dune slope did become clear from the regional relative mean
bed level change since the dune slope region was highly influenced by the
presence of deposition tails at the lower part of the dune slope. To get better
insight into the effects of a row of buildings and varying building characteristics
on dune morphology, it might be better to divide the slope region into two or
more regions, depending on the goal of the research. In addition, defining a
region between the building and dune profile could help to interpret the model
results, since this section might supply or trap sediment explaining patterns
that are found downwind. In addition, the region between the buildings and
dune contains significant changes to bed morphology. This region can either
form a sediment trap or provide a supply of sediment for the downwind region
depending on the building characteristics which could help to understand the
patterns that are observed downwind of the buildings, over the dune profile.
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A. Sedimentation patterns in x-y plane

Figure 28: Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
without buildings (a. ’No Building’) and with the following distance ratio
and pole height ratio: 1.39; 0 (b.), 1.39; 0.14 (c.), 1.39; 0.42 (d.) and
1.39; 0.83 (e.). The dune toe and top are indicated by a black dashed
bar over the width of the domain. A green dashed line indicates the
cross-shore starting location of the vegetation.
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Figure 29: Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with the following distance ratio and pole height ratio: 5.56; 0 (a.), 5.56;
0.14 (b.), 5.56; 0.42 (c.) and 5.56; 0.83 (d.) 2.78; 0 (e.), 2.78; 0.14
(f.) and 2.78; 0.42 (g.). The dune toe and top are indicated by a black
dashed bar over the width of the domain. A green dashed line indicates
the cross-shore starting location of the vegetation.
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Figure 30: Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with the following distance ratio and pole height ratio: 2.78; 0.83 (a.),
0.56; 0 (b.), 0.56; 0.14 (c.) and 0.56; 0.42 (d.) 0.56; 0.83 (e.), 0; 0 (f.)
and 0; 0.14 (g.). The dune toe and top are indicated by a black dashed
bar over the width of the domain. A green dashed line indicates the
cross-shore starting location of the vegetation.
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Figure 31: Sedimentation patterns (Zb - Zb0) over 24 hours for the configurations
with the following distance ratio and pole height ratio: 0; 0.42 (a.) and
0; 0.83 (b.). Additionally, configurations without vegetation (c.), domain
height of 80 meters (d.), wind speed of 10 m/s (e.) and time step be-
tween two wind field updates of 2 hours (f.) and 8 hours (g.) are shown
for distance ratio 1.39 [-] and pole height ratio 0.14 [-]. The dune toe and
top are indicated by a black dashed bar over the width of the domain. A
green dashed line indicates the cross-shore starting location of the veg-
etation.



B. Model parameter settings
In this chapter, the settings for OpenFOAM and AeoLiS are presented for the re-
producibility of this study. The coupling model requires approximately 5 hours to
compute 24 hours of aeolian sediment transport with 6 updates of the wind field at
equal time intervals based on morphological bed evolution. The computation time
is based on the usage of the computational cluster of Witteveen+Bos with a clock
speed of 2.20 GHz. The OpenFOAM model uses 16 cores which takes approxi-
mately 40 minutes per wind field computation. AeoLiS runs on 1 core and takes
approximately 2 minutes. Thus, in comparison to the OpenFOAM model, AeoLiS
is significantly less computationally expensive. Additional Python files prepare the
required files as input for OpenFOAM and AeoLiS and take approximately 8 minutes
per iteration round on 1 core.

B.1 OpenFOAM settings
In OpenFOAM, the model settings are mainly included in the ‘fvsolution’ file. This
file defines the solvers that are used and stop the computation if residuals fall below
a threshold value. The settings as defined in the ‘fvsolution’ file are provided in
table B.1. In addition, one computation of the wind field through OpenFOAM usually
converges after approximately 180 iterations.

B.2 AeoLiS Settings
In AeoLiS, the settings are defined in ‘Main Input File.txt’. The parameter settings
in this file can be found on the next page.

Table B.1: OpenFOAM settings in fvsolution for p, U, k and ϵ

Parameter Solver Smoother Tol RelTol ResCont RelaxFac
p GAMG GaussSeidel 1e-06 0.001 1e-02 0.9
U smoothSolver symGaussSeidel 1e-08 0.001 1e-03 0.9
k smoothSolver symGaussSeidel 1e-08 0.001 1e-03 0.9
ϵ smoothSolver symGaussSeidel 1e-08 0.001 1e-03 0.9
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C. Model lateral boundary correction
As mentioned in chapter 3.1.3, OpenFOAM requires equal lateral side patches for
the use ‘CyclicAMI’ cyclic boundary condition. Therefore, the bed at the lateral sides
of the domain is required to be equal in elevation, which has been found to contain
small inconsistencies. To deal with unequal sides, a correction is performed over
the elevation value of the lateral side grid points in AeoLiS. Prior to the correction,
the boundary points at both ends (black) of the grid are assigned the same value,
which corresponds to the average elevation of the adjacent grid points (light green)
into the domain. Since this may lead to rather extreme corrections at the sides, the
adjacent grid points (light green) are corrected in a similar way with the adjacent grid
points (light red), see figure 33.

Figure 32: In the figure it can be seen how the bed is corrected after an AeoLiS
simulation is completed to prepare the bed on the lateral sides of the
domain for computation of the wind field in OpenFOAM. The top figure
shows the bed before the correction and the bottom figure shows the
bed after the correction is performed. The correction ensures that the
two most outer grid points at both lateral sides share equal bed level
elevation.



D. Model implementation dune shape
The dune shape that has been used in this research has been created similarly as
Jonkheer et al. [18]. A schematized overview is provided in figure 33. The cross-
shore length of the curvature at the dune toe and dune crest is defined as 1

5
th of

the cross-shore inclined dune length (in figure 5). In between the curvatures, a
straight line is drawn with slope θdune, which is 30◦. The curvature is smooth to
have a continuous slope derivative over the entire dune profile. The shape of the
dune is defined in cross-shore direction with increments of 0.2 m to allow for the
smoothening of the curvatures.

Figure 33: A schematized overview of the definition of the dune profile. Ldune rep-
resents the total cross-shore length of the inclined section of the dune
profile from the dune toe (0 m+NAP) up to the dune crest (10 m+NAP).



E. Inlet and outlet boundary condition
The inlet and outlet boundaries have been chosen to minimize effects on modeling
results. Both boundaries are defined as zero gradient. Figure 34 shows an overview
of the entire cross-domain width. It can be seen that the inlet and outlet do show
some divergent bed-level behaviour. At the inlet, this is related to strong erosion
due to zero sediment concentration at the inlet. As a result, sediment is entrained
up until an equilibrium is formed. At the outlet, it can be seen that the bed level drops
significantly at the boundary whereas deposition occurs just upwind of the bound-
ary. However, it should be noted that these boundary effects occur at a substantial
distance from the relevant section, within the range of x/w [-10:10].

Figure 34: An overview of mean (dark blue), minimum and maximum bed level (light
blue) change for the ’No Building’ configuration over the entire domain
length over 24 hours. The yellow line represents the dune profile and the
green line the location of the vegetation.
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