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A B S T R A C T

Coastal protection is required to keep coastal areas protected during storm condi-
tions. Coastal dunes are a natural defense against flooding and erosion from the sea
against storms. Many insights have been obtained regarding the positive effects of
coastal dune vegetation on dune formation and growth in the past. Several recent
studies have demonstrated the ability of both aboveground and belowground dune
vegetation to reduce dune erosion during storms.

However, the impacts of dune vegetation during collision regime storm conditions
are not taken into consideration in morphological numerical modeling. Conse-
quently, it is unclear how to evaluate vegetation impacts during design assessments.
Therefore, the goal of this research is to investigate the potential effect of dune veg-
etation on dune erosion during collision regime storm conditions and subsequently
link this with dune rehabilitation projects. This research is divided into two parts.

In Part I, the capability of the numerical model XBeach to simulate the potential ef-
fects of dune vegetation during the collision regime is investigated. Four vegetation
approaches are identified in the model, which could possibly represent different
dune vegetation effects. Using beach-dune profiles and erosion volumes obtained
from two wave flume experiments, the performance and sensitivity of the vegeta-
tion approaches are tested in XBeach. Thereby, a distinction is made between the
effect of aboveground vegetation: hydrodynamic altering and belowground vegeta-
tion: soil stabilization. The model results show that XBeach is capable of simulating
dune erosion with vegetation during collision regime storm conditions. This can be
primarily attributed to the increase of the critical slope in the avalanching module.
This approach represents the soil stabilization effects of belowground vegetation.
The application of the root model was added for even better simulations. This ap-
proach accounts for the additional root cohesion provided by belowground vegeta-
tion by increasing the critical velocity for sediment pickup. The values to be used for
both vegetation approaches could not be defined systematically yet due to the small
number of experiments assessed and little research found in the literature. It is rec-
ommended to obtain more information about the effect of dune vegetation on the
stabilizing effects and the critical slope for avalanching. The application of a higher
roughness value and the vegetation module, which both represent aboveground
vegetation by altering the hydrodynamics, have shown to contribute insignificantly
to erosion reduction in the examined cases.

In Part II, the belowground soil stabilization approaches are applied in a case study
to give a first indication of the applicability of XBeach at large-scale and in dune re-
habilitation projects. An XBeach model of Beira, Mozambique was set up. A higher
critical slope demonstrated profile evolution and erosion reduction in line with ob-
servations in the literature. During wave impact, the avalanching module is the
most suitable approach to account for the erosion-reducing effect of belowground
vegetation. The root model appears to be a more appropriate strategy for account-
ing for belowground vegetation during milder conditions and shorter storm dura-
tion. It was proven that XBeach has very good potential to evaluate the effectiveness
of dune vegetation in the design phase. The case study illustrates that vegetation
will significantly increase the erosion resistance of the flood dunes. The dunes with
vegetation can handle an additional 20-30 centimeters design water level or 0.5-0.8
meter storm wave height without breaching compared to the same dune without
vegetation. The design with vegetation has shown to be more robust. However,
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the approaches are based on different assumptions and limitations and therefore
the results should be considered carefully. It is strongly advised to conduct more
research in this relatively new study area.

This study investigates and proposes a method for quantifying the advantages
of vegetation on dune erosion reduction. The relevance and added value of ma-
ture and robust dune vegetation for a resilient coastal dune system and protection
against erosion and floods are confirmed. As a result, the incorporation of vegeta-
tion in dune rehabilitation projects is promoted.
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1 I N T R O D U C T I O N

1.1 background
Vegetation in coastal dunes has the potential to reduce erosion and flood risk. Firstly,
vegetation stimulates the growth and formation of natural dunes with a flood pro-
tection function. Secondly, the presence of vegetation in dunes has been shown to
significantly reduce dune erosion during storm conditions.

Due to climate change and human activities, an increasing number of dune sys-
tems are degrading. Those dune systems need rehabilitation to fulfill their flood
protection function during storm conditions. Vegetation is often recommended for
implementation in dune rehabilitation projects. Firstly to enhance the erosion resis-
tance of a dune system and secondly to reduce the chance of breaching by erosion
during storm events.

Nonetheless, the potential effect of vegetation is often not taken into account dur-
ing dune rehabilitation projects. There are several reasons for this. Firstly, it is
relatively a new research area compared to the effect of vegetation on the formation
of dunes. Consequently, there is a scarcity of quantitative data on the role of veg-
etation in erosion and flood protection. In addition, in numerical models of beach
and dune morphodynamics, the role of vegetation under the collision regime is not
taken into account. At the moment, it is unclear whether numerical models could
accurately reproduce the potential effects. No calculation methods are available to
assess dunes with vegetation during dune rehabilitation projects.

1.2 research objective and questions
The objective of this research is to investigate the potential effect of dune vegetation
on dune erosion during collision regime storm conditions and link this effect with
dune rehabilitation projects. The research is divided into two sections:

• Simulate the potential impact of dune vegetation during collision storm regime
conditions in the numerical model XBeach

• Apply the potential impact of dune vegetation during collision storm regime
conditions to a large scale case study

To achieve the goal of this research, the following sub-questions are defined:

1. What are the important processes and effects of dunes and dune vegetation
during collision storm conditions and how could this be quantified?

2. Is the numerical model XBeach capable of simulating the effects of vegetation
during the collision regime?

• Which different approaches could be identified to represent vegetation
processes in the numerical model XBeach?

• What is the sensitivity of the identified vegetation approaches and their
parameters in XBeach?

1
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3. How could the knowledge regarding dune vegetation during storm conditions
be applied in real dune rehabilitation projects?

• What is the effect and sensitivity of associated processes of dune vegeta-
tion considering different dimensions, wave heights, and storm durations
in XBeach?

• What could be the effect of mature, healthy belowground vegetation con-
cerning future climate?

1.3 starting points
Considering the complexity of this subject, as well as the restricted time allowed
for completing a Master’s Thesis, this research has some starting points which are
summarized below.

• Study area is the dune area.

• The one-dimensional (1D) representation of dunes is considered.

• Focus is on cross-shore direction, the longshore direction and variations are
neglected.

• Conditions studied are storm conditions, with a focus on the collision regime.

• Emphasis is on the effect of vegetation on the morphological response of
dunes. This refers to the evolution of the dune profile and dune erosion vol-
ume.

• Vegetation considered is full-grown, mature vegetation.

• No biological, chemical, or physical activity related to dunes and vegetation
is accounted for.

1.4 report outline
This report is build-up of two parts, within a total of 10 different Chapters:

Chapter 2: gives background information and a literature review
Chapter 3: explains the methods used for Part I
Chapter 4: gives the results of Part I
Chapter 5: gives the interpretation of the results of Part I
Chapter 6: gives the methods used for Part II
Chapter 7: gives the results of Part II
Chapter 8: gives the interpretation of the results of Part II
Chapter 9: gives an overall discussion of this research
Chapter 10: gives overall conclusions and recommendations
Appendices: give extra information



2 L I T E R AT U R E R E V I E W

2.1 introduction
This chapter serves two purposes. Firstly, it provides a theoretical foundation to
understand the concepts used in this report. Secondly, it gives an overview of cur-
rent knowledge about dunes and vegetation during storm conditions. It is assumed
that the reader has some basic knowledge about important concepts in coastal en-
gineering. For more in-depth information is referred to the book Coastal Dynamics
(Bosboom and Stive [2021]).

Section 2.2 provides an overview of the (coastal) terminology used in this report,
paying extra attention to processes during storm conditions. In section 2.3 the po-
tential effects of dune vegetation on dune erosion are outlined. A recap of previous
studies and a first quantification considering dune vegetation during storm condi-
tions is given in section 2.4. . Section 2.5 provides information about the current
state and the implementation of vegetation in (numerical) modeling during dune
design assessments.

2.2 coastal terminology
To get a full understanding of the concepts treated in this thesis, this section pro-
vides an overview of the (coastal) terminology used in this report. This terminology
involves a description of the coastal zone, important hydrodynamic processes, sedi-
ment transport, storm impact regimes, and natural and artificial dune restoration.

2.2.1 Coastal zone

In this research, the area of interest is the dune area. The dune area is a part of the
beach-dune system and also part of a broader area: the nearshore area. Figure 2.1
shows a visualization of a typical nearshore area. The beach consists of the back-
shore and the foreshore. The backshore extends from the dune foot to the mean
high water (MHW) line. The zone between the MHW line and the mean low water
(MLW) line is known as the foreshore. The nearshore is the part of the profile lo-
cated seaward of the MLW line.

3



2.2 coastal terminology 4

Figure 2.1: Definition of nearshore areas

dunes Dunes are the result of complex interactions between wind, waves, sand,
and vegetation (Puijenbroek [2017]). The focus of this thesis is on foredunes. For
simplicity, these types are referred to as dunes from here on. Foredunes are the
dunes closest to the shoreline. Therefore, they are significantly influenced by hy-
drodynamics and wind. Figure 2.2 captures a foredune and the key forces and
processes that occur. The occurring natural processes together with human interac-
tion determine the morphology and subsequently resistance of dunes during storm
conditions.

Figure 2.2: Overview dune, vegetation and important processes in dunes

2.2.2 Hydrodynamics

The morphology of the above-mentioned beach-dune area is largely determined by
hydrodynamics. Waves approach the coastline and interact with the coastal zone.
During storms, the mean water level rises, and strong winds produce larger waves.
6 main nearshore processes are identified which influence the dune erosion and
morphology during storm conditions. 4 main processes are adapted from van Rijn
[2009] and for a complete understanding, an explanation of nearshore currents and
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tide is added:

• Wave impact

• Long waves

• Turbulence

• Nearshore currents

• Avalanching

• Tide (meterological and astronomical)

During storms, the above-mentioned processes occur most of the time combined.

wave impact The erosion volume of the dune is related to the force in the wave
uprush (Fisher et al. [1987]). During an uprush, a large quantity of water runs up
the beach face. This water exerts high shear stresses on the bed, is decelerated at a
small distance, and hits the dune face. The force exerted by the water on the dune
relates to the volume change. The profile of the beach affects this force and so also
affects the volume change. On a mild beach slope, the force and so the dune erosion
is smaller than when the dune face is connected to a steep slope.

long waves During storms, long waves dominate the inner surf and swash zone
on sandy beaches and are thus critical for dune erosion. In the shoaling zone,
different waves in a wave group can interact with each other and create a bound
infragravity wave also known as a bound long wave (de Bakker et al. [2015]). This
results in a variation of the mean sea level: a rise at the smallest waves in the wave
group and a dip with the largest waves. When the waves break, the group structure
disappears and the bounded long wave is free.
The infragravity waves have a relatively large wave period. They grow in amplitude
towards the shore and as a result, the long wave energy near the dune face could
be larger than that of short waves (van Thiel de Vries et al. [2008]).

turbulence Turbulence could enhance the stirring up of sediment, bringing and
keeping sediment of the dune in suspension. van Thiel de Vries et al. [2008] ob-
served in his experiment that the region close to the dune is the location where
high sediment concentrations were observed. Large-scale turbulence is created by
nearshore processes such as breaking waves, rollers, and reflections from the dune.
This turbulence penetrates from the top of the wave to the bed. Consequently, sed-
iment from the bed is picked up and kept in suspension. The more sediment in
suspension, the more likely erosion takes place.

nearshore currents The sediment stirred up and brought into suspension by
turbulence could be transported away by nearshore currents. A distinction can be
made between cross-shore and longshore currents. Longshore currents move paral-
lel to shore and cross-shore currents act perpendicular to the beach. Since in this
research, only one-dimensional situations are considered and the longshore effects
are assumed to be small during storm conditions, these are neglected. Cross-shore
currents emerge under breaking waves. This wave-induced cross-shore mean cur-
rent dominates water movements during storm conditions and so possibly sediment
movement on the nearshore. The mean flow is also called undertow (Bosboom and
Stive [2021]).

avalanching Avalanching is an important erosion mechanism during the colli-
sion regime. When the dune face is moist and undercutting occurs, this might hap-
pen. It can occur in a variety of ways (Erikson [2007]. In the case of waves attacking
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the dune face, sediment at this location is wetted and so the weight of this associ-
ated sediment increases. Since the angle of repose is supposed to be smaller for wet
sediment, sliding and avalanching could occur (Palmsten and Holman [2011a]).

astronomical and meteorological tide The tide alters the section of a coast-
line profile that is influenced by waves. When the tide is high, waves may travel
further inland, affecting the dunes. The dunes may not be impacted during low
tide. Tide consists of an astronomical and meteorological tide. The gravitational
pulls of the sun and moon create the astronomical tide. The meteorological tide is
also called storm surge. It is a sea-level rise due to low atmospheric pressure and
high wind speeds during extreme weather conditions. The wavelength and period
are slightly shorter than those of tide, but they can cause severe flooding because a
direct interaction between dunes and waves could take place. The tide plays also a
role in the formation and growth of dunes because the length of the intertidal zone
determines how much sediment can be transported by the wind into the dunes.

2.2.3 Sediment transport

The link between hydrodynamic forcing and the morphological response of the
beach-dune system yields the transport of sediment. Sediment transport is defined
as the movement of sediment particles over a well-defined plane over time as a
result of shear pressures on the sand particles (Bosboom and Stive [2021]. The
movement of sediment particles depends on the characteristics of the transported
material (e.g., grain size, fall velocity). Erosion takes place when the net sediment
balance is negative: more sediment is going out than coming in. This can be ob-
served in the cross-shore direction or the longshore direction. When more sediment
is coming in than going out, it is referred to as sedimentation or deposition. Two
main transport mechanisms can be defined: aeolian and hydrodynamic transport.
Aeolian sediment transport is the sediment transported by wind. This contributes
to the formation and growth of dunes. The transfer of sediment by wind will not
be discussed in detail, yet it is an essential process in dunes. Hydrodynamic sed-
iment transport is the sediment initiated and transported by hydrodynamic forces.
(Bosboom and Stive [2021])

hydrodynamic sediment transport This report deals with hydrodynamic
sediment transport at the dune location. Waves (gravity waves, infragravity waves)
and currents (undertow) could enable sediment transport. The current related trans-
port is often assumed to be larger than the wave-related part. The waves generally
stir the sediment. The main mechanisms of transport are suspended transport and
bedload transport. Bedload transport is almost exclusively determined by the bed
shear stress acting on the sediment particles, resulting in rolling, sliding, and jump-
ing sediment. Suspended transport takes place above the bed load layer when
turbulence velocities are greater than the submerged weight.

2.2.4 Storm impact regimes

The potential impact of dune vegetation during the collision regime is studied in
this research. The collision regime is defined by Sallenger (Sallenger A.H. [2000]).
Sallenger divided storm impact into different regimes to show the different impacts
of storms on the removal of sand from dunes. Storm impact regimes are based on
dune dimensions (resistance) and water level elevation extremes (load). Depending
on the wave energy, storm duration and wave run-up height relative to dune eleva-
tion, erosion of the system can occur in a swash regime, collision regime, overwash,
or breaching regimes (Sallenger A.H. [2000]). The parameters used to define the
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Sallenger impact regime are described below, and a definition sketch is shown in
Figure 2.3.

• Rlow is the elevation of the seaward limit of swash. Stockdon et al. [2006]
defined Rlow as the sum of meteorological tide, astronomical tide and wave
setup.

• Rhigh (runup limit) is the highest elevation of the landward margin of swash.
This measure includes the combined effects of astronomical tides, storm surge,
set-up and and the 2% exceedance level for vertical wave run-up.

• Dlow is the elevation of the dune toe.

• Dhigh denotes the height of the first line of beach defenses (i.e., beach berm or
dune crest).

Figure 2.3: Definition sketch of parameters used to define Sallenger impact regime

The erosion mechanisms during the different regimes are described in the following
paragraphs and illustrated in Figure 2.4.

swash Rhi gh < D l ow During the swash regime, the maximum runup is lower
than dune foot. In the swash regime, only the beach is affected by hydrodynamics.
Storm redistributes sand cross-shore but only on the beach and the water does
not reach dunes. The conditions could be accretive, building up the beach. Sand is
redistributed on the beach. This regime normally results in bar and berm flattening.

collision D l ow < Rhi gh < Dhi gh In the collision regime, the wave runup is
above the dune foot and below the dune crest. The beach is flooded and waves can
penetrate to the dune face and collide with the dune face. Especially large bores
attack the dune and sediment can be taken from the dune front and placed on the
beach itself. Between the shoreface, beach, and the front of the dunes, sand is re-
distributed on the cross-shore. After a storm sand can either return to the dune
or is transported away due to an alongshore gradient in transport or an offshore
sink of sediment. When water takes away sediment from the dune foot, a dry scarp
surface could arise. This might result in slumping. A dune scarp will retreat to a
point where the dune may be breached if the load during the collision regime is
significant. This leads to the loss of flood protection function.
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In the collision regime, several mechanisms can affect dune erosion. This is divided
into two stages: the swash/runup stage and the direct wave impact stage. Swash
is caused by broken waves rushing up the beach and reaching the dune. These
propagate through the swash zone as bores. These waves tend to have relatively
long periods. The swash impacts the dune toe, partially eroding the sediment, and
then returns to take it away. The swash impacts the dune toe, partially eroding the
sediment, and then returns to take it away. Because part of the wave energy has
been dissipated in the breaking process and along the beach slope before reaching
the dune, the swash has less power than the broken wave that has formed the swash.
Wave impact is when waves impinge on the dune and carry more energy with them.
This only takes place during big storm surges. Therefore, erosion due to wave im-
pact takes place less frequently. In both stages, different mechanisms will influence
the erosion of dunes (Maximiliano-Cordova et al. [2019]; Charbonneau et al. [2017]).

overwash Rhi gh < Dhi gh R l ow < Dhi gh The third regime is the overwash, in
which the wave runup is above the dune crest and the wave rundown is below
the dune crest. The mean water level is lower than the dune crest, so overflow
happens occasionally. In cases where the hinterland behind the dune is lower, the
overflowing water can take substantial sediment to the back of the dune. Sediment
is no longer conserved to the seaward side of the dune but deposited behind the
crest. This results in a smoother profile than in the collision regime and it could
result in dune scouring and channel incision.

inundation Rhi gh > D l ow If the water level increases further, water starts over-
flowing permanently. The wave rundown is above the crest, and this is called the
inundation. Significant amounts of water flow over the dune row, a lot of sand is
transported landward of the first dune row. In case the dune row is the only line of
defense, this can result in inundation and flooding of the hinterland. If inundation
persists, breaching takes place and the top of the island can be eroded even below
the mean sea level.

Figure 2.4: Sketch of storm impact regimes and erosion processes (source: USGS [2020])

2.2.5 Natural and artificial dune restoration

This study considers a dune rehabilitation project intending to use dunes to defend
inland from flooding. As a result, it is critical to understand the natural evolution
of a dune profile, as well as the artificial dune profile determination during dune
rehabilitation efforts.

summer and winter profiles Coastal dune systems are naturally dynamic.
After a storm, dunes are generally able to restore themselves. This can be explained
by the so-called summer and winter beach and dune profiles. These profiles are il-
lustrated in Figure 2.5. During storm conditions, high and long waves cause erosion
of the dunes and beaches. Sediment is taken from the dune and deposited at the
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location where waves are breaking. The cross-shore profile after storm conditions
is characterized by a narrow beach and a steep dune profile. In the Northern Hemi-
sphere, most storms occur in winter. That is why a storm profile is also called a
winter profile. The lower and shorter waves during summer conditions cause sand
to move back towards the beach and dunes, restoring the profile.

Figure 2.5: Visualisation of summer and winter (storm) profile.

minimum safety profile in dune design To serve the flood protection func-
tion and prevent breaching, a minimum safety profile must remain after a storm.
The ENW [2007] describes the requirements of a minimum safety profile, which
is used in dune rehabilitation projects in the Netherlands. This profile is the least
amount of ’dune’ that should fit in the post-storm profile. The calculation of the
storm erosion profile is displayed in Figure 2.7. The requirements of a post-storm
profile and thus minimum safety profile are depicted in Figure 2.6. The traditional
way is displayed on the left, while an alternative method is presented on the right.
A minimum dune height, a minimum dune width, and the dune’s landward slope
are all factors to consider. Because dune profiles can take on a variety of shapes, the
profile with the aforementioned requirements is not always suitable. As a result,
an alternative method was developed. The starting point of this method is that a
too-small dune height is compensated for by a larger dune width. The volume per
meter should be the same as the traditional minimum safety profile’s volume per
meter. On the right side of Figure 2.6, this is displayed.
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Figure 2.6: Calculation storm erosion profile (source: ENW [2007])

Figure 2.7: Definition of minimum standard safety profile (right) and minimum alternative
safety profile (left). (source: ENW [2007])
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2.3 impact of vegetation on dune erosion
In this section, the impact of vegetation on dune erosion is described. First, basic
information about vegetation in the dune area is discussed. Hereafter the primary
and secondary effects and processes concerning dunes and vegetation during storm
conditions are described. The final paragraph proposes how a storm develops in
combination with the response of a vegetated dune.

2.3.1 Dune vegetation

This thesis focuses on dune vegetation. Different types of dune vegetation exist. The
type of species and number of species on dunes are site-specific. The reason is that
the soil composition and climate (such as aeolian transport, wave inundation, salt
spray, and wind stress) have a significant impact in determining whether species
may survive (Bosboom and Stive [2021]).

vegetation zone The nearshore-beach-dune can be divided into different zones
regarding vegetation.Tinkley [1985] described four major zones of foredune vegeta-
tion around the world. These zones can occur across typical coastal dune systems
where rainfall is sufficiently high and the shoreline sufficiently stable or prograding.
In this thesis, only zone I and II are considered. Figure 2.8 (McLachlan [1991]) indi-
cates that the vegetation considered has a low vegetation cover and canopy height,
but a high salt tolerance and tolerance to sand movement.

Figure 2.8: Vegetation zones (source: McLachlan [1991])

vegetation components The structure of dune vegetation depends on the
type. However, the main distinction is made between above- and belowground
vegetation components (Charbonneau et al. [2016]). This is displayed in Figure 2.9.
With aboveground vegetation (A), we refer to the part of plants above the surface
(stems and leaves). With belowground vegetation (B), we refer to the part of the
plant below the surface (root network and biomass). They both have a different
influence on dunes during hydrodynamic forcing and wind forcing, as will be dis-
cussed later.

The allocation of above- and belowground vegetation varies between species (Poorter
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and Nagel [2000]). It is important to pay attention to these differences since this
could have implications for the potential dune growth and erosion resistance.

Figure 2.9: Belowground and aboveground allocation for different vegetation types (adapted
from: Massachussets [2013])

2.3.2 Primary vegetation processes

The presence of vegetation on dunes affects dune erosion and the evolution of the
dune during collision regime storm conditions. The main processes associated with
aboveground vegetation are related to hydrodynamic interaction. Belowground veg-
etation is associated with soil stabilization. The following paragraphs describe the
mechanisms involved with hydrodynamic interaction and soil stabilization. It must
be noted that different processes are classified under the same denominator. The
reason for this is that the exact physical causal role that vegetation plays in dune
erosion resistance has not been established yet.

hydrodynamic interaction The aboveground part of vegetation could interact
with the hydrodynamics and so affect dune erosion. As mentioned above, the exact
processes related to aboveground vegetation and hydrodynamics are poorly under-
stood. Yet, the influence of vegetation on erosion in other ecosystems (e.g. marsh,
creek, mangrove, and terrestrial) has been documented in the literature. Vegetation
in these other ecosystems has been shown to extract energy from the flow through
(viscous and form) drag and turbulent dissipation. Consequently, this results in
smaller wave energy, a smaller wave height, smaller current magnitudes, smaller
water level, decreasing wave runup, and overtopping (Blackmar et al. [2014]; Nepf
and Koch [1999]). These interactions and effects are visualized in Figure 2.10.

soil stabilization The belowground part of vegetation does interact with the
soil. Thereby it affects dune resistance and consequently the erosion process. Roots
themselves could change the physical properties of dunes and alter the composition
of sediment Vannoppen et al. [2015]. Plant-induced sedimentary changes could in-
crease the cohesion between grains and increase the effective diameter (Feagin et al.
[2015]). Thereby roots anchor the soil and form a binding network within soil layers,
aggregating the soil mass. Furthermore, Arbuscalur Mycorrhizal Funghi (AMF) and
roots may create symbiotic relationships. AMF are microbial communities found in-
side and around the root systems of plants that aid in the binding of sand grains
together by enhancing soil aggregation and shear strength.
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Figure 2.10: Interaction vegetation with hydrodynamics observed in other ecosystems than
coastal dunes (Adapted from: Arkema et al. [2017])

2.3.3 Secondary vegetation processes

The processes and effects that could be divided into hydrodynamic interaction and
soil stabilization were described in the previous subsection. Other important pro-
cesses, which play an even more complex role in dune erosion are uprooting, de-
struction, and over strengthening.

uprooting Uprooting is another essential and complex process that occurs dur-
ing storms. It affects hydrodynamic alteration, soil stabilization and the morpho-
logical response of dunes and vegetation. The impact of the waves could result
in the mobilization of sediment and subsequently in the uprooting of the below-
ground vegetation. Aboveground vegetation might transport wave energy into the
substrate via the stems, causing belowground plants to uproot (Figlus et al. [2014]).
Uprooting could result in the loosening of sediment, more sediment mobilization,
and so more erosion. This uprooted vegetation could be carried away by the water
or be deposited on the dune. However, the uprooted vegetation could also result in
a reduction of dune erosion. When either aboveground or belowground biomass is
deposited at the dune, it could reduce velocities.

burying Vegetation could capture sediment particles, resulting in burying of veg-
etation itself. Avalanching may also cause plants to be buried. This phenomena
might cause roughness to decrease and near-bed velocities and erosion rates to in-
crease.

destruction A third process is the destruction of vegetation. Environmental
factors connected with storms, such as excessive precipitation, floods, high saline
concentrations, accretion, and erosion could lead to death or destruction of vegeta-
tion. The impact of storms on vegetation is determined by the storm’s spatial and
temporal size, intensity, storm clusters, and species-specific responses of plants in
distinct dune environments. The destruction of vegetation affects the subsequent
foredune recovery.

The degree of scarping is affected by vegetation, but the degree of scarping also
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affects vegetation destruction. Following the studies of Hesp [2002] and Hesp and
Martı́nez [2007], the degree of scarping is characterized by the erosion volume. Be-
cause of salt intolerance or inability to thrive in the swash zone, small scarping (10

% reduction in dune volume) might result in a slightly plant loss or death. Larger
scarping (20%/40% volumetric loss) results in the dieback of plants on the scarp
frontline due to the impacts of salt spray, burial, and slumping. A volumetric loss
greater than 40% may result in foredune destabilization, resulting in devastating ef-
fects of the dune development and on the vegetation population. Plants with deep
root systems may be able to withstand avalanching and collapsing by remaining
rooted.

overstrenghtening Overstrengthening, or too much stabilization, is a last crit-
ical process. This is associated with the whole beach-dune sediment system. Rapid
storm erosion of dunes is required for the functioning of the beach-dune system and
the exchange in sediment (Vellinga [1978]). The planting of vegetation could lead
to problems as Dolan 1972 has seen on the Outer Banks of North Carolina. They
noticed that artificial dunes were unable to release enough sand during storms,
resulting in a steepening of the nearshore profile. This resulted in a catastrophic
collapse of the system. (Carter and Stone [1989]).

2.3.4 Theoretical morphological development during storm conditions

To understand the effect of vegetation during the collision regime and link it to
flood resilience, a conceptual model of the collision regime over time concerning
erosion volumes has been set up for this research. This is visualized in Figure 2.11.
It is assumed that vegetation reduces erosion volumes both by aboveground and be-
lowground vegetation. Effects like the destruction of vegetation are not taken into
account in this simple conceptual model.

The response of a dune during the collision regime could be divided into two
phases. The potential effects of above- and belowground vegetation during these
phases are described. As far as the researcher knows, mainly the erosion reduction
described in Phase I leads to slightly larger flood resilience. What appears to be
happening in Phase II is not well understood yet.

phase i When a storm arises, the swash regime takes place which is followed
up by the collision regime. The predominant erosion of the dune is caused by
hydrodynamic forces at this point. Swash flow or direct wave impact might both
the cause of dune erosion (phase I). When vegetation is present, it is expected that
the sediment pickup will be reduced, due to both aboveground and belowground
components of vegetation. The aboveground vegetation increases friction, resulting
in a smaller run-up and less picking up of sediment. The consequence of this is
a smaller rate of erosion at the beginning of the collision regime (phase I). The
belowground component of vegetation ensures soil stabilization due to a higher
cohesion and shear strength, resulting in less sediment pickup and a higher critical
angle. The retention of sediment and the postponement of slumping due to the
possibility of a larger slope prolongs the duration of Phase I.

phase ii When sediment has been taken from the dune, the dune steepens. This
is also called scarping. The scarping continues till a critical dune slope. When the
critical dune slope is reached, avalanching has a large contribution to dune erosion
volume (phase II). The steep slope and the subsequent sudden avalanching could re-
sult in a fast erosion rate in a short time. When roots are well entrenched, however,
the erosion volume rate may still be reduced than for the case without vegetation.
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When the storm progresses further, or the dune crest height and/or width has
been decreased, the regime could switch to the overwash regime. This is not within
the scope of this research.

Figure 2.11: Concept of collision regime over time in relation to erosion volume- and dune
vegetation

2.4 previous physical experiments of vegetation
impact

Recently, a growing number of studies considered the effect of dune vegetation dur-
ing storm conditions. In this section, studies concerning the collision regime are
discussed. Some studies focused on the effect of the beach-dune morphology and
conditions, others specifically addressed different vegetation species, characteristics,
and allocation, while some explored the processes and interpretation of the obser-
vations. A distinction can be made between case and field studies and laboratory
and wave flume experiment studies.

2.4.1 Case and field studies

Different case and field studies addressed the role of vegetation during the collision
regime. The study of Lindell et al. [2017] analyzed Angelholm Beach in South
Sweden and showed that wave and wind erosion increased due to the removal
of vegetation. Dune front erosion during storms increased 2-4 times compared
to dunes including vegetation. Charbonneau et al. [2017] quantified coastal dune
erosion from Hurricane Sandy and documented a species-specific effect on collision
erosion. This study highlights the importance of vegetation for dune stability and
management and points out the importance of the type of vegetation. A recent field



2.4 previous physical experiments of vegetation impact 16

study in Mexico of Maximiliano-Cordova et al. [2021] showed that vegetation was
negatively correlated with erosion during the collision regime. However, just one
out of three sites revealed this correlation. This demonstrates how the protective
role of vegetation varies depending on the species and location.

2.4.2 Shear strength and wave flume experiments

shear strength Several laboratory experiments have been carried out to assess
the effect of vegetation on dune resilience. (Figlus et al. [2014]) tested substrate
shear of dune vegetation to investigate the resistance of vegetated dunes against
erosion. The tests with dune vegetation exhibited an increase in the overall shear
strength of a soil. The data of Ajedegba et al. [2019] also indicate a higher shear
strength for dunes with vegetation. Furthermore, the root density of dune vege-
tation demonstrated a positive correlation with in-situ shear strength. Carter and
Stone [1989] demonstrated a forty-fold increase in shear strength for dry loose sand
(10-20 kN/m2) to consolidated dune soils with vegetation (4-550 kN/m2).

wave flume experiments Wave flume experiments that assessed the role of
dune vegetation are depicted in Figure 2.12. In contrast to this study, the majority
of the experiments focused on multiple storm conditions. It is worth noting that
each of these studies had its own setup and research objective. The arrow between
different experiments indicates the same experiment, published by different authors.

Figure 2.12: Overview small scale wave flume experiments and link with Sallenger regime
and processes of impact on dune evolution. The arrow between different exper-
iments indicates the same experiment, published by different authors.

Three wave flume experiments focused explicitly on vegetation during runup, with-
out waves directly hitting the dune. Feagin et al. [2019] made a distinction between
below- and aboveground vegetation. By dampening wave swash and run-up bores,
the aboveground biomass prevented erosion. Belowground biomass initially en-
hanced erosion until excavation enabled them to also attenuate waves and reduce
erosion. Also, Maximiliano-Cordova et al. [2019] focused on erosion during swash
flow, but now for three different beach dune species. The efficiency of plant cover
in slowing erosion varied depending on the plant architecture. The goal of de Bat-
tisti and Griffin [2020] was to investigate the impact of three widespread pioneer
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foredune species on erosion resistance and to separate the contributions of three
different below-ground compartments (roots, rhizomes, and buried shoots). One of
the most noteworthy discoveries is that all three species studied prevented erosion.
The most important individual belowground plant compartment contribution came
from buried roots, which drive sediment stabilization.

Four studies have looked at the impact of waves directly hitting the dune in combi-
nation with dune vegetation. Kobayashi [2013] conducted wave flume experiments
with woody plants, represented by buried dowels. The goal was to investigate the
effects of woody plants on dune erosion and overwash with irregular waves im-
pinging on a dune. The wide vegetation covering the fore slope reduced erosion
of the fore slope as well as the overtopping and overwash rates. Furthermore, the
reduced wave overtopping resulted in an increase in offshore sand transport from
the eroded dune. An explanation for this could be the smaller overtopping rate and
so a higher undertow current. Figlus et al. [2014] studied the role of vegetation in
dune erosion resiliency, where the seaward facing slope of the dune covered with
real vegetation (Sporobolus Virginicus ) was subjected to attacking waves. They fo-
cused on the development of the beach profile and dune scarp retreat in time. The
maturity and plant density were varied. A vegetated dune resulted in an erosion
reduction of 33% and a 30% lower dune scarp retreat rate compared to a nonvege-
tated dune. This research also suggests that plant age has a significant impact on
erosion rate. In comparison to the previously stated research, Bryant et al. [2019]
tested the erosion-reducing potential of below-ground biomass and aboveground
biomass, both in isolation and in combination to quantify the dominant mechanisms
contributed by vegetation structure to dune response. Wooden dowels represented
the aboveground vegetation and coconut husk fibers the belowground vegetation.
Overall, the results showed that vegetation biomass, regardless of form, reduces the
degree of erosion sustained during collision and overwash. When comparing the
isolated biomass, the isolated belowground biomass provided much more dune re-
silience than the isolated aboveground biomass. However, as compared to the bare
control dune, the combination of above and belowground biomass resulted in the
least amount of dune material loss.

Real dune vegetation was used in the wave flume experiments of Martinez et al.
[2016], Silva et al. [2016] and Mendoza et al. [2017]. In the setup, they varied with
profile (berm/no berm), wave conditions (mild/moderate/intense) and plant den-
sities (none/low/medium/high). The trials revealed that vegetation reduces the
amount of eroded dune and the speed of dune scarp retreat. Regardless of the wave
conditions or the morphology of the beach-dune profile, the study found that veg-
etated dunes eroded less than dunes without vegetation. The volume eroded had
no direct link with the density of plant cover. Figlus et al. [2017] conducted wave
flume experiments with wave bursts imposed on the dune. Four different types of
vegetation were considered with varying above- and belowground biomass and dif-
ferent root size distributions. In addition, the plant maturity was tested. The main
goal of this research was to explore which aspects of vegetation and which physical
processes are linked to larger erosion resistance. The research showed that both the
aboveground and belowground portions of vegetation are relevant in dune protec-
tive capabilities and wave-induced erosion resistance. In the swash zone flow, the
aboveground plant structure is the key factor linked to erosion reduction. A larger
plant surface area resulted in a decreased turbulent kinetic energy. Furthermore,
fine roots are key determinants of erosion reduction, likely making dune systems
less prone to slumping and collapsing by an increase in shear strength. Odériz
et al. [2020] conducted wave flume experiments targeting to impose swash, colli-
sion, and overwash conditions. Different densities of real vegetation were used. It
has been observed that when vegetation was at forwarding positions on the dune,
it decreased run-up and increased reflected energy. Energy was transferred to low-
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frequency bands. Vegetation has shown to reduce the eroded volume on the ex-
posed dune face. This study also suggests that dune vegetation can dissipate waves
and provide protection during the initial swash and collision stages of a storm.

Recently, Feagin [2021] conducted a large-scale lab experiment to identify the role
of vegetation during wave impact. Contrary to the above-mentioned studies, they
found evidence that a vegetated dune with above- and belowground biomass erodes
more quickly and results in a much larger scarp than the dune without vegeta-
tion. Two dunes of 70 meters and 4.5 meters tall were constructed. Vegetation was
planted on one profile for almost 6 months while leaving the other bare. They were
hit with nearshore waves up to 1.5 m in height. The profile geometries, sedimentary
properties, and hydrodynamics were all constructed in the same way. Vegetation
was initially retarded and attenuated wave runup. However, it was also found that
the vegetated dune resulted in larger reflected energy and larger moisture levels in
the soil of the dune earlier in time. The observations can be explained by water
hitting the vegetation, being stopped, retarded, and attenuated to go further behind
the vegetation. The reflected water goes down the stems and the roots, resulting in
saturation in front of vegetation. The pressure at the top of the soil is higher than at
the bottom, resulting in collapsing of the dune. This starts with micro slope features.
Because of these failures, the slopes get steeper, resulting in even more reflection
and scour. For a dune without vegetation, water runs further up the dune, going
up and down without interruption. This results in a more dispersed and partially
saturated dune and so a smaller erosion rate.

2.4.3 Vegetation Factor

For a first indication of the potential effect of vegetation on dune erosion volumes,
a Vegetation Factor (VF) is calculated for the collision regime based on existing data
obtained by wave flume experiments and case studies. This factor differs from the
Factor of Safety (FoS) defined in the study of Feagin et al. [2019]. In their study, the
FoS was defined as erosion without vegetation divided by erosion with vegetation.

The Vegetation Factor [-] is defined as follows: the amount of erosion in the ex-
periment with vegetation divided by the the amount of erosion for the experiment
without vegetation:

VF =
erosion with vegetation

erosion without vegetation

Appendix B contains the evaluated experiments and its main conditions for calcu-
lating the vegetation factor. The average VF during the collision regime and swash
flow on the dune is 0.62 and the average VF for direct wave impact is 0.65. A VF of
0.65 means an erosion reduction of 35% for a vegetated dune. Histograms of the cal-
culated vegetation factors are given in Figure 2.13 and 2.14. High outliers for the
vegetation factor (below 0.5) are attributed to cases with above- and belowground
vegetation and a high plant cover (Martinez-Cordova). For the available data, one
trial showed a small increase of vegetation in the presence of vegetation (Silva, 2016)
and therefore a VF > 1.

It must be noted that the conditions and available data differ and that more data
was available for wave impact compared to the wave runup. Furthermore, the Veg-
etation Factor cannot be calculated for several studies due to a lack of data.
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Figure 2.13: Histogram of calculated vegetation factors (runup). Frequency is the amount of
studies with the certain vegetation factor found in literature.

Figure 2.14: Histogram of calculated vegetation factors (wave impact). Frequency is the num-
ber of studies with the corresponding vegetation factor found in the literature.
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2.5 previous (numerical) modeling of vegetation
impact

For the evaluation of dune erosion during storm conditions, different methods are
used. The goal of this research is to use a numerical model to investigate the impacts
of vegetation on dune rehabilitation projects. Therefore, the previous (numerical)
modeling of vegetation impact is examined in this section. There are two sorts of
models described. The wave impact technique comes first, followed by the process-
based model. For both types, the implementation of vegetation effects is discussed.

wave impact model The wave impact model is an analytical method. The
eroded volume of a dune face can be calculated using the wave impact model. The
force from waves impacting the dune is considered to be proportional to the weight
of eroded material. Therefore, dune erosion volume is a function of the incident
hydrodynamic wave momentum (Fisher et al. [1987]). An analytical solution has
the advantage of simplifying the governing physical principles. Furthermore, it is
useful if there is only a limited amount of data available.

With regard to vegetation, Ajedegba et al. [2019] developed an analytical wave
impact model with the implementation of the contribution of vegetation roots to
dune erosion volume reduction during the collision regime. The analytical solution
included a resistance coefficient derived from direct field measurements of dune
shear strength and root density at South Padre Island, Texas, USA. The analytical
formulation with an additional resistance coefficient is shown in equation 2.1. The
added resistance coefficient is the ratio of in-situ shear strength of bare dunes (τb) to
the shear strength of vegetated dunes (τr). A range of values was proposed for this
parameter, based on the assessment of different vegetation species: 0.2 - 0.8. This
resistance coefficient equals the Vegetation Factor from section 2.4.3 and suggests
0.2-0.8 smaller erosion volumes for vegetated dunes in the tested area. The findings
of this study lead to a method for quantifying the advantages of vegetation in ero-
sion control. This was validated by comparing the results with field measurements.

∆VEr = 4Cs
τb
τr
(Ru − z)2 t

T
(2.1)

In equation 2.1, ∆VEr is the eroded volume, Cs is a function of Ce, which in turn is
an empirical coefficient related to wave height and speed. Ru is the run-up height
which can be calculated with different empirical formulas, z is the dune toe eleva-
tion, t is the duration of the storm, and T is the wave period. For more confidence
in this approach, more validation by field testing and data collection is needed.
Generally, the added shear stress due to roots can be predicted well by the root
diameter. Root tensile strength decreases with increasing root diameter which has
been shown by several studies in the past (Operstein and Frydman [2000]; Bischetti
et al. [2005]). An abundant smaller diameter and a finer root system can be more
beneficial than a single taproot root system.

process based model Process-based models like XBeach, Delft3D, MIKE21,
and CSHORE compute the geomorphological feedbacks between storms. Com-
pared to the analytical solution described above, they are computationally expen-
sive, and demand high-resolution digital elevation and nearshore bathymetry data.
This data is frequently missing or has low temporal precision, making these models
challenging to use.

Due to the various processes, vegetation implementations, and the increased use
of this model in dune design projects, the process-based model XBeach is employed
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in this study.

Several studies (e.g. de Vet et al. [2015]; Passeri et al. [2018]) have proven the
functioning of applying different bed friction coefficients at vegetated sections in
XBeach. They obtained good results by incorporating initial roughness maps based
on land cover classification maps to prescribe spatially varying Manning roughness
values. In addition, van der Lugt et al. [2019] created a dynamic roughness module
that changes the bed friction coefficient because of burying and erosion in vegetated
regions. During the erosion process, vegetation can uproot. This could result in a
reduction of bed roughness, thereby increasing near-bed velocities and erosion rates.
Vice versa, if a vegetated dune gets buried in sediment, the vegetation height de-
creases, reducing roughness. This approach is validated for two cases van der Lugt
et al. [2019], where the predicted erosion and deposition volumes and dune-crest
lowering were well predicted. The dissipation of energy induced by vegetation is
incorporated into the vegetation module. By using this module, short waves, long
waves, and mean flow are affected (van Rooijen et al. [2015]; van Rooijen et al.
[2016]). This implementation was tested using lab experiments with submerged
model kelp vegetation carried out by Kansy (1999). The above-mentioned vegeta-
tion implementations are validated for overwash conditions. Little attention is paid
to modeling the effect of dune vegetation during collision conditions, especially the
effect of belowground vegetation. Recently, the studies of Schweiger and Schuet-
trumpf [2021b] and Schweiger and Schuettrumpf [2021a] focused on the effect of
belowground vegetation on dune erosion by implementing a novel root model. This
root model relates the increased cohesion provided by roots to the critical velocity
which is needed to pick up sediment.

2.6 summary
This chapter covers the theory that is required to comprehend this study. It includes
information about the coastal zone, hydrodynamics, and sediment movement dur-
ing storms, as well as the influence of storms on dunes.

The mechanisms affecting dune vegetation during collision regime storm condi-
tions are described. The main processes taking place can be categorized into hydro-
dynamic interaction and soil stabilization. Aboveground vegetation mainly results
in hydrodynamic interaction, affecting the load on the dune. Belowground vege-
tation stabilizes the soil, which affects the resistance of the dune. Both vegetation
components have been shown to affect erosion volumes and erosion rates during
the collision regime. The majority of the existing research found that erosion vol-
ume has decreased in the presence of vegetation.

The collision regime can be divided into swash flow and direct wave impact. Dur-
ing swash flow, both the aboveground portions and belowground portions appear
to be important. The interaction of the aboveground portions with hydrodynamics
could result in a higher roughness, the attenuation of swash, a reduction in energy,
a lower runup, and affecting reflection. Belowground portions change the physical
properties of the dunes and alter the composition of sediment, aggregating the soil,
and resulting in smaller sediment mobility. During wave impact, mainly slumping
and avalanching cause dune erosion. The relevance of belowground vegetation is
expected to increase during this process. This is attributable to the fact that roots
may be able to survive collapse while still being rooted. Belowground portions
change the physical properties of the dunes and alter the composition of sediment,
aggregating the soil, resulting in more cohesion, larger shear strength, and subse-
quently higher critical angles.
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The analytical wave impact model and the numerical model XBeach both seek ways
to include vegetation as a factor in determining dune erosion volumes. However,
they have not been validated for collision cases or in a large number of situations.
Therefore, the approaches with vegetation are not used in dune design projects yet.
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3 M E T H O D PA R T I

3.1 introduction
This chapter explains the methods used to reach the main objective of Part I of
this thesis: simulate the potential impact of dune vegetation during collision storm
regime conditions in the numerical model XBeach. This includes the collection, se-
lection, and review of data, the tools used in this research, the steps followed, and
the reasoning behind it. The background of the data and tools used are critical for
evaluating the reliability and validity of this research.

Section 3.2 contains a description of the two experiments that were utilized. Section
3.3 describes information about the numerical model XBeach. A detailed discus-
sion of four vegetation approaches is given. These vegetation approaches are being
tested to determine if they can properly represent potential vegetation effects. The
XBeach setup, calibration processes, and approach for the sensitivity analysis are
also covered in this section. In section 3.4, the evaluation methods for the simula-
tions are discussed. A summary of the steps followed is given in 3.5.

3.2 selected experiments
To examine the ability of XBeach to simulate the effect of vegetation during the
collision regime, data from two small-scale physical model wave flume studies are
used: Bryant et al. [2019] and Mendoza et al. [2017]. The choice for both experiments
is the data availability (Bryant [2021];Oderiz [2022]). In addition, Bryant et al. [2019]
isolated different components of vegetation in his experiment. This enabled the
quantification of the different components and therefore the different associated
processes. Both laboratory studies used a scaled-beach dune system. From now on,
these experiments will be referred to as the Bryant experiment and the Mendoza
experiment.

3.2.1 Selected cases

The experiments of Bryant and Mendoza differ in setup and within the experiments,
various boundary conditions were imposed. In this research, three boundary con-
ditions are chosen to examine: called the Deep Collision (DC) test of Bryant, the
first Shallow Collision condition (SC1) of Bryant, and the medium storm condition
test with high vegetation density cover of Mendoza. These tests were chosen since
for these three cases, the collision regime was observed. Furthermore, a large dif-
ference in erosion volume between cases with and without vegetation was noted.
Figure 3.1 illustrates the cases selected. The same terminology that was used in
previous studies will be employed in this research. In summary: two main exper-
iments (Bryant and Mendoza) are used in this study. This includes in total three
different hydrodynamic conditions. Two hydrodynamic conditions belong to the
Bryant experiment (DC and SC1) and one to the Mendoza experiment (AS2). First,
the cases without (3 in total) vegetation are calibrated. These settings are used as
a basis to calibrate the vegetation cases (7 in total). The hydrodynamic conditions

24
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Figure 3.1: Illustration and names of experiments and cases used. In total 10 cases were con-
sidered. Control = no vegetation, A = aboveground vegetation, B = belowground
vegetation, AB = above- and belowground vegetation

imposed are summarized in Table 3.1 and the results in terms of eroded volume
and reduction are summarized in Figure 3.2. The DC case of Bryant has the largest
absolute erosion volumes in both vegetated and not vegetated cases. It shows also
the largest relative erosion reduction in presence of vegetation.

Table 3.1: Hydrodynamic conditions assessed experiments

SWL
[cm]

Hm0
[cm]

Tp [s] No. of
bursts

Duration
of wave
burst [s]

Bryant DC 5 4.3 3.69 3 1200

Bryant SC1 0 7.4 3.69 3 1200

Mendoza AS2 5 10 1.56 1 900

Figure 3.2: Results erosion volumes assessed experiments. Left the Bryant cases and right
the Mendoza case.

3.2.2 Description Bryant experiment (DC and SC1 cases)

A short description of the Bryant experiment regarding the implementation of veg-
etation and relevant results are outlined. It is of great importance to know how
vegetation is implemented in the experiments because different parts of vegetation
affect different processes and the way vegetation is implemented could have impli-
cations for the outcomes and interpretation. In Appendix D a detailed description
of the physical wave flume experiment is given.
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The goal of this physical experiment was to quantify the engineering services dune
vegetation provides in reducing erosion of dunes during scaled storm conditions by
applying four different vegetation covers: no vegetation (control), aboveground (A),
belowground (B), and above- and belowground together (AB). An illustration of the
vegetation covers is displayed in Figure 3.3. The maximum erosion reduction was
achieved by above and belowground vegetation, followed by isolated belowground
vegetation, and lastly isolated aboveground vegetation.

Figure 3.3: Illustration vegetation covers and dune profile Bryant experiment. The dunes
without vegetation (also called control)

hydrodynamic interaction (a) In this experiment, isolated aboveground vege-
tation (A) was represented by an array of wooden dowels on the cross-shore section
of 1 < x < 2 meter. The wooden dowels were based on dune vegetation samples
with a diameter of 3.175 millimeters and a target density of 158 stems/m2. The
dowels were 15.25 centimeters incorporated into the surface and extend 15.25 cen-
timeters above the surface. The dowels have been put down in a staggered grid
with a spacing of 8 centimeters.

The A vegetation cover resulted in a reduction of eroded volume between 20-52 %,
depending on the hydrodynamic conditions (Table 3.2). The upper picture in Figure
3.4 shows the incorporation of the wooden dowels in the physical experiment.

soil stabilization (b) Natural coconut husk fibers were used to imitate below-
ground vegetation on the 1.15 < x < 2 meter cross-shore section. The belowground
mass density was calculated using measured belowground biomass from 12 differ-
ent dune plant species (Feagin et al. [2019]). 300 grams of coir with 0.126 m3 of dry
sand were mixed, resulting in a laboratory belowground biomass density of 2380

m3. This was mixed with sand from the dune using a mixer.
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Figure 3.4: Above: wooden dowels Below: Sediment binding with coir fibers. Source: Bryant
et al. [2019]

The B vegetation cover resulted in a large erosion reduction: varying between 47-57

%, depending on conditions (Table 3.2). Furthermore, the switch to the overwash
regime was prevented. The lower picture in Figure 3.4 shows the sediment binding
with coir fibers.

hydrodynamic interaction and soil stabilization (ab) Both wooden dow-
els and coconut husk fiber were applied for the representation of both above and
belowground vegetation.

The AB vegetation cover resulted in the largest erosion reduction: varying between
53-66%, depending on conditions (Table 3.2).

Table 3.2: Erosion volumes and reduction in erosion Bryant experiments

Control A B AB

Bryant DC Erosion volume [m3/m] 0.0321 0.0151 0.0137 0.0108

Deviation erosion [%] X -52 -57 -66

Bryant SC1 Erosion volume [m3/m] 0.0092 0.0073 0.0048 0.0043

Deviation erosion [%] X -20 -47 -53

3.2.3 Description Mendoza experiment (AS2 case)

A brief summary of the Mendoza experiment with reference to the application of
vegetation is provided, as well as important outcomes. The main focus of the Men-
doza experiment was whether vegetation alters the response of beach–dune systems
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to storm-induced waves. 14 trials were conducted, which varied in hydrodynamic
conditions and vegetation covers. The hydrodynamic condition with medium storm
intensity which resulted in collision regime storm conditions and the highest veg-
etation cover is considered. The application of vegetation and the key findings of
this case are described below.

hydrodynamic interaction and soil stabilization (ab) In the experiment
of Mendoza, real Ipomoea pes-caprae was used. These are creeping, dune-forming
plants that are found in tropical and subtropical areas all over the world. They are
typically the first to populate coastlines. Individual plants from the coast at the
Veracruz field station were used to replicate the plants. Once the plants had grown
robust enough to make the journey, they were taken to the laboratory. Vegetation
was placed from the dune toe till the section where the slope turns horizontal on the
lee side. The applied rooting depth was 10-20 centimeters and the plant height was
10 centimeters or lower. For the case considered, a plant density of 18 branches/m2

was used. To set this parameter as close as possible, the surface of the dune was
divided into 15 cm squares and the plants were distributed randomly in the squares
until the desired coverage was reached. Figure 3.5 shows a picture of the dune with
vegetation.

For the considered trial, the presence of plant cover resulted in a reduction of ero-
sion volume of 46% (Table 3.3). The major morphological consequence of dune
vegetation was to slow down erosion time. No direct relationship between the den-
sity of vegetation cover and the volume eroded was obtained.

Figure 3.5: Ipomoea pes-caprae in Mendoza experiment. Source: Mendoza et al. [2017]

Table 3.3: Erosion volumes and reduction in erosion Mendoza experiment

Control A B AB

Mendoza
AS2

Erosion volume [m3/m] 0.0069 X X 0.0037

Deviation erosion [%] X X X -46

3.3 numerical modelling
In Part I, the numerical model XBeach is being used to simulate the potential im-
pact of dune vegetation during collision regime storm conditions. The choice for the
XBeach model in this research is first because XBeach is being used increasingly to
define the minimum profile a dune needs to fulfill the flood protection function in
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dune rehabilitation projects. Secondly, different vegetation approaches were identi-
fied which could potentially be used to represent dune vegetation effects (section
2.4). The vegetation approaches are outlined in the following section.

3.3.1 Vegetation approaches XBeach

A general description of the XBeach model is given in Appendix C. In this subsec-
tion, the four vegetation approaches assessed in this research are further outlined.

• Roughness approach

• Vegetation module

• Root model

• Avalanching module

The link between the main processes, the description of the module and the ap-
proach in XBeach is summarized in Table 3.4.

Table 3.4: Identified vegetation approaches XBeach

Main Process Description Approach XBeach

Hydrodynamic in-
teraction

Reduction flow velocity Roughness approach (Constant)

Reduction flow velocity + Ef-
fect erosion/sedimentation in
time

Roughness approach (Dynamic)

Short wave energy dissipation Vegetation module (Short waves)
Attenuation long waves Vegetation module (Mean flow &

Long waves)

Soil stabilization Increase in critical velocity
and sediment pickup

Root model (Constant)

Increase in critical velocity
and sediment pickup +Ef-
fect erosion/sedimentation in
time

Root model (Dynamic)

Higher critical angle Avalanching module
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roughness approach Vegetation allows for a reduction in flow velocity. In
turn, sediment transport and so erosion is affected by changes in flow velocity. The
reduction of flow velocities due to vegetation is accounted for by the roughness
approach. The presence of vegetation could be incorporated into the description
of the bed friction coefficient (c f ). The bed friction coefficient can be defined using
different formulations (Chezy: Che, Manning: n) and affects the bed friction and
subsequently the bed shear stress (τb), which is associated with the mean flow and
long waves. By applying larger bed friction coefficients (n) at vegetated sections,
the spatial effect of vegetation on velocities is incorporated. This approach is called
the constant roughness approach.

τE
bx = c f ρuE

√
1.16u2

rms + (uE + vE)2 (3.1)

c f =

√
gn2

h
1

12
(3.2)

In addition to the constant roughness approach, van der Lugt et al. [2019] created
a dynamic roughness module that changes the bed friction coefficient because of
burying and erosion in vegetated regions. During the erosion process, vegetation
can uproot. This could result in a reduction of bed roughness, thereby increasing
near-bed velocities and erosion rates. Vice versa, if a vegetated dune gets buried in
sediment, the vegetation height decreases, reducing roughness. In formulation 3.3,
n0 is the initial Manning roughness for vegetation, nsand the Manning roughness
for bare sand, ∆z(t) the cumulative erosion/deposition. Two extra parameters have
to be defined: the critical erosion depth (droot) and the critical deposition depth
(dstem).

n(t) =


nsand + (n0 − nsand) · min

(
max

(
0, dstem+∆z(t)

dstem

)
, 1
)

, −dstem ≤ ∆z(t) < 0

nsand + (n0 − nsand) · min
(

max
(

0, droot+∆z(t)
droot

)
, 1
)

, ∆z(t) ≥ 0

(3.3)

Table 3.5: Basic overview roughness approach

Constant Dynamic

Parameters n n, droot, dstem

Typical application Vegetation presence

Validation dune vegetation Mostly used for over-
wash regime

Validated for overwash
regime

vegetation module The dissipation of energy induced by vegetation is incor-
porated into the vegetation module. By using this module, short waves, long waves
and mean flow are affected. First, the implementation of short wave dissipation in
XBeach is explained, hereafter the effect on the mean flow.

The short-wave dissipation in presence of vegetation in XBeach is incorporated with
a specific algorithm van Rooijen et al. [2016], which quantifies the dissipation caused
by vegetation into the wave dissipation term, using the approach of Mendez and
Losada [2004], modified by Suzuki et al. [2012]. The dissipation is calculated as
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a function of the local wave height and several vegetation parameters. This wave
dissipation term (Dv) is added to the short wave energy balance (Appendix C).
Equation 3.4 is without the implementation of vegetation layers (nv) since this is
most desirable for modeling mangrove species.

Dv =
1

2
√

π
ρCDbN

(
kg
2σ

)3
(sinh3kαh − sinh3kαh) + 3(sinhk − sinhkαh))

3kcosh3kh
H3

rms (3.4)

b is the vegetation stem diameter, N is the vegetation density and α is the relative
vegetation height (a/h), where a is the vegetation height and h the water depth. CD
is a bulk drag coefficient (van Rooijen et al. [2016]) that includes all phenomena
contributing to the drag: pressure differences, skin friction, plant swaying, attenua-
tion of orbital motion and interaction between individual waves in dense vegetation
fields. This implementation is tested using lab experiments with submerged model
kelp vegetation carried out by Kansy (1999).

The presence of vegetation within the area of wave propagation or wave break-
ing may not only result in short wave dissipation but also damping of infragravity
waves and/or mean flow. The onshore-directed plant-induced force acting on the
column in presence of vegetation is formulated with a Morison type equation in
XBeach (Dalrymple et al. [1984]). The plant swaying motion and inertial forces
are neglected and this drag force is directly added to the momentum equations
(Appendix C). To take into account the velocity due to mean flow and infragravity
waves, the Eulerian velocity (uE) is used.
Along with the short wave dissipation by vegetation, this formulation is tested us-
ing lab experiments with submerged model kelp vegetation carries out by Kansy
(1999).

Fveg(t) =
∫ α,h

α,h

1
2

ρCDbvNuL(t)|uL(t)|dz (3.5)

Table 3.6: Basic overview vegetation module

Short waves Long waves and/or mean
flow

Parameters Cd, b, N, a, n

Typical application Aquatic vegetation (vegetation with presence of waves,
mangrove forests, kelp vegetation, salt marshes, etc.)

Validation dune vegeta-
tion

Not yet validated. Approach is used by
Fernandez-Montblanc (2020) to assess effect of dune

vegetation on erosion and flooding. This model seems to
overestimate the reduction of the erosion induced by

vegetation

root model Schweiger and Schuettrumpf [2021a] has included the influence of
belowground (land-based) biomass on decreasing dune erosion volumes into the
XBeach code. They extended XBeach’s code with a root model based on the widely
used slope stability analysis developed by Wu et al. [2011]. The main concept is to
raise the critical velocity (ucr) for erosion attributed to higher root cohesion provided
by belowground biomass until cumulative erosion exceeds a user-defined constant
rooting depth (zroot). The critical velocity is raised as long as the cumulative erosion
is less than the rooting depth. The belowground biomass and its effect are removed
when the cumulative erosion exceeds the rooting depth. All roots break fully and
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simultaneously and hence the tensile strength of all roots is mobilized at the same
time when a shear failure occurs. The critical velocity is calculated with equation
3.6. This critical velocity defines the equilibrium sediment concentration, which is
used as an input in the advection-diffusion equation, controlling sediment transport
(Appendix C.

ucr,total = ucr + rcc(t) ∗
√

1
ρ
∗ Cr︸ ︷︷ ︸

ucr,root = additional critical velocity due to root cohesion

< ∆zb(t) < 0 (3.6)

The additional root cohesion (Cr) is represented as follows, where tr is the root
tensile strength [kN/m2] and RAR is the root area ratio defined as the fraction of
soil cross-sectional area occupied by roots per unit area (De Baets et al., 2007).

Cr = 1.2 ∗ RAR ∗ tr (3.7)

1 ρ * Cr (root cohesion) is normalized by 1 to be able to calibrate the model only by
varying the root cohesion coefficient (rcc). Consequently, a rcc of 1 is equal to an
increase of ucr by ucr,root = 1 m/s. Figure 3.6 shows the proposed relation between
vegetation characteristics and the rcc value in the root model.

Figure 3.6: Relationship between vegetation characteristics and the rcc value in the root
model

The value of rcc is steered by either the constant mode or the dynamic mode. The
constant mode has a constant higher uCr due to the extra ucr,root in the region where
roots are applied. The dynamic mode results in a lower ucr,root when erosion occurs.
The differences are given in equation 3.8.

rcc(t) =


rcc0 constant

0 + min
(

max
(

zroot+∆zb(t)
zroot

, 0
)

, 1
)
· rcc0, dynamic

(3.8)

The additional root cohesion predicted by the Wu-Model should be seen as a proxy
for an increased erosion resistance of the topsoil due to the presence of roots, namely
the root model does not account for any biological, chemical, or physical processes
that are inherent to plant roots. The root model validation presented by Schweiger
and Schuettrumpf [2021b], only applies to the collision regime at small-scale due to
the non-occurrence of dune overwash in all simulations.

Table 3.7: Basic overview root model

Constant Dynamic

Parameters rcc rcc, zroot

Typical application Belowground biomass presence

Validation dune veg-
etation

Validation collision regime small scale
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avalanching As mentioned in the literature review, the maximum steepness of
a dune might be affected by vegetation. The avalanching algorithm in XBeach ac-
counts for the critical angle.

The sediment supply from the dune is simulated with a relatively simple tool in
XBeach: an avalanche algorithm (van Thiel de Vries et al. [2008]). Figure 3.7 il-
lustrates how this method works. The avalanche algorithm considers a wet and a
dry zone, determined by a user-specified water depth (hswitch). For these zones, a
critical wet slope (φ,crwet = wetslp) and a critical dry slope ( φ,crdry= dryslp) should
be defined. The critical wet slope to critical dry slope transition occurs at a user-
specified water depth. When a critical slope is surpassed, material is exchanged
between neighboring cells in the volume needed to return the slope to the critical
slope. Equation 3.9 shows the implementation in XBeach.

∆zb(t) =



min

((
δzb
δx − ϕcr,wet/dry

)
∆x, vav,max∆t

)
,

δzb
δx > 0

max

(
−
(

δzb
δx − ϕcr,wet/dry

)
∆x, −vav,max∆t

)
,

δzb
δx < 0

(3.9)

Between the fat gray dashed-dotted and fat gray dashed line the bed level points
are unstable (Figure 3.7). This means that the observed critical slope is higher than
the defined critical slope (φ > φ cr,wet). In the avalanching zone, there are three
bed level points. The most seaward point avalanches first. Hereafter point two and
hereafter point three (most far away from the sea). The black dashed line is the
profile after avalanching. The new bed is not always stable, as can be observed.
More avalanches may occur in the subsequent time step. For example, the first dry
point steepens in this case, and might become unstable in the next time step (φ >
φ cr,dry). The critical wet slope is usually smaller than the critical dry slope because
wet sand slides easier than dry sand.

Bottom update due to avalanching has been limited to a maximum avalanching
transport rate to avoid the formation of significant shockwaves owing to rapid
changes in bed level (dzmax). This value could also be specified (Van Thiel de
Vries, 2009). It is important to note that the transition between wet and dry cells is
not fixed at one specific bed level point, but is dependent on the sediment transport
capacity of nearshore hydrodynamics and the hswitch.

Table 3.8: Basic overview avalanching module

Standard

Parameters wetslp (φ cr,wet), dryslp (φ cr,dry), hswitch, dzmax

Typical application Standard implementation in XBeach model. Default set-
tings for the wet and dry slope parameters in XBeach are
based on field observations of post-storm dune slopes.
It is greater than the angle of natural repose and can
be interpreted as an average slope after dune erosion,
with some areas having vertical slopes and others hav-
ing slumped even more.

Validation dune vegeta-
tion

Not specific used for the representation of vegetation
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Figure 3.7: Illustration of the avalanching algorithm in XBeach. The solid line is the bed at
t=start. The dashed black line is the bed when avalanching has taken place. The
Black dashed-dotted line is the water surface. Vertical gray dotted, dashed and
dashed-dotted lines are computational bed level points. Source: van Thiel de
Vries et al. [2008]

3.3.2 XBeach basic model setup

Two different XBeach models were setup. The setup in XBeach for both experiment
is discussed. The essential parameters are provided in Table 3.9.

Table 3.9: Essential parameters setup XBeach Bryant and Mendoza

Parameter Description Bryant Mendoza

nx/ny 1D grid 487/2 1109/2

∆xmax /∆xmin max/min cell size 1m/0.05m 0.25m/0.0008m
dtheta wave bin size 180 degrees 180 degrees
zs0 constant water level 0 m (SC1)/0.05 m

(DC)
0.05 m

rhos water density 1000 kg/m3
1000 kg/m3

front/back seaward and coast boundary
condition

wall/abs 1d abs 1 d/abs 1d

left/right lateral boundary condition wall/wall wall/wall
form sediment transport formula-

tion
vanthiel vanrijn vanthiel vanrijn

depthscale depthscale of labtest sim-
ulation, affects eps, hmin,
hswitch and dzmax

15 20

wavemodel timescale to resolve waves surfbeat surfbeat
wbctype wave boundary condition

type
parametric: jon-
swap with TMA =
1, gammsjp =3.3

parametric: jon-
swap with TMA =
1, gammsjp =3.3

morfac morphological acceleration
factor

1 1

D50 0.00015 m 0.00015 m 0.000142 m

bryant Schweiger and Schuettrumpf [2021b] built an XBeach set-up for the Bryant
belowground experiment (B) in order to enhance the XBeach model’s ability to fore-
cast dune erosion in the presence of belowground biomass under various hydro-
dynamic circumstances. In the present research, the same setup is used (Figure
3.8). The model is one dimensional with a small grid size of 0.05 at the location
of the waterline and a grid size of 1 meter more offshore (∆xmin /∆xmax = 0.05/1).
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No morphological acceleration was applied to accelerate the simulation (morfac
= 1). The default settings of XBeach were designed for prototyping scale. Since
the physical experiment of Bryant was conducted at 1:15, the parameter depthscale
has been adjusted to 15. This scales the model parameters eps, hmin, hswitch and
dzmax related to sediment transport and morphodynamic processes (Brandenburg
[2010]. A 1D absorbing weakly reflecting condition was applied on the back and a
wall condition on the front, since the wavemaker could not absorb reflected waves
(front/back = wall/abs 1d). The lateral boundaries were set to walls (left/right = wall).

The water level was set to 0 m reference height (0.3 m above the flat testing area) for
the shallow collision conditions (SC1) and 0.05 m for the deep collision conditions
(DC) over the entire length of the model including the section behind the dune
(tideloc = 0). Because both were not included in the physical model setup, active
reflection compensation (ARC = 0) and the formation of bound long waves (order =
1) was prevented. Waves have been simulated with irregular waves type JONSWAP.
The conditions are summarized in Table 3.1.

Figure 3.8: XBeach model set-up Bryant experiments. Data for profile evolution is available
for 0 < x < 2 m. Source: Schweiger and Schuettrumpf [2021a]

mendoza Also for the Mendoza experiment, a one-dimensional XBeach model
was set up. The grid size was set to nx = 1109 cells with a variable mesh (∆xmin
/∆xmax = 0.0.0008/0.25). Furthermore, a Manning roughness was applied with
a value of 0.03 throughout the cross-section. The physical experiment of Men-
doza was conducted at a 1:20 scale, so the parameter depthscale was adjusted to 20.
This scales the model parameters eps, hmin, hswitch and dzmax related to sediment
transport and morphodynamic processes (Brandenburg [2010]). Different from the
Bryant setup, 1D absorbing weakly reflective conditions are imposed on both on-
and offshore boundaries (front/back = abs 1d). A dynamic wave absorption sys-
tem was installed on the wave generator, absorbing reflected waves.

The water level was set to 0.05 m, with as reference height the flat stretch at the
back of the dune. The generation of bound long waves was restricted (order =
1). The lateral boundaries and the onshore boundary as walls (left/right = walls).
Waves have been simulated with irregular waves type JONSWAP. 3.1 provides the
hydrodynamic conditions imposed.

3.3.3 Procedure calibration and validation cases without and with vegetation

For both experiments, the cases without vegetation and with vegetation are cali-
brated. First, the procedure for the calibration of the nonvegetated dunes is outlined.
The calibration strategy for the vegetated dunes is provided after that.

cases without vegetation The Bryant experiment is hydrodynamically and
morphodynamically calibrated. The Mendoza experiment was not hydrodynami-
cally calibrated, since this data was inaccessible. However, because this experiment
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is used as verification for the findings of the Bryant experiments, it is presumed that
the absence of hydrodynamic calibration has no impact on the verification.

To hydrodynamically calibrate the Bryant model, the following approach is used:
the simulations were conducted with the morphology switched off. The sea swell
and infragravity waves from the raw wave data were split using generating a spec-
trum (Appendix F). The obtained high-frequency wave heights (Hrms,h f ) from this
data processing were compared with the time-averaged spatial output Hmean from
the XBeach simulation. Hmean (simulated) represents the Hrms,h f (measured) aver-
aged over time interval. The hydrodynamic calibration is performed by systemat-
ically changing gammax (maximum ratio wave height to water depth), alpha (wave
dissipation coefficient in roelvink formulation) , n (power in roelvink dissipation
model), delta (fraction of wave height to add to water depth) and gamma (breaker
parameter in Baldock or Roelvink formulation).
Regarding the morphodynamic calibration of the control cases without vegetation,
the adjustment of dryslp (critical avalanching slope above water), facua (calibration
factor time-averaged flows due to wave skewness and asymmetry), and bermslope
(swash zone slope for (semi-) reflective beaches) has been applied.

cases with vegetation The measured cases with vegetation are used to test
the potential and performance of the four different vegetation approaches to rep-
resent the effect of vegetation in XBeach. In turn, these vegetation approaches are
calibrated. The roughness and vegetation modules are tested to represent the above-
ground vegetation and the associated hydrodynamic changing processes. The root
model and the avalanching module account for soil stabilization and thus the below-
ground effect of vegetation. For the calibration of the vegetated cases, all possible
combinations are illustrated in Figure 3.9.

Figure 3.9: Overview combinations possible for calibration vegetation cases Bryant and Men-
doza physical experiments
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3.3.4 Procedure sensitivity analysis vegetation parameters

The approach for the sensitivity analysis and choice of parameters is presented. An
overview of the parameters, standard settings in XBeach, common values for dune
vegetation, values obtained from Bryant and Mendoza experiments, the range for
the sensitivity analysis, and optional reference for parameter sensitivity are given
in Figure 3.10.

Figure 3.10: List of parameters and range tested, common values for dune vegetation, values
used in the physical experiments of Bryant and Mendoza

roughness In this analysis, values between 0.004 and 2 are tested. Average
values of Mannings roughness coefficient based on CORINE land cover data for
scrub and/or herbaceous vegetation associations lies between 0.04 and 0.06, while
a bare dune often has a value of 0.02 (Papaioannou et al. [2018]). The stem height
(dstem) of dune vegetation assessed by Feagin et al. [2019] was between 0.09 and 0.77

meter. The analysed dstem varied between 0.05 and 1 meter. No specific values for
rooting depth were found for dune vegetation. The rooting depth (droot) for the
dynamic approach is varied between 0.05 and 5. To test the sensitivity, reference
values were used:n = 0.08, dstem = 0.1525 and droot = 0.12.

vegetation module The vegetation module has the most variables and it is
important to consider realistic combinations of the density (N) and the vegetation
diameter (b). A large variation in dune vegetation densities (stems/m2) is reported
(5-20000 stems/m2) (Mendoza et al. [2017];Feagin et al. [2019];Fernández-Montblanc
et al. [2020]). To test the sensitivity, a range of 1.58 - 1580 was applied. Dune
vegetation diameters found in literature vary between 0.002 meter and 0.007 meter
(Fernández-Montblanc et al. [2020]; Feagin et al. [2019]). A range of 0.002 and 0.3
is applied to test sensitivity. The vegetation height (a) is similar to the dstem in
the dynamic roughness approach. Unfortunately, no values for dune vegetation
were found in the literature for the drag coefficient (CD). CD is varied between 0.5
and 3. 3 is the largest recommended value in XBeach. To assess the sensitivity, the
following values are used as reference N = 158 stems/m2, a = 0.1525 m, b = 0.0003175

m and CD = 1.
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root model The effect of the cohesion coefficient rcc on the sediment transport
and subsequent profile is assessed with values between 0.05 and 5. This is based on
equation 3.7, which describes the cohesion due to roots. The root area ratio (RAR)
and tensile strength (tr) are plant-specific. Critical velocities provided by roots are
between 0-5 m/s for characteristics of dune vegetation, according to calculations of
Schweiger and Schuettrumpf [2021a].

avalanching The avalanching module has four variables: wetslp, dryslp, dzmax
and hswitch. wetslp and dryslp are varied between 0.2 and 2, dzmax and hswitch
between 0.01 and 1. The default values for the wet and dry slope limits in XBeach
are based on typical post-storm dune slopes observed in the field (Roelvink et al.
[2009]). It is greater than the angle of natural repose and must be viewed as an
average slope following dune erosion, with some areas having vertical slopes and
others having slumped even more. For reference, table 3.10 show the critical values
in XBeach and the corresponding slope in degrees.

Table 3.10: Critical slopes in XBeach and the relation to degrees

critical slope XBeach [-] 0.2 0.5 1 1.5 2

angle [°] 11.3 26 45 56 63

3.4 evaluation method
The evaluation of the simulation of the physical experiments within XBeach has
been performed by different parameters, summarized in Figure E.1. The hydrody-
namic evaluation of Bryant is performed for the two hydrodynamic conditions (DC
and SC1) apart, by evaluating the Mean Error (ME) and a qualitative evaluation.
The assessment of the hydrodynamic conditions apart from each other deviates
from the study of Schweiger and Schuettrumpf [2021b], who tried to find one pa-
rameter which fitted all hydrodynamic conditions. The morphodynamic calibration
for both experiments is done by evaluating the reduction erosion volume, the Brier
Skill Score (BSS), and the Root Mean Square Error (RMSE). For the explanation and
the formulations of these parameters is referred to Appendix E.

Table 3.11: Evaluation parameters

Evaluation Parameter Description Ranges

Hydrodynamic ME Mean Error 0: perfect prediction
Morphodynamic RMSE Root Mean Squared Error low value: good perfor-

mance
Morphodynamic BSS Brier Skill Score bad (< 0), poor (0–0.3),

fair (0.3–0.6), good
(0.6–0.8) (van Rijn et
al., 2003)

Morphodynamic X Erosion volume X

3.5 summary steps
This chapter covers the methods that are used for Part I of this study. Different
steps are followed to answer the question whether the numerical model XBeach is
capable of reproducing the effects of vegetation during the collision regime. These
are visualized in Figure 3.11. First the physical wave flume experiments of Bryant
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and Mendoza, outlined in section 3.2, without vegetation are calibrated in the nu-
merical XBeach model. On the Bryant calibrated cases without vegetation, four
different vegetation approaches, discussed in section 3.3.1, are applied to test the
performance and sensitivity of the approaches. The potential of these vegetation
approaches to represent vegetation during collision regime storm conditions will
be evaluated. Following that, the best matching settings in terms of eroded volume
and profile evolution are applied by means of the evaluation parameters discussed
in section 3.4. The best performing approaches are then applied on the vegetated
Mendoza experiments for calibration and verification of the findings. Finally, a pa-
rameter sensitivity analysis is conducted. The approach and choices within this
analysis are explained in 3.3.4.

Figure 3.11: Overview steps followed part I
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4.1 introduction
This chapter presents the results of the present performance of XBeach to simulate
erosion of vegetated dunes during collision regime storm conditions. Four vege-
tation approaches were evaluated to see if they could adequately represent dune
vegetation processes and impacts.

In section 4.2 the results of calibration and validation without vegetation are given
for both Bryant and Mendoza experiments. The results of the XBeach calibration
and validation for the cases including vegetation are presented in section 4.3. Sec-
tion 4.4 provides a sensitivity analysis for the different vegetation approaches. All
sections end with a short overview of the results. An overall summary of this chap-
ter is given in section 4.5.

4.2 calibration and validation cases without veg-
etation

A good calibration for the not vegetated cases allows for a good starting point
regarding the assessment of the vegetation approaches. The final settings after hy-
drodynamically and morphologically calibrating the models are shown in Table 4.1.
For information about the differences between the different cases (DC/SC1/AS2N)
is referred to section 3.2.1 and Appendix D.

An overview of the final settings applied is given in Table 4.1.

Table 4.1: Calibration Bryant cases (DC and SC1) and Mendoza case (AS2) without vegeta-
tion

Parameter Default Value Bryant
DC

Value Bryant
SC1

Value Mendoza
AS2

taper 100 0 0 default
n 10 default default default
alpha 1 default default default
gamma 0.55 default default default
delta 0 default 1 default
dryslp 1 0.2* default 1.2
wetslp 0.3 default default default
swrunup 0 default default default
form 1 default default default
facua 0.1 0.35 0.35 0.35

bermslope 0.1 0.2 0.2 0.2
bermslopefac 15 20 20 20

turb on default default default

* to account for non-simulated runup and possible other processes which moisten the
sediment at the duneface

40



4.2 calibration and validation cases without vegetation 41

4.2.1 Bryant

The calibrated and validated profile of the DC case show a good matching dune
profile (BSS = 0.84) and a difference in reduction in eroded volume of only 3%
percentage point (Figure 4.2). The final calibrated SC1 profile show a good matching
dune profile (BSS =0.8) and a negligible underestimation of relative eroded volume
(-1%) (Figure 4.3).

hydrodynamic calibration The hydrodynamic calibration has been conducted
by changing the taper parameter to 0 for both cases. This resulted in the smallest
Mean Error for the DC experiment. In the SC1 experiment, the delta was reduced to
0 in addition to the taper adjustment. Figure 4.1 shows the comparison of measured
and simulated Hrms,h f (sea-swell waves) for both cases. The fit is assumed to be
good for this study. Especially the low wave height at the left of the wave flume
has been simulated well. When the waves break, the accuracy becomes smaller.
The model is sensitive for the moment of breaking of the wave. In general, good
confidence in the model performance regarding hydrodynamics is obtained.

Figure 4.1: Hydrodynamic calibration Bryant DC (above) and SC1 (below) with the mea-
sured and simulated high-frequency wave height (sea-swell waves).

morphodynamic calibration The profile change for the DC control experi-
ment were simulated accurately by changing the parameters bermslope and facua
and dryslp. Without this calibration, an underestimation of the final dune profile
is observed (Figure 4.2). The overestimation of erosion might be caused by errors
in the swash zone sediment motion modeling. This has been shown in other re-
search as well (Berard et al. [2017] and Van Dongeren et al. [2009]). The parameters
bermslope and facua were adjusted to account for two processes: berm growth and
sediment transport onshore due to wave asymmetry. The bermslope module affects
the sediment transport, berm growth, and profile slope. Complex nearshore pro-
cesses are taken into account in a sediment transport correction calculation in this
way. This module pushes the profile to a particular slope (van Dam [2019]). If the
slope is smaller than the recommended slope, a strong local onshore transport of
sediment will be provided. The parameter facua determines the effect of the wave-
form on the sediment transport, which is also important in the nearshore. facua has
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a wide range of values in literature and is frequently used to account for phenom-
ena other than waveform. Examples include inaccuracies in other inputs such as
high offshore water levels, wave heights, or bed roughness (Splinter and Palmsten
[2012]).

Regarding the DC case, initially, no overwash was observed (Figure 4.2). An ex-
planation for the underestimation of erosion and subsequent overwash could be
the occurrence of the continuous undermining of the dune face in conjunction with
deeper water resulting in alteration of pore pressure between sand grains. Palmsten
and Holman [2011b] showed that this mechanism could affect dune survival. On
top of that, inflow could make the boundary layer thinner, increasing shear stresses
and so more erosion (Nielsen, 2008). Ultimately, a dryslope of 0.2 gave good re-
sults. This is around the value of wetslope. The influence of the wetted sand by the
(not-simulated, but occurring) run-up and the subsequent avalanching process were
incorporated by this adjustment. What exactly resulted in the missing overwash is
unknown. It should be emphasized that in situations when waves directly impact a
dune, the hydrodynamic and sediment transport conditions in the swash zone are
highly complicated.

For the morphodynamic calibration of SC1, the same parameters were adjusted
(facua, bermslope), resulting in a BSS of 0.79. The default value for the dry slope
is preserved. This can be explained by the lower water level, resulting in no con-
tinuous undermining of the dune face and thus no indication of other processes
affecting the erosion.

Figure 4.2: Profiles of Bryant DC simulation without morphodynamic calibration (left) and
with morphodynamic calibration (right)
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Figure 4.3: Profiles of Bryant SC1 simulation without morphodynamic calibration (left) and
with morphodynamic calibration (right)

4.2.2 Mendoza

The Mendoza experiment is calibrated without vegetation to test and verify the
Bryant case findings on a different experiment. The facua and bermslope parameters
have been changed in the same way as the Bryant calibration. The final profile re-
sults in a similar simulated erosion as measured (0.0068 m2 measured and 0.0069

m2 simulated). The prediction of the model is less accurate than the initial profile.
The AS2N control profile with morphodynamic calibration, on the other hand, is
more comparable to the observed final profile than the initial.

Without calibration, erosion starts low at the dune and dune face. This is differ-
ent from the experiment since in the experiment, the erosion is only at the top of
the dune, and sediment is deposited at the dune toe and berm. The not-calibrated
profile evolution of the Mendoza experiment coincides with the not-calibrated pro-
files of the Bryant experiments. The adjustment of facua and bermslope also results in
better simulations regarding the eroded volume and the profile. No further changes
in the setting have been applied. An extra uncertainty factor for this case is the miss-
ing of a hydrodynamic calibration.

Figure 4.4: Profiles of Mendoza AS2N simulation without morphodynamic calibration (left)
and with morphodynamic calibration (right)



4.3 calibration and validation cases with vegetation 44

4.2.3 Overview results cases without vegetation

The calibration of the control cases resulted in DC in a small overestimation. For
the SC1 and AS2H in a small underestimation.

Table 4.2: Overview results simulation without vegetation

Case Simulation
eroded vol-
ume [m3/m]

Measured
eroded vol-
ume [m3/m]

Difference
simulation
and measure-
ment [%]

BSS RMSE

DC Control 0.0330 0.0321 +3 0.84 0.013

SC1 Control 0.0085 0.0092 -8 0.80 0.024

AS2 Control 0.0068 0.0069 -1 -0.56 0.054

4.3 calibration and validation cases with vege-
tation

The findings of the calibration of the experiments with vegetation are presented in
this section. The goal was to match the dune profiles and erosion volumes. This was
done while considering the various processes that could occur in the experiments.
The results presented include tables with final parameters and graphs with profile
evolution and eroded volumes.

The choice of values for parameters and the combination of different vegetation
approaches are explained in Appendix G and the final settings of the calibration
parameters are listed in Table 4.3.

Table 4.3: Calibration Bryant cases (DC and SC1) and Mendoza case (AS2) with vegetation.
In bold the changed parameters to account for vegetation.

dryslp wetslp rcc
Default 1 0.3 X

DC Control 0.2* 0.3 X
SC1 Control 1 0.3 X
AS2 Control 1.2** 0.3 X

DC A 0.5 0.3 X
SC1 A 1 0.4 X

DC B 0.5 0.3 0.05
SC1 B 1 0.5 0.05

DC AB 0.5 0.3 0.18
SC1 AB 1 0.5 0.08
AS2 AB 1.2 0.4 0.35

* to account for non-simulated runup and possible other processes which moisten the
sediment at the duneface

** to account for initial steep slope

4.3.1 Bryant

hydrodynamic interaction - aboveground vegetation The predicted final
profile (black dotted line) for the DC and SC1 condition is compared to the observed
final profiles with vegetation (green line) in Figure 4.5. For the aboveground DC
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case, adjusting the dryslope to a higher value results in a well predicted profile and
eroded volume. This is reflected by the BSS of 0.71 and the comparison of relative
erosion volume reduction: the simulation with these setting lowers the erosion vol-
ume with 52% , where the measurements showed a reduction of 53%. The relative
erosion reduction is slightly underestimated with 1 p.p. The simulated bed level at
the water level is slightly lower than measured.

Applying a wetslp of 0.4 for the SC1 case does result in good outcomes: a BSS
of 0.66 is achieved and a relative reduction of 20%, which equals the reduction in
the measurements.

(a) A DC (b) A SC1

Figure 4.5: Profiles of Bryant DC (left) and SC1 (right) simulation with aboveground vegeta-
tion

soil stabilization - belowground vegetation Adjusting the critical dry
slope to a higher value (from 0.2 to 0.5) and using the constant root model with
a rcc of 0.05, results in a well-predicted profile (BSS = 0.83) and eroded volume
(54% reduction to control simulation, where the measurements showed a lowering
of 57%) for the DC case. As shown on the left side of Figure 4.6, the absolute erosion
of the simulation is larger. This is caused by the initial overestimation of the control
simulation.
Applying a higher critical wet slope to the SC1 case results in erosion reduction and
applying the root model with an increasing value of rcc results in erosion reduction.
The combined values of wetslp = 0.5 and rcc = 0.05 results in the relative erosion
reduction of 46 % compared to 47%. As a result, the relative eroded volume is un-
derestimated by one percentage point.

hydrodynamic interaction and soil stabilization - above and below-
ground vegetation Adjusting the critical wet slope and using the root model
with the settings provided in Table 4.3 result in a good simulation for the DC case
(BSS = 0.81). Also the reduction in eroded volume is both 66%.
Regarding the SC1 case, the profile is in medium agreement (BSS = 0.58). However,
the erosion reduction is the same as measured: 53%.
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(a) DC (b) SC1

Figure 4.6: Profiles of Bryant DC (left) and SC1 (right) simulation with belowground vegeta-
tion

(a) DC (b) SC1

Figure 4.7: Profiles of Bryant DC (left) and SC1 (right) simulation with above and below-
ground vegetation

4.3.2 Mendoza experiment

hydrodynamic interaction and soil stabilization - above and below-
ground vegetation The wetslp was increased to 0.4 for the Mendoza experi-
ment. A higher critical wet slope (e.g. 0.5) resulted in fact in a better reduction
in erosion volume. However, then the simulated slope would be excessively steep,
and the primary principle for the critical slope value change would be incorrect.
Therefore, it was chosen to apply a wetslp of 0.4 and add the root model with a rcc
of 0.35. This resulted in an erosion reduction of 46% which is also the same relative
reduction as in the experiments for this case. The BSS, on the other hand, is low,
which may be explained by the initial calibration mismatch for the situation with-
out vegetation. (Figure 4.4). The simulated behavior (erosion volume and profile)
with the calibration of vegetation, is consistent with the observed behavior in the
measurements: A smaller dune erosion volume from the dune face, a similar slope
in front of the dune, and a slightly smaller deposition at the beach.
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Figure 4.8: Profile of Mendoza AS2H with above and belowground vegetation

4.3.3 Overview results cases with vegetation

Table 4.4 shows an overview of the simulated reduction in eroded volume and the
measured reduction eroded volume. The BSS and RMSE are also presented.

Table 4.4: Overview results simulations with vegetation

Vegetation Simulation
reduction
eroded vol-
ume [%]

Measured
reduction
eroded vol-
ume [%]

Difference
reduction sim-
ulation and
measurement
[p.p.]

BSS RMSE

DC A 51 53 -2 0.79 0.015105

DC B 54 57 -3 0.83 0.0093555

DC AB 66 66 0 0.81 0.007595

SC1 A 20 21 -1 0.66 0.015386

SC1 B 48 46 +2 0.63 0.01 656

SC1 AB 53 53 0 0.58 0.57607

AS2 AB 46 46 0 0.11 0.047779

4.4 sensitivity and performance vegetation ap-
proaches

A sensitivity analysis was carried out to acquire a better understanding of the per-
formance of the various vegetation approaches. The procedure and the range of
values applied are summarized in Figure 3.10. These values are applied on the cali-
brated control setup of Bryant DC and SC1 (both settings provided in Table 3.9 and
4.1). Regarding the Mendoza case, only the good performing vegetation approaches
were assessed. The parameter sensitivity on dune erosion for every vegetation ap-
proach is displayed in box plots. It must be noted that the x axis values are not to
scale. When the sensitivity analysis revealed a high sensitivity, the profile evolution
is also provided and analysed.
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4.4.1 Hydrodynamic interaction

The roughness approach and the vegetation module are considered to represent the
impact of aboveground vegetation during storm conditions.

roughness approach The effect of vegetation on the velocity is accounted for
using the roughness approach, where the Manning coefficient (n) is set to a higher
value. A larger Manning coefficient aims to reduce the flow velocity and the sedi-
ment transport provided by the roughness of vegetation. The effect of the Manning
coefficient showed to have a negligible effect on the simulation, independent of
whether the constant or dynamic approach was applied or a larger applied width
in the cross-section. In addition, the range of parameters used did not change the
simulation outcome.

vegetation module The vegetation module lowers the short waves, long waves,
and mean flow, and so results in a decrease in sediment transport. This module is
slightly sensitive for changes in drag coefficient (CD), demonstrated in Figure 4.9.
A larger CD results in a slightly smaller erosion volume, with a maximum of 4% for
the SC1 case. The effect of the vegetation module is negligible for the DC case.

Figure 4.9: Sensitivity drag coefficient (CD) parameter vegetation module for Bryant DC and
SC1 case. A higher Cd results in a reduction in erosion volume. Note: the y axes
are different.

Both Bryant cases are mildly sensitive for changes in density (N), vegetation di-
ameter (bv), and vegetation height relative to the bed (a). The sensitivity has been
depicted for the SC1 case in Figure 4.10.
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Figure 4.10: Sensitivity vegetation density (N), vegetation diameter (b) and vegetation height
(a) parameters in the vegetation module for Bryant SC1 case. A higher N, b and
a result in slightly less erosion.

In Figure 4.11 the bed profile change (zb0 − zbend), orbital flow velocity (urms),
depth averaged flow velocity (ue) and sediment concentration (cctot) for different
simulations are illustrated. The blue line is the simulation with the settings of the
simulation for the calibrated DC control. The green line includes the vegetation
module with the reference values obtained from the Bryant experiment (N = 158

stems / m2, a= 0.1525 m, b= 0.003175 m, CD = 1). The first column shows the out-
comes for t=1200 s, the second column for t=2400 s and the third column for t=3600

s. The vegetation approach has a direct impact on urms and ue, as depicted by the
graphs in rows 2 and 3. At the location of start of vegetation (x=1 for green line and
x=0 for yellow line), there is directly a reduction in the near-bed short-wave orbital
velocity. (urms) and the eulerian velociyy (ue) seen, which results in a lower sediment
concentration (cctot). This impacts indirectly the amount of sediment transport, and
so the eroded volume.
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Figure 4.11: Vegetation module impacts the velocities, sediment concentration, and bed pro-
file evolution. A wider vegetation width enhances this effect.

4.4.2 Soil stabilization (B)

The root model and the adjustment of the critical slope in the avalanching module
are considered to represent the impact of belowground vegetation during storm
conditions. Both the root model and adjustment of the avalanching module affect
the simulation, which is further discussed in the following paragraphs.

root model The root model, which is a proxy for the effect of extra cohesion of
vegetation and so ensures a larger velocity is needed for sediment transport, results
in a reduction of erosion. The range of relative erosion reduction for the SC1 case
is larger than the relative erosion reduction for the DC case. The erosion reduction
for the SC1 case is between 0 - 32% and for the DC case between 0 - 7%. This is for
a maximum root cohesion coefficient of 5 that has been assessed. However, for both
cases, a maximum is reached for root cohesion values (rcc) above approximately
0.25. Figure 4.12 illustrates this.

In Figure 4.13, the effects of the values of the constant root approach and the applied
width are further analyzed. The blue line represents the control case without the
root model, and the green line the case with the application of the root model (rcc
= 0.5). The root model directly impacts the sediment concentration (cctot). For the
green line, there is no sediment concentration at the start of the vegetation section
(from x=1.15 m), compared to the simulation without the root model (blue line).
Consequently, this results in slightly less erosion at the top of the dune in compari-
son with the control. The use of a larger width does not result in significant changes
in the sediment concentration. This is illustrated in Figure 4.13. When you zoom
in on one of the lower plots, the cctot is somewhat diminished. This is displayed in
the rightmost plot of Figure 4.13.
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Figure 4.12: Sensitivity root cohesion coefficient (rcc) parameter constant root model for
Bryant DC and SC1 case. A higher rcc results in a reduction in erosion vol-
ume to a certain extent. Note: the y axes are different

Figure 4.13: Root model impacts the sediment concentration and subsequently the velocities
and bed profile. A wider application of the vegetation width demonstrates an
insignificant effect (right zoom in the plot)
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Applying the dynamic root model with a rcc of 0.1 and varying rooting depth
(zroot) between 0.01 and 5 on the calibrated DC and SC1 control cases affects the
erosion volumes. The erosion reduction effect reached a maximum for a zroot of
approximately 0.5 meters (Figure 4.14). The effect of the rooting depth, and thus
the effect of sedimentation/erosion of the dune and subsequently the vegetation
effect can be analyzed by looking at the sediment concentration in Figure 4.15. The
sediment concentration for both simulations (yellow and green lines) is lower than it
would be without vegetation. The effect of vegetation remains constant throughout
the simulation of the dynamic root model with a zroot of 5. The influence of roots
does not vanish since the value of zroot is large. However, the second (t=2400 s)
and third (t=3600 s) cctot graphs show the effect of the dynamic root model. In
the first 1200 seconds the difference between the green and yellow line is small.
Subsequent erosion affects the performance of the root model. This is visible in the
bend in the second and third cctot graphs. For the small rooting depth (green), the
effect vanishes due to erosion. The sediment concentration increases and so more
sediment could be eroded. The profile differences are illustrated in the zoom-in
graph on the right (Figure 4.15).

Figure 4.14: Sensitivity rooting depth parameter dynamic root model for Bryant DC and SC1

case. A higher zroot results in a reduction in erosion volume. Note: the y axes
are different
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Figure 4.15: Dynamic root model takes into account deposition and erosion of the dune. The
erosion of the dune in the dynamic root model. When erosion depth rooting
depth (zroot), the effect of the root model decreases (yellow line).

avalanching The avalanching module shows to have a relatively large effect on
the magnitude of erosion of the dune and the profile evolution. It is the last step
before bed update takes place, and accounts for the sediment transport when a cer-
tain critical angle is reached.

In general, a larger critical wet slope results in smaller erosion volumes and a larger
occurring slope. Taking a look at Figure 4.16 and 4.21 on the left, a clear distinction
can be made in the final profile and eroded volume between the two groups for the
DC simulation. The first group includes the profiles with wetslp values between 0.3
and 0.8 and the second group includes values above 0.9. Group II has the largest
critical wet slopes and shows an inclination between 1m < x < 1.2m at the location
of transition between wet and dry cells. Group I has a smaller wetslp compared to
group II, resulting in a smooth profile without a bend. This can be explained by the
combination of values for the critical wet and dry slope.

Varying the critical wet slope for the SC1 case (Figure 4.16 and 4.21 on the right) re-
sult in a more natural profile and a smaller sensitivity for different values of wetslp.
This behaviour is similar for the profiles of Mendoza, illustrated in Figure 4.17.
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Figure 4.16: Profiles for different critical wet slope values in the avalanching module for
Bryant DC case (left) and SC1 case (right). DC control has a constant dryslp of
0.2 which results in unnatural looking profiles. SC1 control has a constant dryslp
of 1

Figure 4.17: Profiles for different critical wet slope values in the avalanching module for
Mendoza AS2N case. A constant dryslp of 1.2 was applied.



4.4 sensitivity and performance vegetation approaches 55

Figure 4.18: Sensitivity critical wet slope in the avalanching module for Bryant DC (left) and
SC1 (right) case. A higher wetslp results in lower absolute erosion volumes. For
the DC case, a jump can be observed between a wetslp of 0.9 and 1. A higher
wetslp in the SC1 case results in a gradual erosion reduction. Note: the y-axes
are different.
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A decrease of critical dry slope results in a faster dune erosion rate, more dune
erosion, and a smaller final slope from 1.3 < x < 1.6 and a lower top for the DC
case. Considering the sensitivity of the dryslp for the SC1 case, a low dryslp of 0.2
results in a fast avalanching of the dune. Small differences are shown for values
between 0.4 and 2. The Mendoza case is slightly more sensitive to different values
of the critical dry slope compared to the SC1 case, as indicated in Figure 4.20.

Figure 4.19: Profiles for different critical dry slope values in the avalanching module for
Bryant DC case (left) and SC1 case (right). Both cases have a constant wetslp of
0.3

Figure 4.20: Profile for different critical dry slope values in the avalanching module for Men-
doza AS2N. A constant dryslp of 1.2 was applied
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Figure 4.21: Sensitivity critical dry slope in the avalanching module for Bryant DC (left) and
SC1 (right) case. The sensitivity pattern is similar. A higher dryslp results in a
smaller absolute erosion volume. Note: the y axes are different
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A larger hswitch, results in the DC case in more erosion. In the Bryant SC1 exper-
iment and the Mendoza experiment, a larger hswitch results in less avalanching as
displayed in Figure 4.22. The dune in the Mendoza experiment is the most sensitive
for a different hswitch.

Figure 4.22: Profiles for different hswitch values in the avalanching module for Bryant DC
case (left) and SC1 case (right).

Figure 4.23: Profile for different hswitch values in the avalanching module for Mendoza
AS2N.
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4.4.3 Overview sensitivity analysis

An overview of the sensitivity analysis is given in Table 4.5.

Table 4.5: Main findings sensitivity analysis

Main process Vegetation ap-
proach

Main findings parame-
ters

Differences cases

Hydrodynamic
interaction (A)

Roughness Negligible effect both
constant and dynamic
mode and not sensitive

X

Vegetation mod-
ule

Medium level of sensi-
tive for Cd, N and bv

Similar sensitivity pat-
terns, different relative
erosion reducing effect
[%]

Soil stabilization
(B)

Root model Sensitive for value of rcc
and zroot

Similar sensitivity pat-
terns, different relative
erosion reducing effect
[%]

Avalanching Sensitive for values of
wetslp, dryslp and hswitch

Similar sensitivity pat-
terns, different relative
erosion reducing effect
[%]

4.5 summary
The cases with and without vegetation were simulated well in terms of reduction in
eroded volume and profile evolution (BSS).

Regarding the vegetated cases, an increase of the critical slope in the avalanching
module and the root model were applied. The roughness approach (both constant
and dynamic) had an insignificant effect on the simulations and could therefore
not be used as a representation of vegetation during the collision regime in the as-
sessed cases. The vegetation module resulted in a small erosion reduction, but did
not align with the erosion reduction measured in the experiments. Therefore, this
module was also not used in the calibration.

The avalanching module is sensitive to the adjustment of the critical dry slope
(dryslp), the critical wet (wetslp) slope, and the water at which is switched from wet-
slp to dryslp (hswitch). The constant root model is sensitive to the value of the root
cohesion coefficient (rcc) till a certain point. In the dynamic root model, changes
in zroot indicate differences in eroded volumes as well. The effect on the simula-
tion and the performance of the approaches has also been shown to depend on the
imposed hydrodynamic conditions and the initial setup of the model. This was
observed by the differences in relative erosion reduction for different cases.
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5.1 introduction
The results of Part I are interpreted and further discussed below. First, the XBeach
performance will be covered more in detail in section 5.2 , hereafter the sensitivity
of the vegetation approaches is being discussed more in-depth (section 5.3).

5.2 xbeach performance

5.2.1 Cases without vegetation (Control)

The results after the calibration for the cases with no vegetation (section 4.2) reveal
that:

1. The control Bryant cases were simulated well in terms of relative erosion vol-
ume reduction and profile development (BSS) by the adjustment of facua and
bermslope.

2. The Mendoza experiment was simulated well in terms of relative erosion vol-
ume, but the profiles scored low on the Brier Skill Score.

discussion finding 1 When calibrating a numerical model, it is important to
think about the effects of the calibrated parameters and applied modules. When
the calibration parameters are substantiated, simulations are more reliable. In the
considered cases, without setting the facua to a higher value and switching on the
bermslope module, all the simulations resulted in a large overestimation of ero-
sion. The parameter facua accounts for onshore sediment transport as a result of
wave asymmetry and the bermslope module is implemented to capture erosion
processes at the waterline. The dynamic swash processes are complex and are not
solved. In literature, the facua parameter is increased for different processes (El-
sayed and Oumeraci [2017]), which is also the case for these simulations, since the
exact process which causes the initial overestimation is uncertain. It is assumed
that in all the simulations, adjusting these parameters mainly affect the profile at
the region of the berm where no vegetation is present and not at the dune face itself.
As a result, it has no consequence for the erosion/sedimentation at the vegetation
location and therefore the evaluation of the vegetation approaches.

Regarding the initial overestimation of erosion in XBeach, there are a variety of
probable explanations which are further addressed in Chapter 9:

• Absence of short wave reflection in the surfbeat mode

• Overestimation near-bed turbulence and underestimation of the slope above
surge level, since XBeach default values are developed for larger scales (Bran-
denburg [2010]).

The absence of overwash in the DC case could be explained by an underestimation
of wave run-up in surfbeat mode where short waves are not solved explicitly. This
has been adressed in different studies (de Beer [2017]; Stockdon et al. [2014];Palm-
sten and Splinter [2016]). Attempts to induce overtopping/overwash and to reduce

60
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the dune retreat are done by applying the non-hydrostatic model (wavemodel=
nonh), turning on swrunup and turning turbulence off (Brandenburg [2010]. Even
though the model was already hydrodynamically calibrated, the hydrodynamic pa-
rameters were also adjusted (gammax, alpha, n, delta and gamma). These attempts did
not result in overtopping and overwash as aimed for.

It is worth noting that the erosion observed is larger than the sedimentation in the
Bryant experiments. One explanation for this could be the method used to deter-
mine the measured profiles. Following each wave burst, the bed level profiles of the
beach-dune model were averaged alongshore to yield single profiles as a function
of x. To eliminate edge effects along the flume walls, the alongshore profiles were
averaged in 0.5 cm bins over a width somewhat smaller than the flume, roughly 1.4
m. This averaging might provide some unusual profiles. Another possible explana-
tion is the use of a non-absorbing wave maker in the experiment. A reflection of
the waves at the wave maker could result in small onshore sediment transport. Be-
cause mass is preserved in numerical models, a numerical model cannot accurately
describe this without increasing the onshore sediment transport. In this research
this has been done by the application of a higher facua and the bermslope module.
However, during real storm conditions this is not likely to happen.

discussion finding 2 The profiles of the Mendoza experiment simulation pro-
files scored low on the Brier Skill Score. The prediction of the model is less accurate
than the initial profile. The AS2N control profile with morphodynamic calibration,
on the other hand, is more comparable to the observed final profile than the initial.
Zingerle and Nurmi [2008] called this phenomenon the Double Penalty Effect: A
high-resolution forecast of the same pattern as the observations but missing the ob-
servation area scores worse than a low-resolution forecast matching partly with the
observation area. Without calibration, erosion starts low at the dune and dune face.
This is different from the experiment since in the experiment, the erosion is only
at the top of the dune, and sediment is deposited at the dune toe and berm. As
a consequence, the Brier Skill Score cannot be used as the only evaluation method,
which was also pointed out by Murphy, A.H, Epstein [1988]. The parameter has
the restriction of not being able to characterize the direction of the migration of the
bed level. It merely determines if the modeled bed level (at time t) is closer to the
measured background level (at time t) than the starting bed level. If the modeled
bed level migrates in the wrong direction but only by a tiny amount, the BSS will
be higher than if the result is modeled in the right direction but substantially higher
than observed. To distinguish position errors from amplitude errors, a qualitative
evaluation is needed. Bosboom et al. [2014] and Bosboom et al. [2020] also found
that the BSS could report a relative ranking of predictions not matching the intu-
itive judgment of experts. In turn, they suggested how to adjust calibration and
validation procedures to be more in line with the judgment of morphology experts.

5.2.2 Cases with vegetation (A/B/AB)

The main findings regarding the simulation for the cases with vegetation are:

1. The vegetation approaches that mimic aboveground vegetation processes (rough-
ness approach and vegetation module) alone are not capable of simulating the
aboveground vegetation cases in terms of erosion reduction and BSS.

2. The vegetation approaches that mimic the belowground vegetation processes
(avalanching module and root model) together are capable of simulating the
vegetation cases in terms of erosion reduction and BSS.

• The combination of the avalanching module and root model resulted in
the best matches in terms of erosion reduction and BSS.
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• The best combination of critical slope in the avalanching module and the
root cohesion coefficient in the root model varies per situation.

discussion finding 1 Regarding point 1, it was found that the roughness ap-
proach and the vegetation module do not capture the reducing eroding effects that
occur in reality. This might be the outcome of an initially incorrect hydrodynamic
simulation in XBeach. When the hydrodynamics are simulated incorrectly in the
first place, the subsequent impacts of the roughness approach and vegetation mod-
ule on it cannot be accurately reproduced.

This finding also implies that these approaches, which influence flow velocities
and wave propagation, are not the source of erosion reduction in the aboveground
vegetation tests of Bryant. In turn, different processes are suggested to occur, which
are not captured by these approaches. An example could be the impact of vegeta-
tion on turbulence. Previous research observed for example that plant structures in
coastal wetlands can reduce erosion by impacting the turbulence (Nepf [1999]); Fea-
gin et al. [2011]). Another process is an increased wave reflection on the vegetation,
which could result in a lower run-up and subsequently lower sediment mobility
and erosion. However, because the porosity of vegetation allows wave motion to
pass through the voids, this effect is likely to be minor. This is especially the case in
the experiments of Bryant and Mendoza assessed as clearly can be seen in Figure
3.4 and 3.5.

In addition to the interpretation above, another possible clarification could be given
about finding 1. The erosion reducing effect of the imitation aboveground vege-
tation in the Bryant physical experiment (DC: 52% SC1: 20%) could not only be
attributed to the top part of the wooden dowels. A part of the reducing effect could
be caused by the dowels, which were incorporated for 0.1525 m into the dune. These
buried wooden dowels could push particles aside, compressing and holding sedi-
ment and so increase sediment stability. Bardgett et al. [2014] also proposed that
roots with a large diameter could increase sediment stability through this mecha-
nism. According to this viewpoint, the influence of aboveground vegetation in the
Bryant experiment may be smaller than previously reported.

Due to the limited quantity of information available regarding the specific physics
taking place in the wave flume experiments with vegetation, it is difficult to pinpoint
the specific cause of the erosion reduction and consequently, the minor erosion re-
ducing effect of the aboveground vegetation approaches in XBeach.

discussion finding 2 The positive findings obtained by applying a larger crit-
ical slope in the avalanching module and the root model highlight the relevance of
belowground vegetation for soil stabilization and erosion reduction. A larger oc-
curring slope in presence of vegetation coincides with observations in wave flume
experiment and in the field (Carter and Stone [1989]; Sigren et al. [2018], Armaroli
et al. [2013]). The erosion reducing effect of roots during concentrated flow and thus
sediment mobility (represented by the root model) has also been demonstrated by
several studies considering loamy soils. In addition, Vannoppen et al. [2017] as-
sessed the erosion reducing potential in sandy soils. This study revealed that when
soil cohesiveness and sand concentration increased, erosion rates decreased expo-
nentially.

The relationship between dune vegetation and the occurring critical angle of a dune
has not been established yet. The critical angle of sediment depends on the prop-
erties of the soil. Belowground vegetation influences different soil properties, such
as soil permeability, cohesion, organic matter, and aggregate stability (Vannoppen
et al. [2015]). Roots are therefore argued to affect the critical angle.
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Mainly the additional cohesion provided by roots is studied and related to the ero-
sion reducing effect. Root diameter, architecture, length, and depth are examples of
vegetation characteristics affecting soil cohesiveness, which in turn affects erosion
volumes (Vannoppen et al. [2015]). Vegetation characteristics vary per vegetation
type. The properties are proven to have a relationship with tensile strength and the
root area ratio, and they may be utilized to compute the additional cohesion given
by roots (De Baets et al. [2008] (equation 3.6 and 3.7) (equation 3.6 and 3.7).
The following vegetation properties have possibly a positive effect on cohesiveness
and subsequent the critical slope, and the erosion reduction. These character traits
are particularly prevalent in vegetation with fibrous roots.

• High root length density (total root length by soil volume)

• High root density (total roos mass by soil volume)

• High tensile strength

• High root area ratio (fraction of soil cross-sectional area occupied by roots per
unit area)

Looking specifically at the final simulated and measured profiles, the simulated
slope for the DC belowground cases of Bryant is steeper than the measured slope
around 1.25 < x < 1.4 (Figure 4.6). This could be explained as follows. Throughout
the simulation, the model retains the same critical angle, which helps to understand
this observation. In reality, erosion could result in the loss of sediment and the dis-
appearance of belowground vegetation. In reality, erosion may cause sediment loss
and the destruction of belowground vegetation. As a result, shear strength will be
reduced, and the critical slope is reduced. An explanation for the absence of this
behavior in the SC1 B case could be the smaller rate of erosion due to the smaller
water level. This eroding and so reducing shear strength effect is expected to arise
later in time.

For the vegetated DC cases, the critical dry slope in the avalanching module was
increased, while for the SC1 case and the Mendoza AS2H case the critical wet slope
was increased. This difference can be explained by the adjustment in settings for
the cases without vegetation. For the DC case without vegetation, the dryslope was
lowered. This was done to imitate the effects of a higher runup, and subsequently
a similar critical angle for the wet cells as for the dry cells. In this sense, a higher
dryslp is equivalent to a higher wetslp in the cases where the runup is simulated
well. Unfortunately, this adjustment changes the avalanching module during the
whole simulation. As a result, using the DC case to assess vegetation approaches is
less accurate and the outcomes are less reliable compared to the other two cases. It
also emphasizes the importance of a good initial calibration, when applying numer-
ical models to a new situation.

To reach the reduction in eroded volume and a reasonable Brier Skill Score which
evaluated the profile evolution after a storm, the critical slope in the avalanching
module was adjusted and the root model was applied. For both approaches, no
values to use were available. No relationship between the critical angle in presence
of dune vegetation is available, and since coir fibers were used to imitate vegetation,
no estimate could be made for the provided extra cohesion. Therefore, the critical
slope was increased to the maximum slope observed and the root model was only
applied as additional calibration. This was not based on vegetation characteristics.
The values for the root cohesion coefficient (rcc) and critical angle differ per case.
As a result the contribution of the root model also differed per case. A different
set of calibration settings could produce identical results. There has not been any
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additional investigation into this The choices of the combination of the values for
the SC1 case are given and explained in G.

For the cases with both above- and belowground vegetation, it was possible to add
the vegetation module to account for the aboveground effects. Although the erosion
reduction in these tests was probably caused by a combination of different processes,
there has been chosen to only apply the belowground vegetation approaches. The
reason for this is that the contribution of the different vegetation mechanisms to
erosion reduction in these tests is unknown. The addition of an extra module with
an uncertain parameter complicates the simulation. Only Bryant et al. [2019] has
investigated the isolated contribution of the above- and belowground vegetation.
However, for the case with both above and belowground vegetation, it remains
unknown to which percentage the vegetation components attribute to the erosion
reduction. Their study only demonstrated that the isolated belowground vegeta-
tion results in a larger erosion reducing effect compared to isolated aboveground
vegetation.

5.3 sensitivity vegetation approaches

5.3.1 Hydrodynamic altering

The sensitivity analysis for the representation of aboveground vegetation during
collision regime storm conditions shows that:

1. The constant and dynamic roughness approach has a negligible effect and is
insensitive to the assessed simulations.

2. Parameters in the vegetation module show a small sensitivity for different
values in the assessed simulations.

discussion finding 1 The negligible effect of the roughness approach on the
eroded volume coincides with findings of Schweiger and Schuettrumpf [2021b]
where this approach is applied to the Deltaflume test T04 in XBeach. Friction co-
efficients are better recognized for influencing hydrodynamics than for changing
morphodynamics. In addition, this approach was shown to be mainly effective
when overwash is present (Schambach et al. [2018]; Donnelly et al. [2009]). In the
overwash regime, erosion is caused by the flow over the dune. The negligible ef-
fect in the present cases could be explained by the small velocities on the vegetated
sections and the small width of vegetation on the dune.

discussion finding 2 The effect of the vegetation module is primarily deter-
mined by the value of the drag coefficient. This is as expected because this param-
eter is often used as a calibration parameter to minimize the difference between
model outcomes and measurements. The drag coefficient is difficult to determine
since it depends on biophysical characteristics and hydrodynamics. To the writer’s
knowledge, no specific values exist for dune vegetation. Data for the vegetation
parameters are often scarce and highly dependent on the location and vegetation
species. In addition, the vegetation properties can vary spatially. This makes it even
more difficult to apply this module.

The combination of the vegetation density and the vegetation diameter in the vege-
tation module can also largely affect the simulation. However, these parameters are
not intended to be changed, since they are based on physical properties obtained
from the considered experiment.
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5.3.2 Soil stabilization

The sensitivity analysis for the representation of belowground vegetation during
collision regime storm conditions shows that:

1. The root model shows a sensitivity for values of rcc and zroot in the constant
and dynamic model

2. The sensitivity of parameters in the avalanching module could be relatively
large.

discussion finding 1 Especially for small values of rcc, between 0.01 and 0.25,
the root model is very sensitive. For values above 0.25, the erosion reduction re-
mains constant for both assessed cases. This can be explained by the calculation of
the equilibrium concentration (Ceq). At a certain point, a larger critical velocity (as a
result of a larger rcc), results in a larger equilibrium sediment concentration (Equa-
tion C.3). However, the maximum allowed sediment concentration (default Cmax =
0.1 m3/m3) prevents the model for too large erosion values as given in Equation
C.4. For values above approximately 0.25, the Cmax is used instead of the calculated
concentration, resulting in no changes in erosion when increasing the rcc further.

The effect of the root model depends on the values applied and the initial applied
conditions. For the DC case, a root cohesion coefficient of 0.12 results for exam-
ple in a relative erosion reduction of 7% and for the SC1 case of 21%. This could
be explained by the higher runup and velocities simulated for the SC1 case. The
root model could have a larger impact when the runup and velocities are higher,
explaining the larger relative erosion reduction.

discussion finding 2 The avalanching module is very important in modeling
the sediment transport from the dune during collision regime storm conditions. The
sensitivity of the critical wet slope and the minimum water depth to consider cells
as wet/dry have been pointed out by previous studies (Berard et al. [2017]).

The combination of values for wetslp and dryslp is important for the profile evolu-
tion. A higher critical wet slope compared to critical dry slope results in unnatural-
looking profiles. This was observed for the sensitivity simulations of the SC1 case
of Bryant (Figure 4.16 on the left). In the case of a low dryslp value combined with
a high wetslp value, sediment could start to slump relatively early from the top of
the dune compared to the lower part of the dune. When the sediment rolls down,
it can abruptly hold a larger slope due to the larger value of wetslp at this location.
This appears to be unnatural because wet sediment is often thought to have a lower
critical slope than dry sediment. The transition between wet and dry cells can be
observed when the critical slope between wet cells and dry cells is large. A sharp
bend is simulated (left profiles shown in Figure 4.16 and 4.19).

It is also crucial to accurately simulate the water runup, because this, along with
the value of the hswitch, decides whether a cell in XBeach is considered dry or wet.

The Mendoza simulation is more sensitive than Bryant SC1 for a varying critical
dry slope. This can be attributed to the initial slope of the dry dune in the Mendoza
simulation, which is at the start of the simulation already very steep. The initial
dune settings are important to consider. When a dune is already very steep and the
critical slopes are set low, the dune starts to erode immediately.

Whether the erosion reduces or increases by changing the hswitch, depends on the
values chosen for the critical wet slope and critical dry slope. For the Bryant SC1

case a raise of the hswitch results in more avalanching, and for the Bryant DC and
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Mendoza AS2N case it results in less avalanching. This can be explained by the
combined values of the critical slopes. When the hswitch is raised to a higher value
in the DC case, more cells are considered as dry. The low dryslp result in more dune
avalanching. In the case of wetslp < dryslp (SC1 and Mendoza case), a larger hswitch
results in less avalanching, since a smaller amount of cells are considered as wet.



Part II

A P P L I C AT I O N O F X B E A C H TO C A S E S T U DY B E I R A



6 M E T H O D PA R T I I

6.1 introduction
This chapter explains the methods used to reach the main objective of Part II of this
thesis: investigating the potential of vegetation during collision regime storm condi-
tions on a large-scale dune using a case study. The consistency and sensitivity of the
belowground vegetation approaches (validated in Part I) using actual dimensions
and storm duration of Beira are examined. For this, it is important to acknowledge
and point out the differences between small wave flume experiments and prototype
dunes. More about this can be found in the discussion in Chapter 9.

A description of the selected case and study area is given in section 6.2 and in
section 6.3 the XBeach model configuration is provided. The evaluation procedure
for the consistency and the potential impact of vegetation in dune rehabilitation
projects is shortly described in section 6.4. A summary of the steps followed is
given in section 6.5.

For the following reasons, the potential effects of aboveground vegetation and sub-
sequently the aboveground vegetation approaches are not considered in this section:

1. The application of the roughness approach has shown to have a minor impact
on the velocities during the collision regime in the assessed cases (Part I).

2. The simulated profiles with the application of the vegetation module and veg-
etation settings based on the experiments did not correspond to the measured
profiles. The vegetation module had a minor impact on wave dissipation and
mean flow in the assessed cases. As a result, the feasibility of this approach
to represent dune vegetation could not be verified (Part I).

3. It is assumed that cyclones in Beira are relatively large and devastating. Hesp
and Martı́nez [2007] argued that the effect of aboveground vegetation could
be insignificant when dune erosion volumes are relatively large. When for
example a volumetric loss is greater than 40%, this may result in a devastat-
ing effect on the vegetation population. It is assumed that the belowground
vegetation (roots) withstand these storms.

6.2 selected case
The area of interest is Beira, Mozambique. Beira is located on Sofala Coast, next to
the Mozambique Channel of the Indian ocean (Figure 6.1). The coast is exposed to
storm surge risk due to cyclones. In addition, the city is vulnerable to sea-level rise,
floods from intensive rainfall events, and coastal erosion. In this area, the initiative
of a large Coastal Protection Project (CPP) is undertaken. This CPP aims to develop
a strategy to protect Beira against sea hazards, flooding, and other climate-related
disasters. The case of Beira was chosen as the study area since a dune rehabilitation
design has been proposed. Royal HaskoningDHV (RHDHV) and Witteveen+Bos
(WiBo) have provided data for this study.
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dune vegetation potential In the current dune design, implementation of
vegetation is recommended. One reason for this is that during Cyclone Idai in 2019,
there were no dune breaches in areas where vegetation was present. To confirm
the potential of implementing dune vegetation as protection measure in this area,
indicators of Conger and Chang [2019] are used. More information and an in-
depth analysis can be found in Appendix H. This analysis suggests that Beira has a
low vulnerability and a low protection. Based on this, it is recommended to focus
on for example vegetation regeneration. The relevance of dune vegetation is thus
highlighted.

Figure 6.1: Location of study area Beira in Mozambique. Adapted from: Cumbe et al. [2020].

6.2.1 Dune stretches study area

The study area is the East of Beira where dunes are present, as illustrated in Figure
6.2. Region 1 of this area has a shallow coast with beaches and dunes. This part
is not well developed and has subsistence farming in the hinterland, destined for
tourism. The coast is characterized by high dunes which serve as flood protection.
The dune ridge has a few weak points that could flood in the current situation
if water levels become too high. It is expected that during the next decades the
dunes in this area will erode due to changing conditions (increase storminess, sea-
level rise, increased tourism), resulting in a lowering of the top of the dunes, and
a higher flood vulnerability. In region 2 of this area, a dune ridge was historically
present along the entire coastline, vegetated with trees and low vegetation. The
dunes have degraded at some locations. In addition, hard coastal structures like
groynes and a sea wall is present.
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Figure 6.2: Considered area of case study in Beira. Adapted from: RHDHV and WiBo [2021]

boundary conditions Different nearshore coastal profiles were measured in
November 2020 and combined with LiDAR data and GEBCO data (Deltares [2021a]).
The boundary conditions differ per location and therefore the designed dune dimen-
sions and design conditions differ per location. The coast is wave-dominated and
the beaches in the considered study area are exposed to relatively high wave action
(compared to the rest of the coast). Most of the time nearshore significant wave
heights (Hs) are smaller than 1.5 meters and values of 2 meters are only rarely ex-
ceeded. During extreme conditions, such as cyclone events, the waves nearshore
may reach up to 3 to 3.5 meters. Waves approach relatively normal to the coast.
Table 6.1 gives the minimum and maximum dune dimensions based on the current
dune designs. The hydraulic conditions are also given (RHDHV and WiBo [2021]).
The protection/design level of these dunes is 1/50 per year for the 2070 scenario.
10 % is added to account for uncertainties in the provided wave conditions. The
50-year water level plus 2/3 of the difference between the RP500 and RP50 is the
design water level. This water level is typical practice for coastal safety estimates,
and it accounts for variables such as storm duration.

The dominant vegetation found is Sporobolus Virginicus, Canavalea Rosea, and
Ipomoea Pes-Caprae. These creepers are characterized by their high density of cov-
erage, especially in consolidated sand deposits near shore. Table 6.2 lists essential
vegetation traits (Feagin et al. [2019]; Fernández-Montblanc et al. [2020]).
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Figure 6.3: Pictures of three types of vegetation present in Beira

Table 6.1: Summary Beira boundary conditions (adapted from: RHDHV and WiBo [2021]):
1/50 year for 2070

Parameter Study area min./max. in Beira

Backslope dune [-] 1:3 1:3/1:3
Dune width at crest [m] 21 3/54

Foreslope dune [-] 1:3 1:3/1:3
Dune height [+m MSL] 6.5 3.5/8.5
Hs+10% [m] 2.7 0.5/3.4
T+10% [s] 12.9 11.3/13.7
Design water level [m +MSL] 3.9 3/4

Full storm duration [hr] 30 30/30

Table 6.2: Overview vegetation characteristics Beira (Feagin et al. [2019])

Parameter Sporobolus Vir-
ginicus

Canavalea
Rosae

Ipomoea Pes
Caprae

Height [m] 0.1 - 0.5 0.3 0.3 - 0.6
Width [m] 0.003 0.0025 0.005

Density [stems/m2] 200 - 800 200 - 400 200 - 400

Tensile strength [kN/m2] X X 6650 ± 2390

Root area ratio [%] 0.01 - 0.17 0.01 - 0.17 0.01 - 0.17
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6.3 numerical modelling
In Part I, the numerical model XBeach was used to simulate physical wave flume
experiments with the implementation of vegetation. In this part, XBeach is used
to test the consistency and sensitivity of the belowground vegetation approaches
on large spatial and temporal scale. In addition, the effect of different environmen-
tal conditions (storm duration, wave height and dune dimensions) is tested. The
belowground vegetation approaches were already explained in Chapter 3.

6.3.1 XBeach Beira model setup

For the modelling of the Beira coast, a 1D XBeach model was set up. The essential
XBeach model parameters and settings are given in Table 6.3. Royal HaskoningDHV
and Witteveen+Bos provided an initial model setup. Only slight changes to the di-
mensions of the dune profile were made, to assess the rehabilitated dune. The
number of grid cells in x and y direction are nx = 468 and ny = 0, respectively.
The minimum grid spacing ∆xmin = 1 at the waterline and the maximum grid spac-
ing ∆xmax = 20 more offshore. The default XBeach settings were used, with the
exception of the nuhfac, bedfric, left/ right, single dir, and thetamin. A constant
Manning coefficient of 0.02 for sandy sediment is applied and the bed composition
was considered constant in the computational domain. For the grain size, a D50 of
0.225 mm and a D90 of 0.338 mm are used.

Table 6.3: Essential XBeach model parameters and settings

Parameter Value Comment

nx/ny 468/0 1D
∆xmin/∆xmax 1/20 min. at waterline and max offshore
nuhfac 0 switch off viscosity switch for roller induced turbulent

horizontal viscosity; will become default in new XBeach
versions

bedfric manning standard bed friction n=0.02

left/right wall/wall used for 1D wave tank simulations
snells 1 used for 1D simulations; turn on snell’s law for wave

refraction
thetamin
thetamax
dtheta

-90/90/180 wave energy in one single bin

An illustration of the bathymetry and assessed dune dimensions are shown in Fig-
ure 6.4. The bathymetry extends for 2.5 kilometers until it reaches -10 m+MSL.
From there, the slope is 1:50 to a depth of -15m+MSL. This is a standard practise in
XBeach.

The hydraulic conditions imposed in the model are summarized in Table 6.1 under
the heading ’Study Area’. Only the peak of the design storm is enforced to assess
sensitivity of belowground vegetation approaches with different wave heights, dune
dimensions and storm duration. For this purpose, a stable spectrum is imposed at
the offshore boundary with a duration of 3600 seconds. For the evaluation of the
consistency and the application in a dune rehabilitation project, a whole storm of
30 hours is considered.
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Figure 6.4: XBeach model set-up Beira coast. The lower figure illustrates the parameters
varied to assess the sensitivity of the belowground vegetation approaches for
different dune dimensions.
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vegetation settings consistency and verification To evaluate the con-
sistency of the vegetation approaches on a large scale dune, values of ucr for the
vegetation present in Beira are calculated. This is done by using equation 3.7 and
equation 3.6. The root area ratio (RAR) and the tensile strength (tr) of the vegeta-
tion in Beira (from table 6.2) are used to calculate the potential cohesion provided
by vegetation. The larger the RAR and tr, the more erosion resistance is provided
by the roots. This results in a maximum additional critical velocity ucr,root of 2.71

m/s. To test the consistency of the root model on the Beira dune, values between
0.05 and 2.7 are applied for the rcc, from the toe of the dune to the back of the dune.
Regarding the critical wet slope, values between 0.5 and 2 are applied.

vegetation settings sensitivity environmental conditions There is no
systematic relationship between the critical slope and presence of vegetation, so the
wetslp of 0.5 obtained from the simulations of the Bryant SC1 experiment is applied.
A root cohesion coefficient (rcc) of 0.45 is applied.

Table 6.4: Belowground vegetation parameters and values

Vegetation approach Parameter Values consistency
and verification
large scale

Values sensitivity
environmental con-
ditions

Avalanching module wetslp (-) range: 0.5-2 0.5
Root model rcc (-) range: 0.05-2.7 0.45

6.4 evaluation methods
The evaluation of the application of the belowground vegetation approaches on
large scale dunes and subsequently the potential impact in dune design has been
performed by an assessment of the consistency and the potential use in dune reha-
bilitation projects.

6.4.1 Evaluation consistency and verification large scale

The consistency of the belowground vegetation approaches on large scale has been
evaluated for two criteria: the profile evolution and the relative reduction in ero-
sion volume. The profile evolution is evaluated using a qualitative comparison
with the simulations of Part I. The reduction in erosion volume is compared using
the application of the analytical wave impact approach including the effect of roots
(Ajedegba et al. [2019]) and the reduction in eroded volume in the Bryant experi-
ments assessed in Part I. The analytical wave impact approach relates the reduction
in erosion volume with shear strength, as described in section 2.5. The effect of the
higher shear strength due to roots is incorporated by a resistance coefficient: τb/τr,
where τb is the shear strength of a bare dune and τr the shear strength of a vegetated
dune.

6.4.2 Evaluation potential use in dune rehabilitation projects

To give insights into the potential effects of vegetation in dune rehabilitation projects,
a dune design safety assessment has been done. It entails that there should be a
minimum safety profile once a design storm has occurred. The requirements were
outlined subsection 2.2.5 and illustrated in Figure 2.6. A full storm duration of 30

hours and a varying spectrum are applied. To give an indication of the effect of
vegetation on future climate, firstly the water level has been raised in the simula-
tion. The heightening of the water level continued, till the conditions did not fit
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the minimum safety profile or alternative profile determined for the profile without
vegetation. Secondly, the wave heights were raised and the same procedure was
followed as explained above.

Table 6.5: Belowground vegetation parameters and settings Beira used in dune design as-
sessment

Vegetation approach Parameter Values large scale dune design
assessment

Avalanching module wetslp (-) 0.5

6.5 summary steps
The methods used in Part II of this research are covered in this chapter. Different
steps are followed to assess the potential to use XBeach as a tool in large scale dune
rehabilitation projects, including the potential effect of vegetation. The steps fol-
lowed are visualized in Figure 6.5. First, the avalanching module and root model
are applied on the large scale Beira dune with a full storm duration. The goal is
to test the consistency of the effect on large scale dune dimensions and duration.
Following that, the sensitivity of the belowground vegetation approaches with dif-
ferent environmental conditions is tested to give more insights in the applicability
and effects of different dune dimensions and storm conditions. Finally, the poten-
tial effect of belowground vegetation in dune rehabilitation projects with regard to
future climate was tested.

Figure 6.5: Overview steps followed part II
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7.1 introduction
This chapter shows the results of the performance of the belowground vegetation
approaches in XBeach on the coastline of Beira. This provides insight into the ef-
fect and sensitivity of belowground vegetation on large-scale dune dimensions and
storm duration. In addition, the potential to use XBeach as a tool in dune rehabili-
tation projects is evaluated.

The findings of the consistency and subsequent verification tests with relation to
erosion reduction and profile evolution on a large scale are reported in section 7.2.
In section 7.3 the results of a sensitivity analysis concerning dune dimensions, wave
height, and storm duration are given. The impact of vegetation in dune rehabilita-
tion projects is presented in section 7.4.

7.2 consistency and verification erosion reduc-
tion large scale

In Part I, different insights have been obtained about the belowground vegetation
approaches in XBeach for wave flume experiments. In this section, the Beira model
verifies the profile evolution and relative erosion reduction with the implementation
of vegetation on large-scale dune dimensions.

7.2.1 Profile evolution

The simulation without any belowground vegetation exhibits the largest retreat.
The application of the smallest value of the root model (rcc=0.05) results in a negli-
gible smaller retreat and erosion volumes, which cannot be observed in Figure 7.1.
Increasing the value of rcc to 2.7, results in a slightly smaller retreat. The profile
shape is similar to the case without vegetation. Sediment is deposited at the toe of
the dune, resulting in a relatively high dune toe.

When a larger critical slope is applied, the crest of the dune is less retreated than
when the root model is applied. The dune face is steeper, which results in limited
deposition of sediment at the toe. This results in a lower elevation of the dune foot.
When the two approaches are combined, the erosion mitigation is reinforced.
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Figure 7.1: Illustration of profile evolution Beira model with the application of different veg-
etation approaches. Above plot shows the beach and dune and the lower plot a
zoom in of the dune. The simulation without vegetation has the largest retreat
and the simulation with both a higher critical angle (avalanching) and root model
shows the smallest retreat and erosion volume.

7.2.2 Erosion volumes

Applying the Beira boundary conditions to the analytical approach without vegeta-
tion, similar erosion volumes are found as indicated in Table 7.1.

Table 7.1: Verification without vegetation analytical wave approach

Quantification method Erosion without vegetation [m3/m]

XBeach 43

Wave impact approach 45

Figure 7.2 shows that the application of a critical wetslope of 0.5 matches the erosion
volumes for the wave impact approach with a resistance coefficient value (τb/τr) of
0.75. This falls in the range determined by Ajedegba et al. [2019] examining veg-
etation in South Padre. The erosion reduction for the Bryant belowground cases
are also indicated in this figure. Increasing the critical wet slope till the maximum
recommended value of 2, the erosion volume still falls within the range found by
Ajedegba et al. [2019].

The application of a rcc with ranges between 0.05 and 2.7 results in all cases in
a negligible erosion reduction. The effect of the different values is negligible and is
therefore not added to Figure 7.2.
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Figure 7.2: Correlation between the wave impact approach including roots and using XBeach
including a higher critical slope in the avalanching module for Beira. Values of
0.5-2 for the wetslp fall within the limits of Adejegba. The erosion reduction
values for the belowground Bryant cases are also indicated. The wave impact
approach including roots shows a linear relationship, while the application of a
larger wetslp indicates a nonlinear relationship.

7.3 sensitivity large scale belowground vegeta-
tion approaches

In the previous section, confidence is obtained in the erosion reducing effect of
avalanching module alone and combined with the root model. In this section, the
Beira model is used to assess and show the sensitivity of implementing the below-
ground approaches with a range of dune dimensions, a range of wave heights, and
a range of storm duration. A critical wet slope of 0.5 is applied, which is a conser-
vative option as illustrated in Figure 7.2. Furthermore, a rcc of 0.45 is applied. In
contrast to the previous section, only the peak of a storm with a duration of 3600

seconds is employed.

7.3.1 Dimensions

Different beach and dune dimensions can be found along the coast in general and
in Beira specifically. The Beira model is used to investigate whether different beach-
dune geometries affect the amount of erosion reduction using the belowground
vegetation approaches.

Applying a more gentle slope results in all cases in a larger erosion volume. The
effect of the incorporation of a larger critical wet dune slope on dune erosion vol-
umes varies depending on the dune slope. The larger the slope of the dune (tanβ),
the larger the reducing effect of the avalanching module (Figure 7.3). A slope of
1/6 together with the avalanching module results in a relative erosion reduction of
∼ 5% and a slope of 1/2 together with the avalanching module results in a ∼ 30%
relative reduction of erosion volume. By contrast, changes in the dune dimension
have a negligible effect on the impact of the root model. The relative erosion reduc-
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tion is all around ∼ 25%. The effect of the width (wdune) and height (hdune) of the
dune on the erosion volume using the belowground vegetation approaches, result
in the same relative erosion reduction and is therefore not illustrated.

Figure 7.3: Reduction erosion volumes for dunes with the application of a higher critical
angle in the avalanching module and the root model for dunes with different
slopes (tan β). A smaller slope results in all cases in more erosion (not illustrated
in this figure). The avalanching approach is sensitive to the dune slope. The
erosion reduction is relatively larger for the steeper dune.

7.3.2 Hydraulic conditions

Different hydraulic conditions can be found along the coast in general and in Beira
specifically, as presented in Table 6.1. The generic Beira model is used to investigate
the sensitivity and applicability of the different belowground approaches during
different hydraulic conditions, e.g. the wave height.

Both the separate and combined simulations are illustrated in Figure 7.4. Apply-
ing a larger critical wet slope in the avalanching module and a relatively small
wave height (1m < H < 2m) shows to not affect the simulation. A slightly higher
wave height (2m < H < 4m) results in the largest erosion reduction of around 30%.
Increasing the wave height even more results in a slightly smaller erosion reduction.
On contrary, the root model has the largest impact when the wave height is rela-
tively small (1m < H < 2m). The impact decreases when the wave height becomes
larger. Both approaches together reinforce each other.
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Figure 7.4: Reduction erosion volumes for dunes with the application of a higher critical an-
gle in the avalanching module and the root model for dunes exposed to different
wave heights. A higher wave height results in all cases in more erosion (not illus-
trated in this figure). Until a certain point, the impact of the avalanching module
increases with rising wave height. Root model impact decreases with increasing
wave height. Both approaches together reinforce each other.

7.3.3 Storm duration

The Beira model is used to check which tendency the model follows when simulat-
ing shorter and longer storm durations.

Both the separate approaches and the combined simulations are illustrated in Fig-
ure 7.5. The larger critical angle contributes in the first period of a storm for a small
part in erosion reduction (∼ 4%). At a certain moment in time, the erosion reduc-
tion reaches a steady-state (∼ 22%). The root model contributes in the first part of
a storm for a large part in erosion reduction (∼ 44%), which decreases when the
storm progresses (∼ 0.5%).
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Figure 7.5: Reduction erosion volumes for dunes with the application of a higher critical
angle in the avalanching module and the root model for dunes exposed to a
different storm duration. A longer duration results in all cases in more erosion
(not illustrated in this figure). Until a certain point, the impact of the avalanching
module increases with rising wave height. Root model impact decreases with
increasing wave height. Both approaches together reinforce each other.

7.4 impact of vegetation in dune rehabilitation
projects

Using the knowledge of the increased strength of a dune by the implementation of
vegetation, an assessment is done to test what larger storm a vegetated dune can
withstand compared to a nonvegetated dune. Since a real storm in Beira has a large
duration of 30 hours and in the previous sections was found that a larger duration
indicated mainly the effect of a higher critical slope, only the avalanching module
was applied.

Table 7.2: Dune volumes after storm with taking vegetation effect into account and higher
sea levels and wave heights

Imposed conditions Dune volume after storm [m3/m]

No vegetation (Safety profile) 58
With vegetation 67 (>58)
With vegetation + 0.1 m sea level 64 (>58)
With vegetation + 0.2 m sea level 59 (∼58)
With vegetation + 0.3 m sea level 56 (<58)
With vegetation + 0.5 m sea level 47 (<58)
With vegetation + 0.1 m wave height 65 (>58)
With vegetation + 0.2 m wave height 64 (>58)
With vegetation + 0.5 m wave height 60 (>58)
With vegetation + 0.8 m wave height 59 (∼58)
With vegetation + 1 m wave height 56 (<58)

Applying the same conditions to the profile with taking into account the effect
of belowground vegetation, results in a profile which is larger than the minimum
safety profile calculated for a dune without vegetation. The black profile in Figure
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7.6 and Figure 7.7 is larger than the minimum safety profile (58 m3/m) which is
indicated with a red area.

sea level Increasing the tide with steps of 0.1 meter, results in larger erosion
volumes as expected. A higher water level between 0.2 and 0.3 meters still fits
in the minimum safety profile. A water level of 0.5 meters higher than the initial
water level results in overwash and larger erosion volume. With the inclusion of
vegetation, this assessment indicates that the minimum safety profile for this stretch
is obtained for an increased tide between 20 and 30 cm.

wave height Increasing the wave height, results also in larger erosion volumes.
Eventually, this evaluation suggests that vegetated dunes could withstand storms
with a wave height between 0.5 and 0.8 meters higher than accounted for now.

Figure 7.6: Effect of higher water level on erosion volumes for a dune with vegetation. Ap-
plying a higher critical angle representing vegetation could withstand a storm
with a sea level rise of 0.2 - 0.3 meter higher than is accounted for now.
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Figure 7.7: Effect of higher wave heights on erosion volumes for a dune with vegetation.
Applying a higher critical angle representing vegetation could withstand storms
with wave heights of 0.5 - 0.8 meters higher than is accounted for now.

7.5 summary
When the avalanching module is used on the Beira case with a larger critical slope
to represent the erosion-reducing effect of vegetation, the profile evolution and rel-
ative erosion reduction are consistent with the findings of Part I, descriptions in
the literature, and the analytical wave impact approach including roots. For a long
storm duration together with large dune dimensions, the root model seems to have
a negligible impact on the simulations.

The reduction in erosion volume with the use of the a higher critical wet slope
in the avalanching module shows a sensitivity for the initial dune slope. In addi-
tion, the avalanching module shows a larger erosion reduction during direct wave
impact, when relatively medium wave heights were forced. The root model is not
sensitive to dune dimensions tested. In addition, this approach is more effective in
reducing erosion when small wave heights are present and at the beginning of a
storm.

The dune safety assessment with the application of belowground vegetation rep-
resented by a larger critical slope resulted in a smaller erosion volume. Regarding
sea level, the dunes with vegetation could withstand a storm with a 20-30 centimeter
higher water level than accounted for in the current design without vegetation. In
terms of wave heights, it has been hypothesized that dunes with vegetation might
endure a storm with 0.5 - 0.8 meter higher wave heights than currently considered.



8 I N T E R P R E TAT I O N PA R T I I

8.1 introduction
The analysis of XBeach in Chapter 7 has contributed in gaining a better understand-
ing of the representation of belowground dune vegetation during storm conditions
on a large scale. As a result, additional insight for using XBeach to evaluate vegeta-
tion in dune rehabilitation projects is obtained. The interpretations of the results are
discussed in this chapter. The applicability of XBeach with vegetation on large-scale
dunes is discussed in section 8.2 and the potential impact on dune rehabilitation
projects is covered in section 8.3.

8.2 applicability of xbeach with vegetation on
large scale dunes

8.2.1 Comparison and consistency large-scale

The results of the profile evolution and relative erosion reduction consistency (sec-
tion 7.2) show that:

1. The application of higher critical wet slopes result in a consistent profile evo-
lution and relative erosion reduction for the Beira dune on large temporal and
spatial scale.

2. The application of the root model results in a negligible erosion reduction for
the Beira dune on large temporal and spatial scale.

discussion finding 1 The consistency of profile evolution and reduction in
eroded volume gives confidence in the approach to use a higher critical slope to
represent belowground vegetation effects on large-scale dunes. The profile evolu-
tion with the application of the vegetation approaches is as expected and similar to
the profiles observed in Part I and described in the literature. The application of
a higher critical wet slope results in a smaller dune top retreat and a larger dune
toe retreat. This is as expected, because the process of avalanching begins when a
larger slope is attained. It is important to note that this steep slope may become
unstable during actual storms. This can happen when for example vegetation is up-
rooted. As a consequence, the rate of erosion could increase. The strength provided
by roots is presumed to be constant in this approach, therefore this is not taken into
account.

There are some concerns about the reliability of findings from small-scale stud-
ies and the application of small-scale findings on large-scale dunes. On a small
scale, erosion volumes appear to be smaller (Van Rijn [2013]; Brandenburg [2010]).
This will be discussed more in depth in Chapter 9. Nonetheless, the erosion reduc-
tion with vegetation was comparable to that of the wave impact approach which
included the effect of roots. This results in a higher confidence, because the wave
impact approach has been validated for large-scale dunes in Texas. Since the focus
of this research is on the erosion reduction due to vegetation, the absolute erosion
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volumes (and so the scaling effects) are less important.

The application of a critical wet slope between 0.5 and 2 on the Beira dune corre-
sponds to resistance coefficients (τb/τr) between 0.75 and 0.5 using the wave impact
approach including roots. When compared to resistance levels of Ajedegba et al.
[2019] measured in the field, this is on the higher end of the spectrum (range 0.2-
0.8). On top of that, the erosion reduction measured in the Bryant experiment was
higher. Both findings suggest that also a greater critical wet slope might be used.
It must be noted that the relationship between τb/τr and wetslp are not directly re-
lated. Nonetheless, they are both in some way related to the extra shear strength
provided by roots.

discussion finding 2 The application of the root model results in a negligible
erosion reduction for the Beira dune with a storm duration of 30 hours. This can be
explained by the main erosion mechanism which occurs. Because the severity of the
storm, the main cause of erosion is slumping. This is unaffected by the root model.
A small difference in eroded volume for a rcc of 0.05 and 2.7 is obtained. This
is consistent with the findings of Part I, which showed that the erosion reduction
impact reached a peak for a certain rcc. From this, it can be concluded that equation
3.6 and 3.7 cannot be used for the determination of a value of rcc. Local vegetation
characteristics can not be linked to the value applied for the root cohesion coefficient
in the root model yet.

8.2.2 Sensitivity environmental conditions

The results of the sensitivity analysis concerning different dune dimensions, wave
heights and storm duration (section 7.3) show that:

1. The erosion reduction of the belowground vegetation approaches in XBeach,
when applying different dune dimensions, only show a sensitivity for dune
slope in combination with the avalanching module.

2. The avalanching module is mainly effective in erosion reduction during medium
wave heights and the root model during small wave heights.

3. At the beginning of a storm, the root model shows a large erosion reducing
effect. When a storm progresses, the avalanching module is a more effective
approach.

discussion finding 1 The effectiveness of the root model is not affected by
the assessed dune slopes, dune widths or dune heights. With the applied settings,
the dunes velocities on the vegetated section are apparently not affected. When
lowering the dune more, it is expected that overwash takes place. In that case, the
velocities are predicted to fluctuate, as will the effectiveness of the root model.

The avalanching module depends on the critical slope and therefore it was ex-
pected that this approach is sensitive for the initial dune slope (Figure 7.3). This
makes sense because this module is determined by the slope. In addition, the larger
critical angle caused by vegetation will become essential when the critical slope is
reached.

discussion finding 2 The root model reduces the amount of sediment that is
picked up by the flow by increasing the velocity which is needed to initiate sedi-
ment motion. Therefore this approach is most effective when the wave heights are
relatively small and the flow is the main erosion mechanism (Figure 7.4).

When medium wave heights are imposed, direct wave impact the dunes and steeper
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slopes occur. This suggests that the application of a bigger critical wet slope under
direct wave impact circumstances is the most effective when considering the erosion
reducing effect in the presence of dune vegetation.

discussion finding 3 Finding 3 is consistent with the abovementioned finding
(finding 2). The root model is mainly effective when small wave heights reach the
coastline. This is mostly at the beginning of a storm, as indicated in Figure 7.5.
Since storm hydrographs have usually a bell curve water level rise during storms,
it is suggested that this also applies to the end of a storm. The actual effect of vege-
tation at the end of a storm depends on the profile development and the vegetation
development during the storm. Additionally, this corresponds to the negligible ero-
sion for rcc in Figure 7.1 where the storm duration was 30 hours.

As a storm progresses, dune erosion will steepen the dune face. When the critical
angle is reached, avalanching takes place. This retreat due to avalanching continues
till the slope of the dune does not cross the critical slope anymore. The slope of the
dune remains steep due to the ongoing erosion, which explains why the relative re-
duction caused by a higher critical angle reaches more or less a steady-state (Figure
7.5). In reality this could be only the case when the provided strength by vegetation
remains constant.

A reinforcing impact of combined approaches may be noticed almost at all times
throughout a storm. Nonetheless, the combined effect is lower at t = 7200 seconds
than when the root model is used alone (Figure 7.5). An explanation is that when
using the root model, sediment is still deposited at the dune toe. This deposition
could increase the volume of the dune. Subsequently, the reduction of eroded vol-
ume is higher, since more sediment is at the dune location. However, later this effect
disappears. The deposited sediment is possibly carried offshore due to offshore sed-
iment transport.

8.3 benefits of vegetation in dune rehabilita-
tion projects

The results of section 7.4 indicate that vegetated dunes could withstand a sea-level
rise of 0.2-0.3 meters and wave heights of 0.5-0.8 meter higher in 2050 than ac-
counted for nowadays.

discussion finding When vegetation provides extra strength as indicated in
different field studies and experiments, the storm a dune could withstand could
be larger. As a consequence, future resilience will be increased. This is important
when it comes to climate change and the higher sea levels and heavier storms that
come with it.

The assessment demonstrates that XBeach is a useful tool to investigate and demon-
strate the profit that could be obtained by the implementation of vegetation. In
terms of improvement of design, the suggested higher sea level a dune could with-
stand results in an increase in design lifetime of approximately 15-22 years. This
suggests that the non-vegetated dune could withstand a 1/50 storm expected in
2070, whereas the vegetated dune could withstand a storm with the same wave
conditions in 2085-2092. This is based on the RCP8.5 sea level rise scenario with
a median percentile and the locally downscaled value of Vousdoukas et al. [2018].
This scenario expects a gradual sea-level rise within 2100 a sea-level rise of 1 meter
from 2010 on. For an illustration is referred to Appendix I. Another way of looking
at the implementation of vegetation is that it could give more robustness to the de-
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sign. This finding is interesting for consultant agencies during dune design and the
decision-making in coastal protection strategies.

It is worth remembering that when a project is being realized, safety has to be
ensured immediately. Vegetation growth needs time. After the implementation of
vegetation, the potential resistance is not immediately present. As a result, the ini-
tial volumes should be maintained in designs. The amount of time it takes for dune
vegetation to grow is determined by the vegetation type, as well as the surrounding
environment. Growth rates depend on different factors such as CO2, nutrients, tem-
perature, rainfall, wind speed, and sediment supply. According to Baas and Nield
[2007], the effectiveness of stabilizing species increases approximately by 0.05/year
and pioneering species by 0.2/year. The effectiveness defined is conceptually equiv-
alent to a plant coverage density. In turn, the aboveground vegetation growth is
suggested to be correlated to belowground vegetation growth. To give an indica-
tion of vegetation growth, Barbier [2007] showed that an dune without vegetation
(0% density) in France increased to a density of 80% after ten years for the dune
vegetation species Ammophila Arenaria. Also, Wallén and Wallen [1980] showed
an optimum of belowground biomass after 10 years for the same species.

The effect of vegetation on dune growth and thus resilience is not taken into ac-
count in this study. When vegetation captures sediment, dune growth is stimulated
and dune height will increase over time. Additionally, it has been shown that dune
building vegetation species are burial tolerant due to a high growing velocity. The
growth is even stimulated in the case of sedimentation, due to changes in soil char-
acteristics. This is a positive feedback. When dune height increases due to sediment
deposition, higher waves are needed to overtop the dune and stronger waves are
needed to pick sediment up from the dunes. When vegetation keeps growing, this
process can continue. On top of that, van IJzendoorn et al. [2021] showed that
sedimentation has outpaced sea level rise in the past on the Dutch coast. This
phenomena might even lead to the bigger impact of vegetation in relation to the
projected impact of sea level rise and climate change adaptation.



9 O V E R A L L D I S C U S S I O N

9.1 introduction
In Part I the potential impact of dune vegetation during collision regime storm
conditions in the numerical XBeach was assessed using data of two wave flume
experiments and in Part II the findings were further investigated and applied using
a case study. Every research project has its own set of constraints and assumptions.
In this chapter, the main limitations (section 9.2) of both parts are described. In
section 9.3, a more in-depth reflection of the results and assumptions is provided.
Figure 9.1 provides a sketch of the limitations involved in this research.

Figure 9.1: Sketch limitations in this research. Limitations are related to the starting points
(not indicated in this figure), the physical experiments, the numerical modeling,
different scales, and transposing knowledge between these factors as indicated
with red arrows.
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9.2 limitations
The general limitations are divided into three categories: starting points, physi-
cal experiments, and numerical modeling. The most important points and conse-
quences are discussed in detail in the in-depth reflection.

9.2.1 Starting points

The starting points of this research results in several limitations which should be
taken into account when considering the implementation of vegetation in dune
rehabilitation projects and the use of XBeach. The limitations and subsequent effects
on the interpretation of the results are shortly pointed out in the bullet points below.

• This research concentrates on one-dimensional situations. Investigating veg-
etation in three-dimensional settings, could result for example in longshore
instabilities and so in different outcomes.

• This research focuses on storm conditions, while the erosion and flood re-
silience of a dune also depends highly on the formation and growth of dunes
during milder conditions. When vegetation allows for a growing of dune in
volume, this will result in a larger erosion and flood resilience during storm
conditions.

• This research focuses on the collision regime. A storm frequently goes through
different regimes, each with its own set of erosion mechanisms and processes.
Consequently, the impact of vegetation could be different.

• This research neglects structural cross-shore (e.g. sea-level rise) and longshore
processes (e.g. longshore currents). Vegetation could also interact with these
processes, which impacts the evolution of a dune.

• The considered vegetation is full-grown. Vegetation could be of any maturity,
could have any density and so could have any strength. This impacts the
potential effect vegetation has. In addition, vegetation may also be affected by
other biological, chemical, and physical activities effects such as the moisture
content, pH values, and amount of rainfall.

9.2.2 Physical experiments

The data of the two physical experiments assessed also bring limitations to the
results, which will be pointed out briefly below.

• Only two experiments are used and it should be highlighted that this provides
just a small sample of all possible dune erosion and vegetation scenarios. Re-
cent research of for example Feagin [2021] observed an increase of erosion in
the presence of vegetation.

• The dynamic similarity of all forces and the beach and dune shape were scaled
in the physical experiments. However, scale effects are present in the trials
which result in several limitations regarding reproducing the sediment dy-
namics. In this respect, it could be argued that the observed erosion and
vegetation effects are different in large-scale conditions.

• Examples of shortcomings in the considered experiments concerning vegeta-
tion are:

– Bryant used artificial vegetation with properties of real dune vegetation.
Wooden dowels do not have the structural properties of flexible dune



9.3 in-depth reflection 90

vegetation; for this experiment is assumed that the dowels provide com-
parable blockage area, flow separation, and erosion patterns. This seems
plausible, but the effect remains uncertain.

– Wooden dowels are incorporated in the sand. It is unknown whether this
burying also influences the obtained results.

– Coir fibers, used as a representation of belowground vegetation, were
not scaled to any plant root or biomass metrics. It is unclear whether coir
fibers could represent belowground biomass.

– For the case of above- and belowground biomass together in the Bryant
experiment, no attempt was made to directly link the fibers with the
wooden dowels. In reality below and aboveground vegetation is con-
nected.

– The transplanted plants were exposed to the new habitat for three days
before the Mendoza trials. The results may be impacted since the sce-
nario is not identical to the actual world.

9.2.3 Numerical modelling

The numerical model XBeach was used in Part I and Part II. It is important to know
the uncertainties coming along with this model, as well as the approaches applied.
These are listed below.

• XBeach generally simplifies reality to aid with the understanding of compli-
cated processes. As a result, it is important to remember that models are just
tools.

• Parameterization is used in several procedures in XBeach. Short wave break-
ing, onshore sediment movement, and dune avalanching are all examples of
these processes. This can be done for computing efficiency. Another reason
is that for many processes physical descriptions are uncertain. One drawback
of parametric processes is that there is no physical basis for deviations from
default values, especially when the model is applied to a different site.

• The vegetation approaches in XBeach that have been examined in this research
have been validated for different storm conditions and types of vegetation
in previous research. When it comes to dune vegetation and especially the
interaction between dune vegetation and hydrodynamics during the collision
regime, not much validation has been done. This results in no exact data for
parameters such as rcc in the root model, CD in the vegetation module and the
critical angles for vegetation (φ cr,wet and φ cr,dry ) in the avalanching module.

9.3 in-depth reflection
This section presents a reflection on this research and different assumptions done. It
takes different points of view into account and helps the reader to consider biases.
It emphasizes the need to carefully consider the outcomes. The in-depth reflec-
tion covers numerous topics, including contradictory studies, numerical modeling
choices, and knowledge transfer from small- to large-scales.

9.3.1 Contradicting studies

Most research evidence supports the theory that vegetation reduces erosion vol-
umes and rates, which was reflected by the Vegetation Factor in section 2.4.3. The
evidence and information provided by these studies were used as a foundation for



9.3 in-depth reflection 91

this research. However, there are several viewpoints on the impact of vegetation on
dune erosion. As mentioned in the limitations, there is a limited amount of research
addressing the effects of vegetation on dune erosion. In addition, the majority of
the supporting researches consider small waves on short time scales.

varying effect of vegetation As explained in Chapter 2, Feagin [2021] con-
ducted a massive lab experiment to identify the role of vegetation during extreme
wave events. They found evidence that a vegetated dune with above- and below-
ground biomass erodes more quickly and results in a much larger scarp than the
dune without vegetation. This was argued to be mainly a result of aboveground
vegetation. This aboveground vegetation stopped the vegetation from running up
the dune, resulting in a larger infiltration of water into the dune. As a result, there
was early saturation over a narrow area, as well as faster and significant erosion
and scarping.

As well as the findings of the Mendoza and Byrant experiments used in this re-
search, the findings of Feagin [2021] could be disputed. It could be questioned
whether the vegetation in the laboratory which was grown for 6 months is already
fully grown and results in similar effects as vegetation that has grown in a real
environment, with roots several meters deep. In addition, in this experiment, the
increasing erosion was mainly assigned to the aboveground parts of vegetation. It
is therefore interesting to test the effect of solely mature belowground vegetation
for a large-scale dune.

Also, the study of Carter and Stone [1989] pointed the contradicting effects of veg-
etation out. They showed that the density and type of vegetation in combination
with the occurring hydrodynamics impacting the dune result in variability in dune
scarping in Magilligan, Northern Ireland. Dunes subjected to wave runup, swash
bores, and different vegetation covers resulted in different slope failures. Similarly
as assumed in this research, a dune with a relatively small vegetation density (ap-
proximately 1 plant / m2) experiences more and a faster undercutting and erosion
than a well-vegetated dune (4-6 plants / m2). The strength of the well-vegetated
dunes was frequently enough to keep the scarp in place. The time before failure
appeared was related to the soil bulk density, depending on the shear strength of
the dune slope and root development. However, other dunes with a different type
of vegetation cover subjected to direct wave impact resulted in quick undercutting
and collapsing of sediment and the roots.

Contradicting effects of vegetation during storm conditions were also observed in
the field study of Maximiliano-Cordova et al. [2021]. They studied three different
sites with different beach-dune morphology and dominant species. Only at one of
the three sites, plant cover was negatively correlated with erosion during storm con-
ditions. For the other sites, plant richness and overlap cover showed to not affect
erosion.

In light of the studies used in this research and pointed out above, it may be stated
that the protection provided by vegetation is mostly species, location, and storm-
dependent. It is important to note that research on the overall impact of dune
vegetation on dune erosion and the related processes is in progress and therefore
could be contradictory.

destruction of aboveground vegetation In Part II, the effect of above-
ground vegetation on dune erosion during the collision regime was neglected. The
reason for the exclusion of aboveground vegetation was that the aboveground veg-
etation is hypothesized to be destroyed by storms with a long duration (Hesp and
Martı́nez [2007]). However, different studies have observed a considerable impact
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of aboveground vegetation.

For example Odériz et al. [2020] and Bryant et al. [2019] both concluded that above-
ground components of vegetation do protect a dune in both the initial swash and
collision stages of a storm. Also, Miller et al. [2010] and Maximiliano-Cordova et al.
[2021] discovered that beach and dune species are extremely resilient to storms.

Fernández-Montblanc et al. [2020] conducted a modeling study accounting for the
effect of aboveground dune vegetation by the application of the vegetation module.
They argued that aboveground dune vegetation results in wave energy dissipation
and is a first-order component that can significantly minimize coastal flooding and
erosion. The inclusion of vegetation increased the sediment retention between 22%
- 82% compared to a dune without vegetation in a case study in Bellocchio (Italy,
Northern Adriatic Sea). The validity of the findings of this study could be ques-
tioned since no data was available for model validation.

In conclusion, the exact impact of aboveground vegetation on dune erosion is de-
batable. It is crucial to keep this in mind.

9.3.2 Numerical modeling choices

By the application of a numerical model in Part I and II, different choices and as-
sumptions are done in the setup and calibration. Some important points to consider
are discussed below.

surfbeat instead of non-hydrostatic modeling For the simulation of hy-
drodynamics in XBeach, the surfbeat mode is applied in Part I and Part II. As a
consequence, the effect of short wave reflection is not accounted for in the simula-
tions. This, while the reflection of short waves could influence the simulations and
thereby the morphodynamic response of the dune and beach. For example, when
propagating and reflected waves collide, the consequence might be higher/lower
waves, resulting in higher/lower wave impact and higher/lower sediment move-
ment. Colliding incoming and outgoing waves could result in more turbulence and
more sediment in suspension (van Gent et al. [2008]; van Thiel de Vries et al. [2008];
Van Rijn [2013]). Reflected waves could also result in a larger undertow and so
more sediment transport (Martins et al. [2017]).

The absence of reflected short waves could contribute to the explanation of the
initial mismatch of the experimental profiles and the simulation profiles for the con-
trol cases, where facua and bermslope had to be applied for obtaining good erosion
volumes and profiles. The effect of the short wave reflection is assumed to be mainly
important for the DC case where a reflection coefficient (Kr) of 0.57 was measured.
For the SC1 case, this effect is probably smaller due to the smaller reflection coeffi-
cient (Kr = 0.38). The Mendoza case provided no data on reflection.

The use of the surfbeat mode in this research may be defended. Firstly, the main
goal of this research was to compare dune erosion of vegetated and nonvegetated
dunes and evaluate the representation of vegetation in XBeach. When for both veg-
etated and non-vegetated dunes the short wave reflection is not taken into account,
it can be argued that this comparison can still be done. Especially since in the exper-
iments of Bryant no differences in reflection are observed in the presence/absence
of vegetation (Bryant [2022]). In addition, a link is established with actual dune
rehabilitation efforts. The surfbeat mode is employed in the current determination
of the dune volumes of Beira. In this regard, the representation of vegetation in
this mode is primarily relevant. Furthermore, in the wave-resolving mode, much
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higher spatial resolution and associated smaller time steps are needed. This option
is computationally far more costly than the surf-beat option.

no scaling of turbulence and sediment transport In the research of Bran-
denburg [2010], it was shown that small-scale experiments were modeled better by
turning turbulence off and by calibration of the critical wet slope in the avalanch-
ing module in XBeach. It was hypothesized that XBeach overestimates turbulence
since it could not scale turbulence well. In addition, it was observed that slopes
were steeper for small-scale wave flume experiments. The simulated profiles in this
study showed that the model underrates the slope above the surge level for small-
scale experiments. In the cases of Bryant (SC1) and Mendoza in this research, the
model does not underrate the slope above the surge level in the control simulations.
Therefore a higher critical wet slope was not applied. Turbulence is also enabled, as
it is possible that 100% turbulence exclusion is unrealistic.

When it comes to small-scale experiments and XBeach, it is crucial to be aware
of the numerical modeling choices you make, the initial setup of the model and the
possible scaling effects in small wave flume studies.

9.3.3 Transfer knowledge from small scale to large scale

For the representation of vegetation effects, the findings based on small-scale ex-
periments of Part I are applied to a dune in Beira with real dimensions in Part II.
This brings some limitations with it and it must be recognized that a one-to-one
application of the same higher critical slope on the Beira dune based on findings of
small-scale experiments should be carefully considered.

application findings small scale to large scale Small-scale physical mod-
els have significant constraints in recreating sediment dynamics since some charac-
teristics or processes cannot be scaled. Scaling effects could be present, which was
also pointed out in the studies of for example Van Rijn [2013] and Brandenburg
[2010]. For example, the sediment itself can not be scaled. The reason is that the
Reynolds criterion will not be met and cohesive forces will become dominant when
using small sediment sizes (Brandenburg [2010]). Therefore, relatively large sedi-
ment sizes are applied in wave flume experiments. An important potential effect
of this relatively large sediment size is a smaller sediment transport capacity. The
transport capacity depends on the hydrodynamics (force) and characteristics of the
dune (resistance). The rate between wave height and grain size is smaller in small
wave flume experiments, and therefore the transport capacity of nearshore hydro-
dynamics is likely to decrease. In addition, the relatively larger sediment grain size
used in small wave flumes result in relatively a larger roughness, a smaller run-
up height, and therefore possibly smaller erosion volumes. Thirdly, coarser sand
generates steeper slopes under the same wave stress, which results in a decreased
sediment movement and steeper profiles than in nature (Brandenburg [2010]). For
all aforementioned processes, it could be argued that the erosion in the small-scale
wave flume experiments due to this phenomenon is slightly smaller than in large-
scale conditions. This was also observed and pointed out in the study of Van Rijn
[2013]. Unfortunately, a definite judgment on scale errors cannot be made due to a
lack of data.

With respect to this research, erosion reduction in the presence of vegetation is
considered. For both vegetated and not vegetated dunes in the experiments, the
erosion might be underestimated compared to larger dimensions. It can be claimed
that when comparing cases with and without vegetation, the erosion for both cases
is underestimated, and therefore the possible effect of scale is less important.
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As mentioned above, Brandenburg [2010] observed a difference in slope when us-
ing the same sediment size for different scales and used the critical wet slope in
the avalanching module to account for this. This suggests that the critical wet slope
obtained for a small-scale vegetated dune is not directly applicable to large-scale
conditions. However, the critical wet slope in the small-scale control experiments
of the Bryant SC1 case and Mendoza did not need to be modified from default
values. It can therefore be argued that the higher slope for small-scale experiments
observed by Brandenburg [2010] is not necessarily true for the Bryant and Mendoza
experiments. In addition, the applicability of a higher critical wet slope on the Beira
dune based on the slope obtained in Part II is supported by the comparison with
the wave impact approach from Ajedegba et al. [2019]. This was validated for a
large-scale dune.

It can be concluded that the scale effects do not influence the main finding that
a higher critical slope could account for vegetation effects: reducing the erosion
rate and volumes. The possible scaling effects must be considered when applying
the same critical angle as applied in the small scale experiments.

9.3.4 Various management perspectives

stability versus mobility The definition of dune rehabilitation in this research
is the restoration of dunes from a damaged, to a less impaired or unimpaired state of
overall function, to gain the greatest coastal protection benefits. Dune rehabilitation
involves dune management. Different perspectives regarding dune management
exist (Delgado-Fernandez et al. [2019]). Which perspective to follow depends on
the main goal of intervening. From the flood protection perspective, the primary
goal of a dune rehabilitation project is to increase the volume of material in the
dune ridge to cope with dune erosion during design storms and hinder flooding
Bosboom and Stive [2021]. As a result, the argument of creating stable dunes is em-
ployed in this thesis. Nonetheless, numerous perspectives on dune mobility exist to
achieve optimal dunes. Allowing for mobile dunes is a concept that is gaining more
attention (AP Grootjans [2002]) . The reason behind this is, that more thought is
given to maintaining the natural functioning of the system and nature conservation.
The state of mobile dunes and stable dunes is influenced by different environmental
stress factors such as plantation Arens et al. [2007]. In this viewpoint, the implemen-
tation of vegetation by humans is not favorable.

Dune rehabilitation projects vary greatly in scale and complexity depending on
the extent to which the existing dune system has been degraded and the environ-
mental conditions. It is important to consider the goals of the intervention and the
local conditions, before planting vegetation.



10 O V E R A L L C O N C L U S I O N S A N D
R E C O M M E N DAT I O N S

10.1 conclusions
The objective of this research was to investigate the potential effects of dune vegeta-
tion during collision regime storm conditions and link this effect with dune rehabil-
itation projects. To reach this goal, several questions and subquestions were stated
in Chapter 1. The research questions are answered in this section.

What are the important processes and effects of dunes and dune vegetation dur-
ing collision storm conditions and how could this be quantified?

Collision regime storm conditions may occur when a storm elevates the water level.
During these conditions, water reaches the dune. The dune could be affected by
broken waves (swash bores) or impinging waves (wave impact), resulting in dune
erosion. During the collision regime, vegetation mainly affects the dune erosion
volume and erosion rate. Aboveground vegetation mostly causes hydrodynamic
interaction, which affects the load on a dune. The main process related to below-
ground vegetation is soil stabilization. This affects the resistance of the dune.

In the presence of swash flow on a dune, both the aboveground portions and be-
lowground portions appear to play an important role. The interaction of the above-
ground portions with hydrodynamics could result in a higher roughness, wave
swash and run-up bore attenuation, energy reduction, a change in wave reflection,
and a lower run-up. The belowground portions change the physical properties of
the dunes and alter the composition of the sediment. This is supposed to aggregate
the soil, increase the shear strength, hold sediment together, increase the repose
angle, and reduce sediment mobility. The importance of belowground vegetation is
likely to increase during wave impact.

Dune erosion volumes during storm conditions could be calculated using differ-
ent methods. A numerical model is an example. For a first indication of the effect
of vegetation on dune erosion volumes, a Vegetation Factor (VF) is calculated. This
is defined as the eroded volume of a vegetated dune divided by the eroded volume
of a nonvegetated dune considering the same conditions. For the available data,
vegetation during the collision regime provided on average a vegetation factor of
0.62 for wave swash erosion and a vegetation factor of 0.65 for erosion during wave
impact. This suggests an average erosion reduction of approximately 35% for vege-
tated dunes.

Is the numerical model XBeach capable of simulating the effects of vegetation
during the collision regime?

The XBeach model is capable of capturing the morphological effects of vegetation
in terms of reduction in dune erosion volume and profile evolution. In XBeach,
four different vegetation approaches were identified and tested to determine if they
could accurately represent the potential effects of dune vegetation during the col-
lision regime. The vegetation module in XBeach accounts for the short and long
wave attenuation caused by aboveground vegetation and the roughness approach
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accounts for the reduction in flow velocity due to aboveground vegetation. The root
model accounts for the additional root cohesion provided by belowground biomass
by increasing the critical velocity for sediment pickup. Finally, the avalanching
module allows sediment transport when a certain critical angle is exceeded. By
increasing the critical angle, the influence of belowground biomass on the cohesion
and subsequently occurring slope might be mimicked.

The effects of belowground vegetation were mimicked correctly by raising the criti-
cal slope in the avalanching module. The application of the root model was included
for even better simulations. The sample size was insufficient to provide a quantita-
tive suggestion for the critical slope to employ in the root model, along with which
value for the root cohesion coefficient. Since the applied critical slope and the value
for the root cohesion coefficient were set differently for different cases, no direct
conclusions can be drawn from this. As far as the researcher knows, no systematic
research has been done on the effect of dune vegetation on the critical angle. There-
fore, no structural relationship has been found yet.

The application of an increased roughness or the application of the vegetation mod-
ule could not represent the observed effects of aboveground vegetation. The rough-
ness approach did not influence the simulations and has shown to be insensitive
to changes in applied width or values during the collision regime for the assessed
cases. The vegetation module is slightly sensitive to the imposed hydrodynamic
conditions, as well as the applied width and drag coefficient value (CD), vegetation
diameter (b) and vegetation density (N). However, the simulations demonstrated
that the erosion reduction using this approach was insignificant compared to the
aboveground effects measured in the experiments.

How could the knowledge regarding dune vegetation during storm conditions
be applied in real dune rehabilitation projects?

The consistency of erosion reduction for large-scale dimensions and duration us-
ing a higher critical slope, indicate that XBeach is a useful tool to investigate and
demonstrate the profit that could be obtained by the implementation of below-
ground vegetation. This gives confidence in using a higher critical in XBeach to
represent vegetation effects during dune design assessments. Considering dunes
susceptible to collision regime storm conditions and direct wave impact, applying
a larger critical slope might primarily be used to simulate the erosion reduction
caused by belowground vegetation. The root model has shown to be more effective
during milder wave conditions and short storm duration.

The case study of Beira indicates that dunes with a full-grown mature vegetation
root system resulting in a higher critical angle, could withstand storms in 2070 with
a higher sea-level rise of 20-30 centimeters or a 0.5-0.8 meter higher wave height than
accounted for nowadays. In terms of improvement in dune rehabilitation projects,
this can be related to the robustness of the current design. Also, the design lifetime
could be increased. The suggested higher sea-level rise suggests for example an in-
crease in design lifetime of approximately 15-22 years. While a non-vegetated dune
might be able to resist a 1/50 storm in 2070, this research shows that a vegetated
dune would be able to withstand a storm with similar wave conditions in 2085-2092.
This is based on the RCP8.5 sea level rise scenario with a median percentile. This
scenario expects a gradual sea-level rise with at the year 2100 1 meter sea-level rise
from 2010 on.
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10.2 recommendations and future work
Recommendations and future work that arise from this study are organized into
four subcategories. The first set of recommendations relates to knowledge develop-
ment using experiments and field studies. The second category concerns the use of
the XBeach model in relation to vegetation. The third category advises on further
XBeach development. The final category includes practical suggestions that could
be used in dune design and rehabilitation strategies.

10.2.1 Experiments and field studies

To be able to make more conclusive and reliable statements regarding the effect
of dune vegetation on dune erosion, more research should be done regarding the
effect of vegetation during storm conditions. Based on this research, there should
be focused on:

• Relationship between belowground vegetation, cohesion, shear strength, and
subsequent critical slope (on large-scale).

• The interaction and effects of aboveground vegetation with hydrodynamics
during different storm conditions (on large-scale).

• The effect of different types of vegetation and vegetation characteristics on
dune erosion (on large-scale).

• The effect of local conditions on dune erosion volume in the presence of vege-
tation (on large-scale).

• Scale effects and comparison of findings in wave flume experiments and pro-
totype scale.

10.2.2 XBeach application

Care should be taken by the application of the identified vegetation approaches in
XBeach for the representation of dune vegetation during the collision regime. Key
parameters in the assessed vegetation approaches, such as the critical wet slope
(wetslp) and the root cohesion coefficient (rcc) are sensitive to different values and
conditions. In addition, several limitations are involved in making use of small-
scale experiments. However, some first suggestions regarding local conditions and
values based on this research are given.

local conditions Since the impact of the applied critical angle and the root co-
hesion coefficient to account for vegetation differ per assessed case, it is important
to consider local conditions when using these approaches. Local factors such as veg-
etation placement (which may vary depending on species), water level, and wave
height determine which critical value should be raised (wet slope or dry slope). Fur-
thermore, information about the local conditions could indicate to which value the
critical angle and root cohesion coefficient could be increased. For a dune subjected
to a small water level, and only vegetation at the top of the dune, it is recommended
to heighten the critical dry slope. However, in the case of more extreme storm con-
ditions, most of the time the critical wet slope is recommended to be raised for the
representation of vegetation. This is due to the assumption that the vegetation sec-
tion will become wet during storm conditions. Furthermore, the extent to which
the critical slope must be raised depends on the extra strength the roots provide to
the soil and hence on local conditions. It is important to set the critical wet slope
not higher than a slope that occurs in reality.
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Also, the local erosion mechanism and duration of a storm are important to con-
sider. When a dune is subjected to slumping, often when storm duration is long,
the avalanching module is more effective in reducing the erosion volumes provided
by vegetation. When a dune is more subjected to wave swash and a shorter storm
duration, the root model could be more effective.

preliminary recommendation avalanching module Based on the assessed
experiments, the critical wet slope could be raised from 0.3 to 0.4 - 0.5 when as-
sessing dunes subjected to collision regime storm conditions. The XBeach manual
recommends a maximum value of 2. However, as mentioned in the literature study,
also much higher slopes are observed in real-life conditions.

10.2.3 XBeach development

XBeach has shown to be a good tool to examine the evolution of dunes during storm
conditions and the capability of simulating vegetated dunes. Nonetheless, different
suggestions regarding further XBeach development are done.

validation of vegetation approaches More modeling studies should be per-
formed to ensure that the identified vegetation approaches are thoroughly validated.
As a result, a more accurate recommendation for which dune vegetation values to
employ in which situation may be made. Since this study is based on small-scale ex-
periments, it is interesting to assess large-scale wave flume experiments in XBeach.

critical slope for vegetated section A new module or algorithm could
be developed that allows the user to specify a different critical angle only for the
vegetated portion. In addition, to account for the effect of erosion and subsequently
the decrease of the effect of vegetation on the critical angle, one could argue to
implement a dynamic approach, where a large critical slope which decreases with
erosion depth. A proposal for the implementation of this is given in Appendix J.

process-based avalanching A more processed-based model of dune slump-
ing processes to incorporate the influence of vegetation and create even more realis-
tic simulations of dune slumping could be developed. The resistance of the dunes
might be included. For example, geotechnical characteristics representing the resist-
ing strength of a dune described by Erikson [2007] could be applied. In addition,
Carter [1980] provides an explanation and description of different types of dune
failure for dunes with and without vegetation.

10.2.4 Practical recommendations

Based on this research, it is recommended to pay attention to the planting and
growth of dune vegetation during dune rehabilitation projects. Firstly because it
has the potential to reduce dune erosion volumes and retard dune erosion, which
is important for flood and erosion protection. In addition, dune vegetation helps in
dune formation and dune growth which also increases flood and erosion resilience.

For convenience, the strengths, weaknesses, challenges, and opportunities regard-
ing the implementation of vegetation in dune rehabilitation projects are provided in
Appendix K. The qualitative cost analysis provided can assist in determining costs
when applying vegetation in a specific project. The information in this Appendix
can be used as a resource about the practical application of vegetation in dune de-
sign.



B I B L I O G R A P H Y

Ajedegba, J. O., Choi, J. W., and Jones, K. D. (2019). Analytical modeling of coastal
dune erosion at South Padre Island: A consideration of the effects of vegetation
roots and shear strength. Ecological Engineering, 127(May 2018):187–194.

AP Grootjans, HWT Geelen, A. J. E. L. (2002). Restoration of coastal dune slacks in
the Netherlands. Hydrobiologia, 478:181.

Arens, S. M., Slings, Q. L., Geelen, L. H. W. T., and Van der Hagen, H. G. J. M. (2007).
Implications of environmental change for dune mobility in the Netherlands.
International Conference on Management and Restoration of Coastal Dunes, Minist.
de Medio Ambiente, Santander, Spain., (January 2007):3–5.

Arkema, K. K., Griffin, R., Maldonado, S., Silver, J., Suckale, J., and Guerry, A. D.
(2017). Linking social, ecological, and physical science to advance natural
and nature-based protection for coastal communities. Annals of the New York
Academy of Sciences, 1399(1):5–26.

Armaroli, C., Grottoli, E., Harley, M. D., and Ciavola, P. (2013). Beach morphody-
namics and types of foredune erosion generated by storms along the Emilia-
Romagna coastline, Italy. Geomorphology, 199:22–35.

Baas, A. C. and Nield, J. M. (2007). Modelling vegetated dune landscapes. Geophys-
ical Research Letters, 34(6).

Barbier, E. B. (2007). Valuing ecosystem services as productive inputs. Economic
Policy, 22(49):177–229.

Bardgett, R. D., Mommer, L., and De Vries, F. T. (2014). Going underground:
root traits as drivers of ecosystem processes. Trends in Ecology and Evolution,
29(12):692–699.

Berard, N. A., Mulligan, R. P., da Silva, A. M. F., and Dibajnia, M. (2017). Evalua-
tion of XBeach performance for the erosion of a laboratory sand dune. Coastal
Engineering, 125:70–80.

Biel, R. G., Hacker, S. D., and Ruggiero, P. (2019). Elucidating Coastal Foredune Eco-
morphodynamics in the U.S. Pacific Northwest via Bayesian Networks. Journal
of Geophysical Research: Earth Surface, 124(7):1919–1938.

Bischetti, G. B., Chiaradia, E. A., Simonato, T., Speziali, B., Vitali, B., Vullo, P., and
Zocco, A. (2005). Root Strength and Root Area Ratio of Forest Species in Lom-
bardy (Northern Italy). Plant and Soil 2005 278:1, 278(1):11–22.

Blackmar, P. J., Cox, D. T., and Wu, W.-C. (2014). Laboratory Observations and Nu-
merical Simulations of Wave Height Attenuation in Heterogeneous Vegetation.
Journal of Waterway, Port, Coastal, and Ocean Engineering, 140(1):56–65.

Bosboom, J., Mol, M., Reniers, A. J., Stive, M. J., and de Valk, C. F. (2020). Optimal
sediment transport for morphodynamic model validation. Coastal Engineering,
158(December 2019):103662.

Bosboom, J., Reniers, A. J., and Luijendijk, A. P. (2014). On the perception of mor-
phodynamic model skill. Coastal Engineering, 94:112–125.

Bosboom, J. and Stive, M. (2021). Coastal Dynamics Open Textbook, volume 1.

99



BIBLIOGRAPHY 100

Brandenburg, P. (2010). Scale dependency of dune erosion models Performance
assessment of the DUROS and XBeach model for various experiment scales.
Technical report.

Bryant, D. (2021). private communication.

Bryant, D. (2022). private communication.

Bryant, D. B., Anderson Bryant, M., Sharp, J. A., Bell, G. L., and Moore, C.
(2019). The response of vegetated dunes to wave attack. Coastal Engineering,
152(March):103506.

Carter, R. W. (1980). Vegetation stabilisation and slope failure of eroding sand dunes.
Biological Conservation, 18(2):117–122.

Carter, R. W. G. and Stone, G. W. (1989). Mechanisms associated with the erosion
of sand dune cliffs, Magilligan, Northern Ireland. Earth Surface Processes and
Landforms, 14(1):1–10.

Charbonneau, B. R., Wnek, J. P., Langley, J. A., Lee, G., and Balsamo, R. A. (2016).
Above vs. belowground plant biomass along a barrier island: Implications for
dune stabilization. Journal of Environmental Management, 182:126–133.

Charbonneau, B. R., Wootton, L. S., Wnek, J. P., Langley, J. A., and Posner, M. A.
(2017). A species effect on storm erosion: Invasive sedge stabilized dunes more
than native grass during Hurricane Sandy. Journal of Applied Ecology, 54(5):1385–
1394.

Conger, T. and Chang, S. E. (2019). Developing indicators to identify coastal green
infrastructure potential: The case of the Salish Sea region. Ocean and Coastal
Management, 175(March):53–69.

Cumbe, V. F., Muanido, A., Manaca, M. N., Fumo, H., Chiruca, P., Hicks, L., De
Jesus Mari, J., and Wagenaar, B. H. (2020). Validity and item response theory
properties of the Patient Health Questionnaire-9 for primary care depression
screening in Mozambique (PHQ-9-MZ). BMC Psychiatry, 20(1).

Dahl, Bill E. Cotter, P. F. W. D. B. D. D. D. (1983). Posthurricane Survey of Experi-
mental Dunes on Padre Island, Texas. Technical report.

Dalrymple, R. A., Asce, M., Kirby, J. T., Hwang, P. A., and Members, A. (1984).
Wave Diffraction Due to Areas of Energy Dissipation. Journal of Waterway, Port,
Coastal, and Ocean Engineering, 110(1):67–79.

De Baets, S., Poesen, J., Reubens, B., Wemans, K., De Baerdemaeker, J., and Muys,
B. (2008). Root tensile strength and root distribution of typical Mediterranean
plant species and their contribution to soil shear strength. Plant and Soil, 305(1-
2):207–226.

de Bakker, A. T., Herbers, T. H., Smit, P. B., Tissier, M. F., and Ruessink, B. G.
(2015). Nonlinear Infragravity–Wave Interactions on a Gently Sloping Labora-
tory Beach. Journal of Physical Oceanography, 45(2):589–605.

de Battisti, D. and Griffin, J. N. (2020). Below-ground biomass of plants, with a
key contribution of buried shoots, increases foredune resistance to wave swash.
Annals of Botany, 125(2):325–333.

de Beer, A. (2017). The influence of incident waves on runup: A comparison between
a phase-averaged and a phase-resolving XBeach model. Technical report.

de Vet, P. L. M., Mccal, R. T., den Bieman, J. P., Stive, M. J., and van Ormondt, M.
(2015). Modelling Dune Erosion, Overwash and Breaching At Fire Island (Ny)
During Hurricane Sandy. pages 1–10.



BIBLIOGRAPHY 101

Delgado-Fernandez, I., Davidson-Arnott, R. G. D., and Hesp, P. A. (2019). Is ‘re-
mobilisation’ nature restoration or nature destruction? A commentary. Journal
of Coastal Conservation 2019 23:6, 23(6):1093–1103.

Deltares (2021a). Beira Coastal Protection Preparation study : erosion hazard mod-
elling and morphology assessment. Technical report, Deltares, Delft.

Deltares (2021b). Beira Coastal Protection Preparation study : flood hazard mod-
elling. Technical report.

Donnelly, C., Larson, M., and Hanson, H. (2009). A numerical model of coastal
overwash. Proceedings of the Institution of Civil Engineers: Maritime Engineering,
162(3):105–114.

Elsayed, S. M. and Oumeraci, H. (2017). Effect of beach slope and grain-stabilization
on coastal sediment transport: An attempt to overcome the erosion overestima-
tion by XBeach. Coastal Engineering, 121:179–196.

ENW (2007). Technical report dune erosion (Dutch: Technisch Rapport Duinafslag).
Technical report.

Erikson, L. L. (2007). Laboratory Investigation of Beach Scarp and Dune Recession
Due to Notching and Subsequent Failure. Marine Geology.

Feagin, R. (2021). private communication.

Feagin, R. A., Figlus, J., Zinnert, J. C., Sigren, J., Martı́nez, M. L., Silva, R., Smith,
W. K., Cox, D., Young, D. R., and Carter, G. (2015). Going with the flow or
against the grain? The promise of vegetation for protecting beaches, dunes, and
barrier islands from erosion. Frontiers in Ecology and the Environment, 13(4):203–
210.

Feagin, R. A., Furman, M., Salgado, K., Martinez, M. L., Innocenti, R. A., Eubanks,
K., Figlus, J., Huff, T. P., Sigren, J., and Silva, R. (2019). The role of beach and
sand dune vegetation in mediating wave run up erosion. Estuarine, Coastal and
Shelf Science, 219(January):97–106.
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A S U M M A R Y P R E V I O U S R E S E A R C H

a.1 introduction
First an overview regarding researches which consider the effect of dune vegetation
during storm conditions. For researches assigned with a *, the VF for the collision
regime is calculated to give an idea of the size of this effect. An overview of cal-
culated VF is finally shown. Hereafter, the researches and effects are described in
words.

Figure A.1: Overview studies that focused on the effect of dune vegetation during storm
conditions. A * denotes that the VF was calculated for this study.

106



a.2 case, modelling and field studies regarding dune vegetation 107

a.2 case, modelling and field studies regarding
dune vegetation

The outcomes of different case and field studies is summarized below. This strength-
ens the importance of coastal dune vegetation.
Sigren et al. [2018] conducted an analysis from Hurricane Ike to show the effects of
coastal dune volume and vegetation on storm-induced property damage. For the
west side of the storm, dune volume and vegetation were both substantially associ-
ated to less severe property damage. The findings of this study suggest that dunes
might be an important component of coastal hazard mitigation techniques, as well
as a unique potential for bioengineered, green infrastructure. Passeri et al. [2018]
and Schambach et al. [2018] demonstrated with a model study that the presence of
vegetation results in a reduction of overwash velocities, resulting in maintaining of
sediment on the subaerial dune.
Godfrey and Godfrey [2020] acknowledged the role of salt-resistant plants in main-
taining dunes and slowing overwash, and they suggested that overwash processes,
beach preservation, dune vegetation and barrier island migrations were interre-
lated.Dahl [1983] analyzed pre- and posthurricane surveys to quantify the effects
of vegetation on dune change following an overwash. Similar to the observations of
Godfrey and Godfrey [2020], a greater quantity of sand was transported inland for
the dunes without vegetation. Furthermore, Donnelly et al. [2009] qualitatively
proved the significance of vegetation in decreasing dune erosion and overwash
through field research. However, the contribution by vegetation was not quanti-
fied. The study of Lindell et al. [2017] analysed Angelholm Beach in South Sweden
and showed that wave and wind erosion increase due to the removal of vegetation.
Dune front erosion during storms increased 2-4 times compared to dunes including
vegetation. Charbonneau et al. [2017] quantified coastal dune erosion from Hurri-
cane Sandy and documented t a species-specific effect on collision erosion. Also Biel
et al. [2019] studied and highlighted the dune resistance of specific species on col-
lision erosion. A recent field study in Mexico of Maximiliano-Cordova et al. [2021]
also showed that erosion was negatively correlated with erosion during the collision
regime. However, this correlation was shown in 1 out of 3 sites. This shows that the
protective role is species- and site-dependent. Ajedegba et al. [2019] established an
analytical wave impact model that included the role of plant roots to the lowering
of dune erosion volume during the collision regime. This approach takes the effect
of extra strength provided by vegetation roots into account, which results in an ero-
sion reduction between 1.25 and 5. This was validated by a case study regarding
Hurricane Dolly in Mexico.

a.3 wave flume experiments regarding dune veg-
etation

Several wave flume experiments considering vegetation during storm conditions
are summarized below. A division is made between experiments assessing specifi-
cally runup, wave impact or both.
In Figure A.2 the experiments which addressed the role of dune vegetation are
shown, all with different set-ups and focus. The inundation regime is not described,
since there is a possibility that during this regime waves are not longer the primary
hydrodynamic force that affect the dune erosion Palmsten and Holman [2011a].

The general conclusion of all experiments, is that the existence of vegetation of
dunes, results in a decrease in dune erosion. It was also emphasized that both
above- and belowground biomass have a positive effect on the erosion resistance of
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Figure A.2: Overview wave flume experiments and link with Sallenger regime and processes
of impact on dunes

dunes.

collision runup de Battisti and Griffin [2020] sought to investigate the func-
tion of annual species in erosion resistance and to separate the contributions of 3

distinct below-ground compartments (roots, rhizomes, and buried shoots). The key
results of this studies are the fact that all three species considered (both annual and
perennial plants) reduce erosion and that the total belowground biomass mostly
explained erosion resistance, compared to one compartment. The most important
individual belowground plant compartment contribution came from buried roots,
which drives sediment stabilization.

Maximiliano-Cordova et al. [2019] evaluated the erosion with swash flow consid-
ering three beach dune species. The results show that plant cover reduces erosion,
the effectiveness depending on the plant architecture..

Feagin et al. [2019] conducted research with looking at the model wave run up
effects at the initiation of a storm (prior to dune failure by collision). The length of
the experiments were set accordingly.

collision wave impact and overwash Kobayashi [2013] did small wave flume
experiments with woody plants, represented by buried dowels. The goal was to in-
vestigate the effects of woody plants on dune erosion and overwash with irregular
waves impinging on a dune.The wide vegetation covering the foreslope reduced ero-
sion of the foreslope as well as the overtopping and overwash rates. Furthermore,
the reduced wave overtopping resulted in the increase of offshore sand transport
from the eroded dune. An explanation for this could be the smaller overtopping
rate and so a higher undertow current.

Figlus et al. [2014] studied the role of vegetation in dune erosion resiliency, where
the seaward facing slope of the dune covered with the Sporobolus Virginicus was
subjected to attacking waves. They focused on the development of the beach profile
and dune scarp retreat in time. The maturity and plant density were varied. The
addition of vegetation to the dunes resulted in a 33 percent reduction in erosion.



a.3 wave flume experiments regarding dune vegetation 109

The rate of dune scarp retreat was 30 percent lower in the condition with plants
compared to the one without plants.

Bryant et al. [2019] tested the erosion-reducing potential of below ground biomass
and aboveground biomass, both in isolation and in combination with the goal to
quantify the dominant mechanisms contributed by vegetation structure to dune re-
sponse. Wooden dowels represented the vegetation, based on a data analysis of Fea-
gin et al. [2019]. Overall, the results showed that vegetation biomass, regardless of
form, reduces the degree of erosion sustained during collision and overwash. Look-
ing at the isolated biomass, there was a much greater dune resistance afforded by
the isolated belowground biomass compared to the isolated aboveground biomass.
However, the combination of above and belowground biomass resulted in the low-
est percent loss of dune material compared to the bare control dune.

swash, collision and overwash Odériz et al. [2020] conducted wave flume ex-
periments, with swash, collision and overwash conditions. Furthermore, different
densities of real vegetation where used. The results showed that when vegetation
was at forward positions on the dune, it decreased run-up, increased reflected en-
ergy and transferred it to low frequency bands, and reduced the eroded volume
on the exposed dune face. When the vegetation was placed on the leeside of the
dune, it retarded and prevented overwash. In summary, plants are better to dissi-
pate waves and provide protection during the initial swash and collision stages of a
storm.

Martinez et al. [2016],Silva et al. [2016] and Mendoza et al. [2017] conducted also
wave flume experiments with real life vegetation (Sporobolus Virginicus) In the
setup, they varied with profile (berm/no berm), wave conditions (mild/moder-
ate/intense) and in plant densities (none/low/medium/high). The experiments
exhibited the reducing effect of vegetation on the eroded dune volume and the rate
of dune scarp retreat. The maturity of plant root system had a significant impact on
the dune erosion. An older and denser dune reduced the total eroded dune volume
by 8% for irregular waves and 30% for regular waves. In general, vegetated dunes
eroded less than dunes without vegetation (regardless of the wave conditions and
morphology of the beach-dune profile), although there was no direct relationship
between the density of vegetation cover and the volume eroded.

Figlus et al. [2017] conducted wave flume experiments with wave bursts imposed
on the dune. They considered four different types of vegetation with varying above-
and belowground biomass and different root size distributions (P. Amarum, R. Phyl-
locephala, s. portulacastrum and S.Virginicus) and 5 different plant maturities. The
main goal of this research was to explore which aspects of vegetation and which
physical processes are linked to enhanced erosion resistance. The research showed
that both the aboveground and belowground portions of vegetation are relevant
in dune protective capabilities and wave induced erosion resistance. In the swash
zone flow, the aboveground plant structure is the key factor linked to erosion reduc-
tion, In relation to this, a larger plant surface area resulted in a decrease turbulent
kinetic energy (TKE). Furthermore, fine roots are key determinants of erosion re-
duction, likely making dune systems less prone for slumping and collapsing by an
increase in shear strength.



B C A LC U L AT I O N V E G E TAT I O N FA C TO R

b.1 introduction
This appendix provides the conditions and researches used for calculating the Veg-
etation Factors.

b.2 vegetation factor swash / runup

Figure B.1: Information about the studies used to calculate the VF for the collision regime -
Runup
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b.3 vegetation factor wave impact

Figure B.2: Information about the studies used to calcule the vegetation factors for the colli-
sion regime - Wave impact



C G E N E R A L D E S C R I P T I O N X B E A C H

c.1 introduction
A description of the XBeach model is given. First a general description of the
XBeach model is given and hereafter the hydrodynamic options are described. The
steps in the XBeach model are outlined, followed up by an overview of important
equations in XBeach.

c.2 general description model
XBeach is used to simulate storm induced erosion. XBeach is an open source storm
impact numerical model which involves hydrodynamic processes and morphody-
namic processes. Short wave transformation, long wave transformation, wave in-
duced setup, unstable currents, overwash, and inundation are all hydrodynamic
processes that are involved. Considering the morphodynamic processes, bed load
and suspended sediment transport, bed update and breaching are included. Fur-
thermore, vegetation and hard structures can be incorporated. In diverse storm
regimes, XBeach solves linked two-dimensional horizontal equations for wave prop-
agation, flow, sediment transport, and bottom changes owing to time varying wave
and flow boundary conditions.

c.3 hydrodynamic options
Three wave modes are included: stationary, surfbeat and nonhydrostatic.

stationary The stationary wave mode solves the wave-averaged equations but
neglects infragravity waves. Wave-group variations are neglected. The stationary
mode is useful for conditions where the incident waves are relatively small and/or
short, and these motions would be small anyway. A typical application would be
to model morphological changes during moderate wave conditions, often in combi-
nation with tides.

surfbeat The short wave fluctuations on the wave group scale, as well as the
long waves connected with them, are resolved in the surfbeat mode (instationary).
Steady currents and set-up as well as infragravity wave motions are included. When
the focus is on swash zone processes rather than time-averaged currents and setup,
the surfbeat mode is required. It is fully valid on dissipative beaches, where the
short waves are mostly dissipated by the time they are near the shoreline. On
intermediate beaches and during extreme events the swash motions are still pre-
dominantly in the infragravity band and so is the runup.

non-hydrostatic A combination of the non-linear shallow water equations is
resolved in the non-hydrostatic mode, also known as wave-resolving mode. A pres-
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sure correction factor is used to allow the propagation and decay of individual
waves. The depth-averaged flow due to waves and currents is computed. The depth
averaged dynamic pressure is computed from the mean of the dynamic pressure at
the surface and at the bed by assuming dynamic pressure at the surface to be zero
and a linear change over depth. The short-wave action balance is no longer required.
The main advantages of the non-hydrostatic mode are that the incident-band (short
wave) runup and overwashing are included, which is especially important on steep
slopes such as gravel beaches. Another advantage is that the wave asymmetry and
skewness are resolved by the model and no approximate local model or empirical
formulation is required for these terms. Finally, in cases where diffraction is a domi-
nant process, wave-resolving modeling is needed as it is neglected in the short wave
averaged mode.

c.4 steps xbeach model
The steps in the XBeach model are shown in Figure C.1. The main steps are shown
in the boxes and other implementations are shown in the circles next to the boxes.
Connectivity between different modules (arrows) and the most important output of
steps (italic) are shown. The fat arrows indicate the main direction. The modules
and other implementations will be discussed in depth below.

Figure C.1: Steps in XBeach including important equations, connectivity between steps (ar-
rows) and output of steps (italic). Fat arrows indicate main direction steps and
circles around modules other possible processes implemented

c.4.1 Short Waves

Short waves are calculated with a time-dependent wave-action balance on wave
group time scale coupled to a roller energy balance.

δA
δt

+
δcx A

dx
=

Dw + D f + Dv

σ
(C.1)

The short wave action balance calculates the variation of the incident band wave
envelope and wave energy dissipation. Wave-induced radiation stresses may be
calculated utilizing the spatial distribution of wave action and hence wave energy
(using linear wave theory). Variations in wave energy results in radiation stresses
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on wave group scales, thereby the forcing of long wave motions. The wave induced
radiation stresses are an input to the depth-averaged shallow water equations. The
roller energy balance accounts for the delay between the point where the waves start
to break and the point where the wave set-up and longshore current start to build.
Regarding the dissipation of wave energy, three short wave dissipation processes
are accounted for: wave breaking, bottom friction and vegetation.

other processes implemented Other processes included are the turbulence
variance at the bed, non-linearity of waves which propagate from deep water onto
beaches and the wave current interaction. The turbulence variance at the bed is
used in the sediment transport module. The increasing non-linearity of waves prop-
agating from deep water onto beaches is implemented in the wave shape. Two wave
forms are implemented to take this non-linearity into account. The wave current in-
teraction implies an exchange of energy, so after the start of the interaction both the
waves and the mean flow are affected by each other. This feature is especially of
importance in gullies and rip-currents (Reniers et al., 2007). In XBeach this is taken
into account by correcting the wave number k with the use of Eikonal equations,
which will have impact on the group and wave propagation speed.

c.4.2 Flow

The depth-averaged shallow water equations are used to solve the mean flow and
the infragravity water level motions and velocities. (Mean setup, undertow, long-
shore currents, IG waves).

The wave groups are reducing in height near the beach because of wave break-
ing. There is a return current in the surfzone to compensate for the onshore mass
transport. To account for the wave induced mass flux and subsequent return flow,
the non-linear shallow water equations are formulated in a depth-averaged Gener-
alized Lagrangian Mean formulation. This is calculated by dividing the distance a
water particle travels in one wave period by the period itself. The depth-averaged
Generalized Lagrangian Mean velocity is related to the Eulerian velocity (average
velocity of a short wave obtained at a fixed place). The instantaneous velocities are
directly resolved. In the shallow water equations, the effect of bed friction associ-
ated with mean currents and long waves is included by the bed shear stress. The
bed shear stress is calculated with a formula developed by Ruessink. The dimen-
sionless friction coefficient can be determined by five different formulations.

τE
bx = c f ρuE

√
1.16u2

rms + (uE + vE)2 (C.2)

other processes implemented Other implementations in this module are the
effect of wind and the calculation of horizontal viscosity to account for the exchange
of horizontal momentum at spatial scales smaller than the computational grid size.
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c.4.3 Sediment transport

The sediment transport is calculated by means of the advection-diffusion equation.
The depth averaged sediment concentration C is calculated by a mismatch with

the equilibrium sediment concentration, which is the minimum value of the Ceq
compared to the maximum allowed sediment concentration. The sediment concen-
tration can be calculated with different formulae. One option is Soulsby and Van
Rijn which combines suspended and bed load transport in one equation (equation
??). A stands for the bed/suspended load coefficients and ucr for the critical velocity.
The critical velocity specifies the point at which depth averaged velocity sediment
motion begins. The formulation of Soulsby-van Rijn is often used for storm con-
ditions as there is a lot of suspended transport during these conditions. For mild
conditions this is less accurate, as suspended and bed load may not be in similar
direction. The actual sediment concentration is utilized to calculate sediment trans-
port rates, which are then used as input for the bed-level update computation.

Ceq = max(min(Ceq,
1
2

Cmax) + min(Ceq,
1
2

Cmax), 0) (C.3)

Ceq,b/s =
As,b/s

h
(

√
v2

mg + 0.018
u2

rms
Cd

− ucr)
2.4 (C.4)

other processes implemented The effect of dilatancy, the bed slope and wave
non-linearity are also accounted for in XBeach. Dilatancy accounts for the influence
of pore water on bed stability, effectively increasing the local critical Shields param-
eter and thereby reducing transport rates during high flow conditions.

c.4.4 Bottom change

Based on gradients in sediment transport (sediment fluxes), the bed levels can be
calculated with the Exner equation (equation C.5).

dzb
dt

+
fmor

(1 − p)

(dqx

dx
+

dqy

dy

)
= 0 (C.5)

The process of avalanching reduces the cross-shore slope of the dunefront at loca-
tions that become wet during runup. This process is accounted for by updating the
bed evolution and introduces a critical bed slope for both dry and wet area.

|dzb
dx

| > ϕcr (C.6)

Wet cells are assumed to be more prone to slumping than dry cells. Sediment
between two adjacent cells is exchanged as long as the critical slope between these
cells is exceeded. Bed level changes follows from lateral gradients in sediment
transport.
The avalanching algorithm used by XBeach limits the areas submerged by water
model grid cells to smaller slopes than for areas not submerged by water. This
means that as waves collide with the dune face, the transition at the dune foot from
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dry to wet sets off a chain reaction in the model that causes the dune to slump
(Roelvink et al. [2009]).

other processes implemented The effect of the bed composition is also im-
plemented. This is of importance when there are different sediment fractions and
sorting and armoring can take place.

c.5 overview important equations xbeach
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D D E S C R I P T I O N S E L E C T E D W AV E
F L U M E E X P E R I M E N T S

d.1 introduction
The wave flume experiments of Bryant and Mendoza are discussed.

d.2 set-up bryant experiment
It is important to describe and understand the set-up in depth to understand the
outcomes and use the input and results during the model phase.
The experiments were performed in a concrete flume at the U.S. Army Engineer
Research and Development Center (dimensions: 63.4x1.5x1.5). The model setup is
shown in Figure D.1, imposing a beach, a dune and an impermeable sloping wall.
This beach-dune model was on 1:15 scale. The model was constructed with sand
with a diameter D50 of 0.15 mm and the dune length was 1.13 m, dune height 49.8
cm relative to the floor, a foreslope of 1/2 and a backslope of 1/3.

Figure D.1: Set-up wave flume experiment Bryant. Not to scale (source: Bryant et al. [2019])

In total, 5 different hydrodynamic conditions were applied, summarized in Table
D.1. 2 water levels were modeled: 30 cm above the toe of the beach (S) and 35 cm
above the toe of the beach (D). Irregular wave spectra based on a TMA shallow- wa-
ter spectrum (gamma = 3.3) were generated in order to induce the collision (C) and
overwash (O) regimes as defined by Sallenger (2000). A TMA spectrum is a modi-
fied JONSWAP spectrum to account for the waves coming in from deeper areas into
an area where waves are much affected by limited water depth. The collision regime
was targeted three times (SC1, SC2, DC) and the overwash regime two times (SO,
DO). The target peak period (Tp) was based on measurement of Hurricane Sandy,
taken at the US Army Field Research Facility in Duck, North Caroline. An average
peak period of 14.3 s was measured, so a peak period of 3.69 was chosen for all
hydrodynamic conditions, except SC2. For SC2 a Tp of 2 s was chosen to provide
an extra condition. A model run consisted of three identical wave bursts. For the
C-conditions, a duration of 1200 s was established and for the O-condition a du-
ration of 400 s. Only for the DO conditions one wave burst was considered. Ten
wave gauges (WG) were mounted along the flume, to measure the water surface
elevation. Area LiDAR scans were used to measure the total change in dune profile,
before and after wave runs.A single profile as a function of the x axis was created
by averaging the LiDAR data alongshore.
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Table D.1: Hydrodynamic conditions Bryant experiment

SWL [cm] Hm0
[cm]

Tp ([s]) No. of bursts Duration of
wave burst [s]

SC1 30 7.4 3.69 3 1200

SC2 30 8.4 2.0 3 1200

SO 30 12.8 3.69 3 400

DC 35 4.3 3.69 3 1200

DO 35 13.2 3.69 1* 400

d.3 results bryant experiment

d.3.1 General

During collision and overwash conditions, both above- and belowground plant fea-
tures contributed to dune erosion and water and sediment overwash reduction. The
above- and belowground vegetation cover resulted in the least change in volume at
the vegetation section, hereafter the B vegetation cover and the A vegetation turned
out to be the least effective. As the dune eroded, the storm impact regime transi-
tioned in some cases slowly from collision to overwash. The inclusion of biomass
delays this transition in storm impact regime, providing greater protection to coastal
communities.

Since the collision regime is considered in this thesis, the SC1 and DC trials are the
most interesting to test. The SC2 case is not considered due to the generally small
observed erosion and the small deviations between the vegetation covers. The ex-
perimental set-up between DC and SC1 differs in waterlevel (SWL) and significant
wave height (Hm0). The SWL of the SC1 test is 0.3 m above the toe of the dune
compared to 0.35 cm and the Hm0 is 7.4 cm instead of 4.3 cm.

d.3.2 Deep Collision

All plant covers decreased erosion volume, maintained a high crest height, and
prevented an overwash regime from arising. The quantity of erosion experienced
varied depending on the biomass type, with the AB vegetation cover experiencing
the least, followed by the B vegetation cover, and finally the A vegetation cover.
Offshore sediment is brought to the coast. The crest of the control dune was eroded
by roughly 5 cm, whereas the biomass-affected dunes kept their crest elevation and
only experienced scarping of the dune face. Water overwash (13.6 kg) and sediment
overwash (15 kg) occurred on the control dune . Only the aboveground vegetated
experiment revealed sediment overwash: 3.6 kg, with a negligible amount of water
overwash.

Examining the profiles, the final profile of DC exhibited a single beach slope of
approximately 12 degrees leading from the dune to the submerged portion of the
profile for all vegetation covers. The bar in front of the dune composes of sediment
from the dune and from sediment offshore.
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Table D.2: Erosion volumes Bryant DC

Experiment Erosion
volume
[m3/m]

Deviation
control
[%]

Control 0.0321 X
A 0.0151 -52

B 0.0137 -57

AB 0.0108 -66

Figure D.2: DC Bryant measurements

Figure D.3: Profile evolution Bryant DC

d.3.3 Shallow Collision

Also for the SC1 condition, the eroded volume reduces and the dune crest height
remains higher , independent of cover type. The amount of erosion relative to the
control varied, depending on the presence and type of biomass. The A vegetation
cover had the smallest impact on dune erosion volume, whereas the B and AB vege-
tation covers retained a slightly higher elevation and more dune volume compared
to the control. The erosion volume of the duneface is for the AB case slightly larger
than for the B case, but the dune volume above zb=0.8 m, stays larger for the AB
case. No sediment and water overwash has been observed in the experiment.

The final profile all show a slightly steeper area at the top of the dune. The
nearshore beach is flattened to a slope of approximately 12 degrees.

d.3.4 Comparison SC1 and DC

In the DC tests, sediment was deposited offshore to form a small bar, while in the
SC1 case the material was brought to the nearshore beach. DC has a much higher
erosion volume, which can be explained by a high water level and the continuous
undermining of the duneface.
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Table D.3: Erosion volumes Bryant SC1

Experiment Erosion
volume
[m3/m]

Deviation
control
[%]

Control 0.0092 X
A 0.0073 -20

B 0.0048 -47

AB 0.0043 -53

Figure D.4: Eroded volume SC1 Bryant measurements

Figure D.5: Profile evolution Bryant SC1

Figure D.6: DC and SC1 comparison eroded volumes

d.4 set-up mendoza experiment
It is important to describe and understand the set-up in depth to understand the
outcomes and use the input and results during the model phase.
The physical experiment was conducted in a 0.8 m wide, 1.2 m high and 37 m long
wave flume (Engineering Institute of the National Autonomous University of Mex-
ico). Model setup shows a 1:20 model, constructed with sand from Veracruz. The
diameter of this sand was D50 0.142mm, containing 6% of fine material, a unifor-
mity coefficient of 1.42 and specific gravity of 2.7. The model setup is shown in
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Figure D.7 , The setup consists of a submerged profile, a horizontal berm and a
dune. The submerged part of profile A had a gentle slope (1/32) from the bottom
of the flume to a depth of 8.5 cm below the still water level, a second slope of 1/7

began at coordinate 26.75 m, 2 cm above the SWL. From there, a horizontal berm,
35 cm long, extended to the toe of the berm where the dune face rose to 22 cm
above the SWL, with a 1/2.25 slope. The back of the dune had a 1/1.36 slope which
descended again, to reach the SWL, giving a total dune base width of 75 cm. Behind
the dune a horizontal section of 1.2 m was left. A vertical impermeable wall is place
behind the profile. This profile is similar to the profile of Kobayashi et al, 2009;

Figure D.7: Set-up wave flume experiment Mendoza. Not to scale (source: Mendoza et al.
[2017])

Three wave conditions are applied, S1 S2 and S3, with the first two having a du-
ration of 900 s and the last one of 240 s. The SWL for all these conditions was
set on 0.45 m, with a storm surge of 0.05 m. The wave trains consist of irregular
waves generated from a jonswap spectrum with gamma = 3.3. In the beginning of
an experiment and in order to saturate the dune, three minutes of a mild wave train
(Hs=5 cm m and Tp=1.0 s) were generated; if any significant deformation of the
beach-dune system was found after these waves, the model was repaired.
All conditions are applied to a non vegetated dune, a dune with low plant density,
medium plant density and high plant density.

During the experiment, 11 wave gauges recorded the free water surface elevation.
Furthermore, 3 Ultra Velocity Profilers recorded the velocity profiles and the evolu-
tion of the profile morphodynamics was measured with a laser total station.

Table D.4: Hydrodynamic conditions Mendoza experiment

SWL [cm] Hm0
[cm]

Tp [s] Duration of wave
burst [s]

AS1 45 10 1.1 900

AS2 45 10 1.5 900

AS3 45 15 2.0 240

d.5 results mendoza experiment

d.5.1 General

Vegetation reduced net erosion on the dune face, independent of the wave condi-
tions, morphology of the beach-dune profile or the mode of erosion. The most
important morphological consequence of dune vegetation appears to be delaying
erosion time. This contributes to the beach profile’s durability and resistance. Ero-
sion of the dune face was reduced by vegetation, particularly with a strong storm,
when Iribarren numbers were greater. When vegetation is present, the wave break-
ing point is moved seawards, and bed velocities near to the coastline are lower. Both
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of these factors contribute to vegetation’s protective role. In the experiments with
the highest wave conditions, vegetation on both profiles prevented overwash and
hence dune degradation on the landward side.

Since the collision regime is considered in this thesis, the profile with the berm
(A) is the most interesting to test.

d.5.2 AS2H

Erosion reduced in the presence of the plant with 46% and erosion was lowest in
the test with a high vegetation cover. However, there was no direct relationship
between the density of vegetation cover and the volume eroded.

The erosion was lower, the coastline retreat was lower, dune foot retreat was lower.

Table D.5: Erosion volumes Mendoza AS2

Experiment Erosion
volume
[m3/m]

Deviation
control
[%]

Control
(AS2N)

0.0069 X

AB
(AS2H)

0.0037 -46

Figure D.8: AS2H Mendoza experiments

Figure D.9: Profile evolution Bryant AS2N (left) and AS2H (right)



E
F O R M U L AT I O N S S TAT I S T I C A L
PA R A M E T E R S A N D M O R P H O LO G I C A L
I N D I C ATO R S

e.1 introduction
In this Appendix an explanation and the formulations of the statistics used for the
hydrodynamic and morphological calibration and validation are given.

e.2 morphology indicators
Morphology indicators give insight in the storm impact on a beach dune profile
(e.g. profile development, dune retreat, berm slope and erosion volume). In this
research the erosion volume is used.

erosion volume The dune erosion volume is defined as the volume per running
meter between the initial bed level and the bed level at a given time. The lower limit
used is the toe of the dune.
The letters s, m, c, and v represent simulated, measured, control (without vegeta-
tion) and vegetation, respectively.

Volume Reduction s/m =
∆Vs/m,v − ∆Vs/m,c

∆Vs/m,c
∗ 100

Di f f erence in reduction = Volume Reductions − Volume Reductionm

e.3 model performance statistics
Model performance statistics are used to quantify the performance of model results.
This is done by a comparison with the measured data. nis the amount of datapoints.

Table E.1: Model Performance Statistics

Parameter Description Ranges

ME Mean Error 0: perfect prediction
RMSE Root Mean Squared Error low value: good perfor-

mance
BSS Brier Skill Score bad (< 0), poor (0–0.3), fair

(0.3–0.6), good (0.6–0.8) (van
Rijn et al. [2003])

mean error / bias The Mean Error (ME), sometimes called Bias is useful to
quantify model performance for parameters such as wave heights or water levels.
(Deltares, BOI, zandige keringen).

ME =
1
N

N

∑
i=1

= (Hi,s − Hi,m)
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rmse Root Mean Square Error (RMSE) is the standard deviation of the residuals
(prediction errors). Residuals are a measure of how far from the regression line
data points are; RMSE is a measure of how spread out these residuals are. In other
words, it tells you how concentrated the data is around the line of best fit. Root
mean square error is commonly used in climatology, forecasting, and regression
analysis to verify experimental results.

RMSE =

√√√√ 1
N

N

∑
i=1

(zbi,s − zbi,m)2

brier skill score The statistical parameters Bier-Skill Score (BSS) is used to
compare predicted and measured profile with the initial profile (van Rijn et al 2003).
Many coastal modelling studies assessing bed level changes use this score. The
Skill Score is an objective way for evaluating the performance of morphological
models based on the relative error between prediction and observation in terms
of observed profile changes. z is the elevation of the beach-dune profile and the
subscript c stands for post-computed, m for post-measured and 0 for initial.

BSS = 1 − ∑N
i=1(zbi,s − zbi,m)

2

∑N
i=1(zbi,0 − zi,m)2



F
S P L I T T I N G S E A S W E L L A N D
I N F R A G R AV I T Y W AV E S F R O M A
T I M E S E R I E S

f.1 introduction
For the splitting of sea-well waves and infragravity waves from the data from Bryant
(2019). The function comps pec in Matlab is used to generate a spectrum. Hereafter
the spectrum is splitted into a sea-well and infragravity part. The split in frequency
assumed is fsplit = fpeak/2.

f.2 frequency spectrum
On the ocean, short irregular waves are generated by local wind fields. In the phys-
ical experiment of Bryant, irregular waves are forced with a TMA shallow-water
spectrum. This wave field consists of different wave components. One wave compo-
nent is defined by a sine curve with a phase and amplitude. The wave components
together are an irregular high frequency wave field. Since the TMA shallow-water
spectrum generates high and low frequency waves, these are splitted for hydrody-
namic calibration.
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f.3 code for splitting
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f.4 computation of spectrum function matlab



G C H O I C E O F PA R A M E T E R
C O M B I N AT I O N S C A L I B R AT I O N

g.1 introduction
The choice for the combination of values for the SC1 case is outlined.

g.2 choice of calibration combinations during
calibration

In general, for the hydrodynamic interaction the roughness and vegetation module
are identified. The root model and the avalanching module account for soil stabi-
lization and thus the belowground effect of vegetation. In this section, the choice of
calibration combinations are explained for the SC1 case. All combinations possible
are illustrated in Figure G.1.

Since both eroded volume and profile evolution were used for evaluation, here the
reasoning for calibration is explained.the best combination and fit was chosen per
case based on three criteria. The first criteria is the physical possibility: the presence
of aboveground/belowground vegetation and possible vegetation processes and ef-
fects. The second criteria encloses the erosion volume reduction (matching relative
erosion reduction compared to control. The final criteria is a reasonable BSS score
(BSS > 0.6).

Figure G.1: Overview combinations possible for calibration vegetation cases Bryant and Men-
doza physical experiments

g.2.1 Hydrodynamic interaction (A)

For the hydrodynamic interaction, the roughness and vegetation module are ap-
plied. However, the roughness module shows to have an insignificant effect and
the vegetation module a maximum of 5% erosion reduction. This is insignificant,
in comparison with 20% erosion reduction. Therefore, the avalanching module is
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applied, which accounts for the wooden dowels which could interact with the soil
and sediment. The critical wet slope is increased, and both the BSS and erosion re-
duction are evaluated as shown in Figure G.2. A higher wetslope results in a lower
BSS and a higher erosion reduction. Since a wetslope of 0.4 results in a perfect
erosion reduction (0 p.p. difference) and a good BSS ( 0.6), this was chosen as value
for calibration.

Figure G.2: SC1 A relation reduction in erosion, BSS and value of Cd for the vegetation
module/value of wetslope of the avalanching module. A higher Cd and wetslope
result in more erosion reduction and a lower BSS

g.2.2 Soil stabilization (B)

For the soil stabilization, the avalanching module and the root model are applied.
To see the consequences, the critical wet slope and root model are applied sepa-
rately first. Both the BSS and erosion reduction are evaluated. An increase in the
wetslope results in a reduction of eroded volume, and a better match in relative
reduction of erosion with the measurements. However, an increasing wetslope also
results in a lower BSS (Figure G.3). Considering the profile, a wetslope higher than
0.5 results in too steep slopes. This is in direct conflict with the purpose of mod-
ifying the avalanching module. As a consequence, a wetslope of 0.5 is chosen as
maximum, which results in an erosion reduction of 31%. However, the relative
erosion reduction of the measured case is 47%. Therefore, also the root model is
applied. Applying the root model alone results in a maximum erosion reduction of
32% (rcc=5), which is also lower than the 47% reduction seen in the measurements.
Considering the BSS, a higher BSS is achieved for a lower rcc value. Since the root

Figure G.3: SC1 relation reduction in erosion, BSS and value of rcc for the root model/value
of wetslope of the avalanching module. A higher rcc and wetslope result in more
erosion reduction and a lower BSS

model and higher critical wet slope in the avalanching module could reinforce ea-
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chother, finally a rcc of 0.05 and a wetslope of 0.5 resulted in an erosion reduction
of 49%, which deviates 2 p.p. from the measurement.

g.2.3 Hydrodynamic interaction (A) Soil stabilization (B)

For the cases with aboveground and belowground vegetation, so with hydrody-
namic interaction and soil stabilization, more combinations are possible. Since
several modules require calibration, and the choice of values is uncertain, this is
complicated. It was decided to solely use the root model and alter the wet critical
slope for the sake of simplicity. A wetslope of 0.5 and a rcc of 0.08 result in an
erosion reduction of 53% and a BSS of 0.58.

Figure G.4: SC1 relation reduction in erosion, BSS and value of rcc for the root model and a
constant higher value of wetslope. A wetslope of 0.5 and an increasing wetslope
results in more erosion reduction and a lower BSS



H A N A LY S I S P OT E N T I A L C OA S TA L
G R E E N I N F R A S T R U C T U R E

h.1 introduction
The effect of vegetation is location depended. Therefore, it is interesting to assess
the potential of a location to implement vegetation in dune design. A first indication
for the Beira location is provided in this appendix.

h.2 indicators
Conger and Chang [2019] developed indicators to identify the potential of Coastal
Green Infrastructure (CGI). CGI is defined as natural or nature-based systems that
provide coastal flood and erosion protection as well as multiple social, economic,
and environmental benefits while considering its vulnerability to environmental
conditions. The indicators of Conger can be used to categorize and assess the po-
tential of dune vegetation in dune rehabilitation projects. Indicators for the coastal
protection index are relief, coastal types, coastal vegetation, habitat zone, wave ex-
posure, maximum wave height, maximum wave fetch, and coastal land use. Low
protection and high protection examples are displayed in H.1. Indicators for the
vulnerability index are relief, tidal range, habitat zone, sea-level change, erosion
change, wave exposure, and coastal land use. A description of these indicators can
be found in Figure H.2.

When a system has a low coastal green infrastructure vulnerability and high protec-
tion benefits, the potential to utilize vegetation (CGI) in beach-dune rehabilitation
projects is considered high.

h.3 beira
When the Conger and Chang [2019] criteria are applied to the Beira study area,
the result is that Beira has a low protection potential as well as a low vulnerability.
For an explanation of the calculation is referred to the paper of Conger and Chang
[2019].

Because the CGI’s vulnerability is minimal, it is recommended to explore ways
to increase their CGI coastal protection benefits. To boost coastal protection, these
communities might concentrate their efforts on activities such as coastal vegetation
regeneration or the creation of new habitats in riparian regions. Where hard protec-
tion structures already exist, hybrid usage of CGI and adapting existing structures
to allow for the production of new CGI can be investigated.

protection The relief in Beira is low, approximately 6-10 meters. This indicates
a relatively low wave attenuation (2). The coastal type is moderate and is charac-
terized by beaches and dunes (3), which provide moderate protection. Considering
vegetation, dune vegetation is present (4). The habitat zone is on the higher tide
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(4). The coast is exposed (1) and the fetch is also large (1). The coastal land use is
mostly green for region 1 (5) and mixed green and gray for region 2 (3).

vulnerability The relief in Beria scores a 4 for the vulnerability (6-10 meters).
The tidal range is above 6 meters (1). The habitat zone is higher tide (2). The sea-
level change is 21-40 cm/100 years (4). The erosion change is moderate (3). The
coastal land use is mostly green for region 1 (5) and mixed green and gray for
region 2 (3).

Figure H.1: CGI Protection indicators. A successful vegetation implementation is indicated
by a high score for protection.
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Figure H.2: CGI Vulnerability indicators. A successful vegetation implementation is indi-
cated by a low score for vulnerability.



I
V E G E TAT I O N D U R I N G S TO R M
C O N D I T I O N S I N R E L AT I O N TO S E A
L E V E L R I S E

i.1 introduction
In the current design for 2070, the effect of sea level rise was included. This was
done by increasing the mean sea level with 0.52 m. When using the same scenario
(RCP8.5 with median percentile), this assessment suggests that the implementation
of vegetation could increase the design lifetime with approximately 15-20 years
which is illustrated in Figure I.1.

Figure I.1: Effect of vegetation on design life time (adapted from: Deltares [2021b] and Vous-
doukas et al. [2018])
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J R E C O M M E N DAT I O N
I M P L E M E N TAT I O N X B E A C H

j.1 introduction
In this Appendix, the recommended implementation of the critical slope for avalanch-
ing is decribed. Two approaches could be implemented

• Constant approach: constant assumed critical slope for places with vegetation

• Dynamic approach: dynamic critical slope due to removal of roots by erosion
due

j.2 proposed code
ϕcr,wet = critical wet slope without biomass
ϕcr,dry = critical dry slope without biomass
ϕcr,inc,veg,dry = critical dry slope with biomass
ϕcr,inc,veg,wet = critical wet slope with biomass
ϕcr,inc,veg,,wet/dry,0 = critical slope with biomass at t=0 (specified in settings)
zroot = rooting depth
∆z = erosion/deposition depth (negative is erosion)
Constant change (for zroot ≤ ∆z(t) < 0):
ϕcr,inc,veg,wet(t) = ϕcr,inc,veg,wet,0
ϕcr,inc,veg,dry(t) = ϕcr,inc,veg,dry,0

Dynamic change in time (for zroot ≤ ∆z(t) < 0):

ϕcr,inc,veg(t) = ϕcr,wet/dry +(ϕcr,inc,veg,wet/dry,0 −ϕcr,wet/dry) ∗min(max(0,
zroot + ∆z(t)

zroot
), 1)

(J.1)
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Constant and dynamic change for ∆z(t) ≥ 0:

ϕcr,inc,veg,wet/dry(t) = ϕcr,wet/dry (J.2)

For example:
ϕcr,wet = 0.3
ϕveg,extra = 0.1
ϕcr,inc,veg,0 = 0.4
zroot = 0.5 m
∆z = 0.4 m

ϕcr,inc,veg(t) = 0.3 + (0.4 − 0.3) ∗ 0.2 = 0.32 (J.3)



K Q U A L I TAT I V E A N A LY S I S V E G E TAT I O N
I N R E H A B I L I TAT I O N P R O J E C T S

k.1 introduction
This appendix provides a qualitative evaluation of the use of vegetation in dune re-
habilitation projects. When dune designers or managers need further information
about vegetation in dune design, this can be a useful resource.

First, a strength-weaknesses-opportunities and challenges (SWOC) analysis is pro-
vided (section K.2). In section K.3, a simple qualitative cost analysis is given.

k.2 qualitative swoc analysis
To evaluate a design with and without a so-called Strengths-Weaknesses-Opportunities
and Challenges (SWOC) analysis has been performed on different defined classes.
A SWOC analysis has shown to be a useful tool for discussing and identifying
strengths, weaknesses, opportunities, and challenges related to an existing design.
The strengths and weaknesses are about the internal design, and the opportunities
and challenges are external attributes, which point out the environment and the
future.

To provide a systematic evaluation, three classes are defined where attention is
paid to the whole ecosystem. These classes (Table K.1) are a combination of three
evaluation concepts: the Ecosystem Services (ESS), People Planet Profit (PPP), and
the Society, Ecology, and Economy (SEE). The classes can be used to evaluate the val-
ues of different aspects of the ecosystem and allow comparing environmental and
economic gain, profits, and losses. An overview of the SWOC analysis is provided
in Figure K.1.

Table K.1: Three classes used for evaluation based on ESS, PPP, and SEE

Class ESS PPP SEE
I Provisioning services Profit Economy
II Regulating services Planet Ecology
III Cultural services People Societal

class i Regarding class I, an advantage of the design with vegetation is the pos-
sibility of a larger resilience in the future. Partly due to the accretion of sediment
in presence of vegetation, and partly due to the larger stability of the dune in pres-
ence of vegetation. Both effects could result in smaller quantities of nourishment
volume needed in the future. Another strength is the increase in job opportunities.
These job opportunities are related to planting the vegetation itself and maintaining
the vegetation. A weakness is the insecurity of the extra strength of the dunes and
subsequently the quantities of the nourishment. This makes it difficult to convince
the client to invest in vegetation. An external opportunity is either the initiation
or the revival of a nursery. This could result in job availability. Furthermore, sus-
tainable measures could enhance tourism, which is positive for the economy. A
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rehabilitation with vegetation asks for monitoring and maintenance of the works,
which implies high costs. The main strength of the design without taking vegeta-
tion into account is the large certainty of the design. The most important weakness
of a design without vegetation is the possible growth of unwanted vegetation or
even no vegetation. In the context of erosion and flood reduction, this is a missing
opportunity.

class ii The rehabilitation of dunes affects for both cases the flood and erosion
control. However, the implementation of vegetation in the design could result in a
natural heightening and strengthening of the dune and so possibly a larger water
safety. A weakness of the design could be too dense vegetation and geomorpholog-
ical stabilization which could result in a rapid decline in ecological diversity and
species richness. This could pose a threat to endangered and rare species (Howe
et al. [2010]; Jones et al. [2010]).

class iii Regarding society, the implementation of vegetation could result in
more knowledge of dunes and vegetation, a sense of place and recreation, and
tourism.

Figure K.1: Overview strengths, weaknesses, opportunities, and challenges for the imple-
mentation of vegetation in dune design
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k.3 qualitative cost analysis
This section provides an overview of the extra costs of the implementation of veg-
etation in dune restoration. This analysis provides a qualitative description of the
extra investments needed for the implementation of vegetation. It must be men-
tioned that is difficult to estimate the costs of the implementation of vegetation
correctly. The real costs remain highly uncertain since it differs per location and
scope of the project. Considering the costs at the project level, general factors for
every alternative were divided by Hillen et al. [2010]. These categories of factors
that determine costs are used to identify the extra costs.

1. Planning and engineering

2. Material costs

3. Labor costs

4. Costs for implementation in the environment

5. Costs for management and maintenance

planning and engineering Extra planning and engineering are needed re-
garding planting vegetation. Firstly, different type of vegetation needs to be evalu-
ated, the type of planting needs to be selected and the real planting work needs to
be planned. The best results are obtained by working together with local commu-
nities. These involved people could then educate other locals about the importance
and functional nature of this work and generate support. Furthermore, the human
action that threats the dunes and the vegetation such as beach driving, sand mining,
and undesirable infrastructure development can be reduced.

material costs Planting vegetation calls for extra material. The material costs
consist of material to produce the vegetation itself, the protection measures, and the
measures to grow the vegetation such as a nursery. Nursery development aimed
to actively foster the natural recolonization of plants that will enable sand accretion
and strengthening. Creepers such as Canavalia Rosea, Ipomoea pes-caprae, and
Cyperus crassipes will naturally colonize the area. The municipality would need to
actively engage in restoration by planting shrub plants mainly.

labor costs Planting plants is time-consuming; they have a finite lifespan and
must be maintained on a regular basis. This includes, for example, replacing plants,
putting fertilizer, replacing branches blown away, repair after vandalism. Also, the
training of labor forces for building and maintaining the vegetation imposes costs.

costs for implementation in the environment No extra land is needed for
implementation. However, when there is chosen to plant vegetation from a nursery
nearby, required land for this nursery is needed. The required amount of land has
to be obtained which could be a financially-legally challenging and costly task.

costs for management and maintenance For the management and mainte-
nance of the vegetation, a responsible organization is needed. Therefore it is even
more important to quantify the vegetation effects during storm conditions.
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