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Summary
Coastal dune systems provide valuable functions that are threatened by human activ-
ity and climate change. Preserving and strengthening coastal dunes through coastal
management and the implementation of interventions requires accurate predictions of
coastal dune development. The development of coastal dunes is driven by complex in-
teractions between aeolian (wind-driven) and marine processes. The aim of this thesis
is to determine how marine and aeolian processes influence coastal dune develop-
ment on a yearly to decadal scale. Specifically, the effect of sea level rise and aeolian
processes related to grain size were addressed.
The effect of sea level rise on coastal dune development was studied by investigating

the decadal development of the dune toe. Analysis of coastal profiles showed that the
dune toe elevation increases 7-8 times faster than the rate of sea level rise along the
Dutch coast (Chapter 3). This indicates that the dune development along the Dutch
coast is dominated by other factors than sea level rise on the yearly to decadal time
scale. The accompanying Jarkus Analysis Toolbox allows practitioners and students to
analyze the Dutch long-term coastal dataset.
Dune growth is caused by aeolian sediment transport, which can be affected by

supply-limiting factors such as grain size. To investigate grain size variations in the
intertidal area, field measurements were collected with a newly developed sediment
sampling device, the sand scraper (Chapter 4). The measurements showed that the
largest temporal changes in grain size occurred due to marine processes, and that
the bed composition in the intertidal area is heterogenous in both the horizontal and
vertical dimension.
The recorded spatial grain size variations inspired grain size scenarios that were cre-

ated to determine to what extent grain size variations impact aeolian sediment trans-
port. The grain size scenarios were implemented in the aeolian sediment transport
model AeoLiS (Chapter 5). Simulations showed that the median grain size can often be
used as a representative grain size on time scales of days to years. They also showed
that vertical grain size variations are only relevant on a minute time scale, whereas
grain size variations in the horizontal dimension have considerable impacts on time
scales from minutes to years. Based on the relevance of the bed surface grain size in
the upwind part of the domain, it was recommended to include the grain size present
in this region in aeolian sediment transport models.
The Adapted Burland Triangle, which can guide the development and application

of modeling in the coastal research and engineering field, was presented and applied
(Chapter 2). The different research approaches in this dissertation were connected
within the framework, and it was used for the identification and prioritization of missing
links and knowledge gaps (Chapter 6). The framework contributes to clarifying the
purpose of research and engineering projects, and is expected to advance the coastal

xi



xii Summary

research and engineering field as a whole.
In summary, new insights on the impact of sea level rise and aeolian processes re-

lated to grain size were presented. The investigation of these processes resulted in a
wide range of new research methods that are and will be used beyond the scope of
this dissertation. The recommendations on the implementation of grain size will af-
fect future aeolian sediment transport modeling. Additionally, several pathways were
presented to improve models and their applicability. Through model application and
further research, valuable knowledge and recommendations will be gathered that can
help coastal communities to balance the different functions of the coastal dune system.



Samenvatting
Kustduinen bieden waardevolle functies die worden bedreigd door menselijke activiteit
en klimaatverandering. Het behouden en versterken van kustduinen door beheer en het
uitvoeren van ingrepen, vereist nauwkeurige voorspellingen van kustduinontwikkeling.
De ontwikkeling van kustduinen wordt aangedreven door complexe interacties tussen
eolische (windgedreven) en mariene processen. Het doel van dit proefschrift is om te be-
palen hoe mariene en eolische processen de ontwikkeling van kustduinen op de schaal
van jaren en decennia beïnvloeden. Specifiek, werden het effect van zeespiegelstijging
en van eolische processen gerelateerd aan korrelgrootte behandeld.
Het effect van zeespiegelstijging op de ontwikkeling van kustduinen werd bestudeerd

door de ontwikkeling van de duinvoet te onderzoeken op de schaal van decennia. Ana-
lyse van kustprofielen toonde aan dat de hoogte van de duinvoet 7-8 keer sneller toe-
neemt dan de zeespiegel stijgt langs de Nederlandse kust (Hoofdstuk 3). Dit wijst erop
dat de duinontwikkeling langs de Nederlandse kust wordt gedomineerd door andere
factoren dan zeespiegelstijging op de schaal van jaren tot decennia. De bijbehorende
Jarkus Analyse Toolbox stelt praktijkbeoefenaars en studenten in staat om de Neder-
landse, lange termijn kustdataset te analyseren.
Duingroei wordt veroorzaakt door eolisch sedimenttransport. Dit transport kan wor-

den beïnvloed door factoren, zoals korrelgrootte, die de aanvoer van sediment kunnen
beperken. Om variaties in de korrelgrootte in het intergetijdengebied te onderzoeken,
werden veldmetingen gedaan met een nieuw ontwikkeld apparaat voor sedimentbe-
monstering, de zandschraper (Hoofdstuk 4). De metingen toonden aan dat de grootste
veranderingen in korrelgrootte door de tijd optreden als gevolg van mariene processen.
Ook toonden ze aan dat de bodemsamenstelling in het intergetijdengebied heterogeen
is in zowel horizontale als verticale dimensie.
De gemeten ruimtelijke variaties in korrelgrootte inspireerden tot korrelgroottesce-

nario’s die werden gemaakt om te bepalen in welke mate variaties in korrelgrootte het
transport van eolisch sediment beïnvloeden. De korrelgroottescenario’s zijn geïmple-
menteerd in het eolische sedimenttransportmodel AeoLiS (Hoofdstuk 5). Simulaties lie-
ten zien dat op tijdschalen van dagen tot jaren de mediane korrelgrootte vaak gebruikt
kan worden als representatieve korrelgrootte. Ze toonden ook aan dat variaties in verti-
cale korrelgrootte alleen relevant zijn op een tijdschaal van minuten, terwijl variaties in
korrelgrootte in de horizontale dimensie een aanzienlijke impact hebben op tijdschalen
van minuten tot jaren. De korrelgrootte van het bodemoppervlak in het bovenwindse
deel van het domein is zeer relevant. Daarom werd aanbevolen om de korrelgrootte
die aanwezig is in dit gebied op te nemen in modellen voor eolisch sedimenttransport.
De Aangepast Burland Driehoek, die de ontwikkeling en toepassing van modellering

op het gebied van kustonderzoek en -waterbouw kan sturen, werd gepresenteerd en
toegepast (Hoofdstuk 2). De verschillende onderzoeksbenaderingen in dit proefschrift
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werden binnen het raamwerk met elkaar verbonden en het werd gebruikt voor het
identificeren en prioriteren van ontbrekende schakels en kennisleemtes (Hoofdstuk 6).
Het raamwerk draagt bij aan het verhelderen van het doel van onderzoeks- en ingeni-
eursprojecten en zal naar verwachting het veld van kustonderzoeks en- waterbouw als
geheel vooruit helpen.
Samenvattend werden nieuwe inzichten over de impact van zeespiegelstijging en eo-

lische processen met betrekking tot korrelgrootte gepresenteerd. Het onderzoek naar
deze processen resulteerde in een breed scala aan nieuwe onderzoeksmethoden die
ook buiten de context van dit proefschrift (zullen) worden gebruikt. De aanbevelingen
over de implementatie van korrelgrootte zullen van invloed zijn op toekomstige mo-
dellering van eolisch sedimenttransport. Daarnaast werden verschillende aanpakken
gepresenteerd om modellen en hun toepasbaarheid te verbeteren. Door toepassing
van modellen en verder onderzoek zullen waardevolle kennis en aanbevelingen wor-
den verzameld die kustgemeenschappen kunnen helpen om de verschillende functies
van kustduinen te balanceren.







Preface
Studying sediment transport on the coast can be fascinating and challenging. In sed-
iment transport, time scales and spatial scales are intertwined. For example, within
seconds, a small sand grain can be picked up by the wind and carried over the beach.
The movement of a single sand grain seems unimportant, but over years and decades,
many sand grains can build up and form a coastal dune. This larger scale is relevant
for humans, as we want to know whether coastal dunes will be able to protect us against
flooding during our lifetime. However, investigating the resilience of dunes can be re-
liant on the understanding of relevant smaller scale processes. Finding the balance
between detail and the big picture is a continuous adventure when studying sediment
transport. By reading this dissertation, I invite you to join the journey through time and
spatial scales that I have gone through in the past four years; from minutes to decades,
and from loose grains to resilient dunes.

Christa van IJzendoorn
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It’s an earthquake, it’s a hard wind
It’s a record breakin’ tide and it is rollin’ in

It’s a big sea, but it can’t touch you and me
It’s just a water view

and what a view

Brandi Carlile
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4 1. Introduction

1.1. Coastal dunes under pressure

The coastal dune system has large societal importance due to the multitude of func-tions it provides (Everard et al., 2010; Martínez et al., 2008). Coastal dunes have an
ecological function because they provide habitat for unique and protected species (e.g.,
Everard et al., 2010; Van Der Meulen & Udo De Haes, 1996). Beaches and dunes fulfill
a recreational function as they are popular destinations for vacation and are intensively
used as leisure zones (e.g., De Ruyck et al., 1997; Sytnik & Stecchi, 2015). Addition-
ally, coastal dunes often provide a flood protection function by preventing low-lying
hinterlands being flooded by the sea (e.g., Coch & Wolff, 1992).
Accommodating the different functions of the coastal dune system can be challen-

ging, as they can have negative effects on each other. For instance, recreation is asso-
ciated with urban development (Figure 1.1) (Nordstrom et al., 2000; Poppema et al.,
2021), vehicle traffic and trampling (Schlacher et al., 2016). These activities can result
in the destruction of vegetation and deterioration of coastal dunes (Biel et al., 2017;
Delgado-Fernandez, O’Keeffe, & Davidson-Arnott, 2019). Consequently, recreation
can negatively affect the ecological and flood defense function of the coastal dunes.
Similarly, coastal stabilization for flood protection with invasive vegetation species can
result in reduced biodiversity. Thus, management geared towards flood protection can
negatively affect the ecological function of the dunes. In turn, protection of the ecolo-
gical function of coastal dunes might require the enforcement of beach or dune closures
that affect the recreational function (Melvin et al., 1991).
The functions provided by the coastal dune system are threatened by growing human

activity and climate change (Nordstrom et al., 2000; Defeo et al., 2009). Urbaniza-
tion and tourism in the coastal zone increase due to population growth and increased
wealth, exacerbating their deteriorating impact on dunes (Nordstrom et al., 2000). Ad-
ditionally, sea level rise (Katsman et al., 2011; Slangen et al., 2014) and changes in
wave climate (Semedo et al., 2012) resulting from climate change can increase the
erosive effects of marine processes (Ranasinghe, 2016; Hemer et al., 2013). This can
lead to beach and dune erosion, reducing the size of the coastal dune system, and
reducing the space available for habitat, flood protection and recreation (Figure 1.1).
This process is known as coastal squeeze (Pontee, 2013).

Figure 1.1: On the left, coastal dunes near Duck, North Carolina, USA. On the right, the overlap
between marine and aeolian processes in the intertidal zone. The high water (HW) and low water
(LW) line indicate the upper and lower boundary of the intertidal zone. Urban development and
expansion on the landward side of the coastal dunes puts pressure on the coastal system.
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To provide space for the different coastal dune functions, nature-based solutions
are implemented that preserve and strengthen the coastal zone (e.g., de Vriend et
al., 2015; Slinger et al., 2021). Coastal dunes are increasingly being discussed as
a long-term building with nature approach in coastal management and engineering
projects (Martínez et al., 2013; Delgado-Fernandez, Davidson-Arnott, & Hesp, 2019).
For example, notches are dug in foredunes to encourage sediment flux to the back
dunes and enhance the flood safety function and biodiversity (Ruessink et al., 2018;
Delgado-Fernandez, Davidson-Arnott, & Hesp, 2019). Furthermore, artificial dunes
are created (Kroon et al., 2022) and dune fields are restored (Rozé & Lemauviel, 2004;
Kurtböke et al., 2007; Darke et al., 2016; Pickart et al., 2021) to increase flood safety
as well as space for recreation and ecology. However, the development and the related
effectiveness of these relatively new measures is uncertain due to the complexity of the
sediment transport processes that determine the evolution of the coastal dune system
on a yearly to decadal time scale.
Therefore, coastal management, as well as design and implementation strategies,

need accurate predictions of coastal dune development on a yearly to decadal time
scale. These predictions can provide insight into the expected pressures in the coastal
zone, and determine locations where measures might be necessary. Additionally, the
predictions can be used to determine the most efficient implementation of measures,
and provide information about their future development. Eventually, the insights into
coastal dune development gained from the predictions can result in improved long term
planning and decision making, allowing for multi-function use of the coastal zone in
the future.

1.2. Predicting coastal dune development
1.2.1. Multi-scale aeolian and marine processes
Coastal dune development is driven by a complex interplay of marine and aeolian
processes (Figure 1.1 and 1.2). In the marine zone, sediment transport is driven by
waves, tides, swash and storm surges, which shape the shoreface, beach and dunes
(e.g. Wright & Short, 1984). Additionally, the process of sea level rise affects sedi-
ment transport that occurs along the coast (Cazenave & Cozannet, 2014; Reeves et
al., 2021). In the aeolian part of the coastal zone, sediment transport is forced by the
wind (e.g. Bagnold, 1937b; Bauer et al., 2009; Delgado-Fernandez, 2011) and bed
properties like grain size soil moisture and shells affect how much sediment is available
for transport by the wind.
Sediment transport can have both accretive and erosive effects on coastal dune de-

velopment (Figure 1.2). The wind can initiate aeolian sediment transport that supplies
sediment towards the dunes, resulting in dune growth (de Vries et al., 2012). Marine
processes can cause dune erosion (e.g., Vellinga, 1982) but they can also result in mar-
ine accretion (Cohn et al., 2018). This marine accretion can promote aeolian sediment
transport as it provides sediment that is available to be picked up by the wind. Addi-
tionally, alongshore sediment transport is a marine sediment transport process caused
by wave-driven currents that can result in both erosion and accretion (Van Rijn, 2014;
Hallin, Almström, et al., 2019).
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Figure 1.2: Physical drivers and bed properties determine sediment transport that impacts coastal
dune development.

The sediment transport processes that affect dune development on a yearly to decadal
scale are caused by drivers that act across temporal and spatial scales (Figure 1.3, left
pane). For example, sea level rise occurs over decades to centuries, which affects the
water level across the world and translates into local water level variations (Katsman et
al., 2011; Slangen et al., 2014; Carson et al., 2016). Wind variations occur at shorter
time scales (from seconds to minutes) and can show variations due to turbulence (Baas,
2006; Wiggs & Weaver, 2012), topographic steering (Walker et al., 2006; de Winter
et al., 2020) and weather systems (Beaucage et al., 2007; Li & Hong, 2015), which
cover millimeters to kilometers.
The temporal and spatial variations in the drivers, result in similar variations in the

sediment transport processes (Figure 1.3, right pane). Erosion and accretion can occur
as short, episodic bursts as well as gradual, long term changes. For instance, marine
processes occurring during a storm event can cause considerable dune erosion within
a few hours (e.g. Vellinga, 1982; W. Zhang et al., 2015; Splinter et al., 2018; Cohn,
Ruggiero, et al., 2019). Similarly, weather events with strong winds can result in dune
growth, although the transport volumes are usually lower than those of dune erosion
(Castelle et al., 2017; Keijsers et al., 2014). The aggregated effect of the spatially and
temporally varying sediment transport processes determines coastal dune development
at a yearly to decadal scale (Hovenga et al., 2021). Namely, the net balance between
erosion and accretion caused by marine and aeolian processes determines whether
dune erosion or growth occurs on the long term (Houser et al., 2015; George et al.,
2021). For example, while dune erosion events and aeolian sediment transport events



1.2. Predicting coastal dune development

1

7

Figure 1.3: An indication of the temporal and spatial scales at which physical drivers, sediment
transport processes and coastal dune development occur. Icons correspond to those in Figure
1.2. Adapted from De Vriend (1991).

take place along the Dutch coast (Keijsers et al., 2014), dune growth has been found
to be a gradual process with a linear trend over several decades (de Vries et al., 2012).
The dune development trend over years to decades is the relevant time scale for

coastal management. To predict coastal dune development at this time scale, an un-
derstanding of both the impact of marine processes and the impact of aeolian processes
is needed. Since these processes act on a large range of time scales, from minutes to
centuries, it is important to determine which processes are relevant for the yearly to
decadal scale predictions of dune development. Specifically, short term processes that
are relevant on the long term should be well-represented on the yearly to decadal scale.
Similarly, long-term processes that affect the short term processes and can impact the
overall development of coastal dunes should be taken into account. In this thesis, both
short term processes and long term processes are discussed with the aim to integrate
them to provide yearly to decadal dune development predictions.
This thesis focuses on the links between the aeolian and marine processes that affect

the magnitude of aeolian sediment transport towards the dunes. Short term, erosive,
marine processes are excluded because there is a range of tools available to predict
their effect on the coastal zone (e.g., Kriebel & Dean, 1985; Roelvink et al., 2009).
On the long term, aeolian sediment transport towards the dunes depends on sediment
supply by marine processes (Houser, 2009). Despite the collection of long term dune
development datasets, the effect of long term marine processes on sediment availab-
ility has been underexposed. In this thesis, the process of sea level rise, which affects
sediment availability and morphology on a temporal scale of years to decades is in-
vestigated. Additionally, the prediction of aeolian sediment transport on a time scale
of minutes to days remains underdeveloped (Barchyn et al., 2014), where a key factor
for predicting aeolian sediment transport towards the dunes is sediment availability (de
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Vries, Arens, et al., 2014).
Below, the effect of the long term marine process of sea level rise on the sediment

availability for aeolian sediment transport is described. Subsequently, short term vari-
ations in sediment availability for aeolian transport are discussed, specifically, those
caused by grain size.

1.2.2. Long-term marine processes: Sea level rise
The relevance of long term marine processes on yearly to decadal dune development
depends on the effect they have on erosion and accretion. For example, numerous
studies have investigated the coastline response to sea level rise (Ranasinghe et al.,
2012; Vousdoukas et al., 2020), but it remains uncertain how sea level rise is impacting
coastal dune development. With sea level rise, the vertical extent of marine processes
is altered (Figure 1.4), which influences the sediment budget of sandy beaches. Most
predictions of coastline change due to sea level rise are based on variations of the
Bruun rule (Bruun, 1962). The Bruun Rule assumes that with rising sea level the beach
is eroded and that the eroded sediment is moved to the offshore part of the coastal
profile. This rule can be extended to coastal dunes, implying that coastal dunes are
expected to erode as sea level rises (Rosati et al., 2013). However, coastal profile
measurements have not yet been used to compare coastal dune development to sea
level rise rates.

Figure 1.4: Long term marine processes like sea level rise can affect sediment availability for
aeolian sediment transport. Supply-limiting factors like moisture content and grain vary in time
and space, impact the marine and aeolian processes, and are impacted by the marine and
aeolian processes.
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1.2.3. Short-term aeolian processes: Supply-limited aeolian sediment
transport

Predictions of aeolian sediment transport can deviate from measured sediment trans-
port due to variations in sediment availability caused by supply-limiting factors, such as
shells, moisture content, grain size and vegetation. Aeolian sediment transport towards
the dunes can be calculated using Bagnold-type sediment transport equations where
the transport has a cubic relation to the wind velocity (Bagnold, 1937b; Sherman &
Li, 2012). However, these sediment transport equations do not fully take into account
the various temporally and spatially varying supply-limiting factors that reduce the up-
take of the sediment by the wind (Davidson-Arnott & Law, 1990). Thus, calculated
aeolian sediment transport often overestimates measured sand deposition (Delgado-
Fernandez, 2010).
Considerable variations in the supply-limiting factors occur in the intertidal zone, so

considerable variations in sediment availability for aeolian transport can be expected
in this zone. The intertidal zone, located between the mean low water and high water
line, is intermittently exposed to aeolian and marine processes that impact the supply-
limiting factors (Figure 1.4). In turn, the supply-limiting factors that occur in the intertidal
area can directly impact aeolian sediment transport towards the dunes. For instance,
de Vries, Arens, et al. (2014) showed an increase and decrease in tidal elevation (i.e.
a marine process) resulting in varying moisture content (i.e. a supply-limiting factor) in
the intertidal zone had a clear impact on the magnitude of aeolian sediment transport.
Thus, variations in supply-limiting factors can result in variations in sediment availability
and can affect aeolian transport.
Specifically, soil moisture and grain size are supply-limiting factors that are continu-

ously altered in the intertidal zone (Figure 1.4). Both soil moisture and grain size are
dynamic factors because they are intermittently affected by the marine and aeolian
processes. Soil moisture content in the intertidal zone depends on tidal elevation and
waves, which has been described by several studies (e.g., Brakenhoff et al., 2017).
Waves and currents can move sediment underwater and affect the grain size present
in the intertidal zone (Gallagher et al., 2016). Additionally, the removal and depos-
ition of sediment by aeolian processes can impact the grain size present at the bed
surface (Bagnold, 1937b; Bauer et al., 2009). This, combined with the fact that the soil
moisture and grain size have a reciprocal effect on the marine and aeolian processes,
demonstrates the complexity of the interactions in the intertidal zone.
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1.2.4. Short-term aeolian processes: Grain size variability
Contrary to soil moisture dynamics, field data showing the grain size variability occur-
ring in the intertidal zone are limited. Several studies have shown that beaches show
a cross-shore gradient in grain size (e.g., Çelikoglu et al., 2006; Stauble & Cialone,
1997), often with a fining grain size in landward direction. Additionally, longshore
variations can occur where adjacent stretches of coast show significant variations in
grain size (Hallin, Almström, et al., 2019). In the vertical dimension, Gallagher et al.
(2016) showed vertical variability on a centimeter to decimeter scale. Erosion of surface
sediment layers may expose underlying layers and affect aeolian sediment transport.
However, mm-scale, hourly variations in grain size in the intertidal zone have not yet
been demonstrated with field data.
In aeolian sediment transport modeling, it is often assumed that only one grain size

fraction is present on the beach and the grain size is spatially invariant (Hoonhout & de
Vries, 2016; van der Wal, 2000b). On the contrary, measurements have shown that the
sediment at the beach surface consists of a grain size distribution with many different
grain sizes, and that this distribution varies spatially. The grain size distribution and
the spatial grain size variability are expected to affect the aeolian sediment transport
magnitude, as grain size alters the transport rate, threshold velocity, and bed roughness
(Bagnold, 1937b). However, the extent to which the grain size distribution and the
spatial variability impact the aeolian sediment transport magnitude have not yet been
quantified.

1.2.5. Spatial and temporal integration of marine and aeolian processes in
sediment transport modeling

Since both marine and aeolian processes can affect predictions of coastal dune devel-
opment, these processes need to be integrated to get predictions on a yearly to decadal
time scale. In sediment transport modeling, insights gained on marine and aeolian pro-
cesses can be combined. Different marine sediment transport models (e.g., XBEACH by
Roelvink et al., 2009) and aeolian sediment transport models are available (e.g., SAFE-
HILL by Van Dijk et al., 1999, CDM by Durán & Moore, 2013, AeoLiS by Hoonhout & de
Vries, 2016 and Duna by Roelvink & Costas, 2019). Recently, efforts have been made
to couple marine, aeolian and ecological models into coupled-models like Windsurf to
predict coastal dune development (Roelvink & Costas, 2019; Cohn, Hoonhout, et al.,
2019; Itzkin et al., 2022). These sediment transport models and modeling frameworks
provide the opportunity to implement and integrate the knowledge on short and long
term processes. By including short-term and long-term sediment transport processes
time scales can be aggregated. Additionally, drivers and sediment transport processes
can be included or excluded based on their relevance on specific temporal and spatial
scales that are addressed with each model and application. To promote their integra-
tion, the insights gained in this dissertation will be discussed within the context of their
relevance for sediment transport modeling efforts.
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In summary, data on grain size variability in the intertidal zone and its impact on
aeolian sediment transport towards the dunes are needed to improve the understand-
ing of short term aeolian sediment transport processes. Additionally, studying the effect
of sea level rise is needed to increase understanding of its effect on coastal dune de-
velopment. Coastal sediment transport models provide the opportunity to integrate
these kinds of short and long term processes to work towards accurate coastal dune
development predictions.

1.3. Research objectives
A thorough understanding is needed of both the impact of marine and aeolian pro-
cesses on aeolian sediment transport towards the dunes. The main aim of this thesis
is to determine how marine and aeolian processes influence coastal dune de-
velopment on a yearly to decadal scale. At the end of this thesis, it is discussed
how the gained knowledge on the marine and aeolian processes can be integrated in
aeolian sediment transport modeling to work towards accurate coastal dune develop-
ment predictions. Below, each research objective related to sea level rise and grain size
variability is listed, including a short explanation of the approach.

1. Investigate the link between sea level rise and coastal dune development at a decadal
scale

The effect of sea level rise has often been studied based on the Bruun Rule (Vitousek et
al., 2017; Ranasinghe et al., 2012; Vousdoukas et al., 2020). Some studies investigate
the effect of sea level rise based on historical field data (Hesp, 2013). In this thesis, the
link between long term dune development and sea level rise is investigated. The Jarkus
dataset is collected along 200+ km of the Dutch coast and consists of coastal transects
measured yearly since 1965. This dataset provides the ability to study the decadal trends
in dune development and comparing them to sea level rise rates along the Dutch coast.

2. Measure the extent of grain size variability due to marine and aeolian processes in
the intertidal zone

The grain size present on the beach can be influenced by bothmarine (e.g., Gallagher
et al., 2016) and aeolian (Bauer, 1991; van der Wal, 2000a) processes. In the inter-
tidal zone, these effects can occur intermittently (de Vries, Arens, et al., 2014) on an
hourly scale. To measure the variations caused by the marine and aeolian processes a
new sand scraper sampling technique is presented. The measurements collected with
the sand scraper can give insights into the range of detailed spatial variations in grain
size that occur on the beach.
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3. Determine the extent to which the grain size distribution and spatial grain size vari-
ability impact the aeolian sediment transport magnitude

A numerical modeling study is set up to test the effects of grain size variations on the
aeolian sediment transport magnitude. Different scenarios with varying grain size dis-
tributions and spatial gradients are used as input to simulate aeolian sediment transport
on time scales of minutes to years. These scenarios give new insights into the quantit-
ative impact of grain size variations across temporal scales.

1.4. Outline
The content of each chapter and the relation between the different chapters is shown
in Figure 1.5. Chapter 2 introduces the methods that are used to achieve the research
objectives. Subsequently, each of the research objectives is addressed in an individual
chapter. Chapter 3 (blue in Figure 1.5) investigates the relation between sea level rise
and decadal dune development by analyzing the long term development of the dune toe
as retrieved from a long term dataset containing measured coastal profiles of the Dutch
coast. Together, Chapter 4 and 5 (yellow in Figure 1.5) focus on the short term aeolian
processes related to grain size variability. Chapter 4 presents field measurements that
show grain size variability due to marine and aeolian processes in the intertidal zone.
Spatial gradients and the range in grain size variability, found in the measurements
in Chapter 4, are used as inspiration for aeolian sediment transport simulations that
are executed in Chapter 5. These aeolian sediment transport simulations are used to
determine the quantitative impact of (spatial) grain size variations for aeolian sediment
transport. Subsequently, Chapter 6 presents a synthesis of the findings presented in this
dissertation. The conclusions and a perspective for future work are given in Chapter 7.

Chapters 3 and 4 are based on published journal articles. Chapter 5 is based on a
submitted manuscript, and excerpts from a conference article were used as the basis
for Chapter 1 and 6.

Figure 1.5: Schematization of the content of the chapters in this dissertation and their coherence
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Methods

T he research objectives of this dissertation (Section 1.3) were addressed with a widerange of research methods, including data-analysis of long-term coastal profile
measurements (Section 2.1), field measurements (Section 2.2), and the use of a nu-
merical model (Section 2.3). For all of these methods, new developments were made
in the context of this dissertation. Here, these new methodologies are introduced. Also,
a framework is presented (Section 2.4) that was used to discuss how new insights from
this dissertation can be incorporated into modeling and the broader field of coastal
research and engineering (Section 2.5).

2.1. Jarkus Analysis Toolbox
Along the Dutch coast, coastal profiles that are spaced about 250-500 m apart have
been measured yearly since 1965. These profiles are collected in the Jarkus data-
set which is one of the most elaborate coastal datasets in the world. For the ana-
lysis of the Dutch coastal profiles, the Python-based open-source Jarkus Analysis Tool-
box (JAT) was developed. The main purpose of the JAT is to provide stakeholders
(e.g. scientists, engineers and coastal managers) and students with the techniques to
study the spatial and temporal variations in characteristic parameters like dune height,
dune volume, dune toe, beach slope and closure depth. Different available definitions
for extracting these characteristic parameters were collected and implemented in the
JAT. In Chapter 3, the JAT is used for the extraction of the dune toe. The full docu-
mentation of the JAT is available on Read the docs (https://jarkus-analysis
-toolbox.readthedocs.io/en/latest/) and the source code can be found on
Github (https://github.com/christavanijzendoorn/JAT). Additionally, the
extracted parameters for the entire Jarkus dataset were made available through the
4TU repository (https://doi.org/10.4121/14514213.v1).

2.2. Sand scraper
Field measurements to study spatial and temporal grain size variability on the beach
were collected with a new sand scraper device that was specifically designed for this
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purpose. In Chapter 4, the sand scraper is used to study grain size variations in the
intertidal zone on the time scale of a tidal cycle. The device was inspired by a surface
sediment sampler used for moisture content measurements by Wiggs et al. (2004). The
sand scraper provides a detailed way of measuring the grain size variations at the bed
surface. It was created to scrape smooth beach surfaces (e.g. the intertidal area) layer
by layer to study vertical grain size variations at a resolution of 2 mm down to 50 mm
depth. Documentation that allows the reproduction of the device was made available
online. Designs, drawings, photos, and the manual of the device are available on the
4TU repository (https://doi.org/10.4121/17121269.v2).

2.3. AeoLiS
As a process-based model, AeoLiS can be used to study physical processes and simu-
late aeolian sediment transport on the scale of engineering applications (Hoonhout &
de Vries, 2016, 2019). The model was developed to simulate aeolian sediment trans-
port in supply-limited situations due to, for instance, soil moisture content and sediment
sorting. Other important aspects like marine, vegetation and wind field dynamics are
also (being) implemented in the model. In Chapter 5, AeoLiS is used to study the effect
of grain size variations on aeolian sediment transport simulations. This approach re-
quires the assignment of an initial bed composition that includes horizontal and vertical
grain size variations to the model domain. Thus, the AeoLiS model was extended with
the capability to input spatially varying grain sizes both in the horizontal and vertical
dimension. The version of AeoLiS that includes this capability was made available on
the 4TU repository (https://doi.org/10.4121/22215562).

2.4. The Adapted Burland Triangle (ABT)
To connect the different approaches in this dissertation, an adaptation of the Burland
Triangle (ABT) is adopted (Figure 2.1). The Burland Triangle provides guidance on the
utilization and the role of modeling in the field of geotechnical engineering (Burland,
1987). Here, the Burland Triangle is adapted for a coastal research and engineering
context. Coastal research and engineering require an understanding of the physical
properties of a coastal system, the definition of observed behavior, and the application
of this knowledge through modeling. In the center, these three aspects are connected
by experience (Barbour & Krahn, 2004). Experience is a broad term that includes
knowledge, precedent and everything that has been learned, perceived, and discovered
within the coastal science and engineering field; from the most detailed scientific study
to a failed attempt at applying the first version of a model.
In a coastal context, the physical properties component of the Adapted Burland Tri-

angle (ABT) can be defined as the characteristics of a coastal system that can be used
as model input parameters. For instance, physical properties can be the average wave
height, the median grain size, or the beach state (Wright & Short, 1984) of a coastal
stretch. These characteristics can be recorded by exploration and description of a sys-
tem. The observed behavior of the coastal system can be obtained by conducting ob-
servations, measurements and lab and field testing. For example, lab tests can show

https://doi.org/10.4121/17121269.v2
https://doi.org/10.4121/22215562
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Figure 2.1: The Adapted Burland Triangle modified for a coastal research and engineering
context. Adapted from Burland (1987).

the behavior of waves on beaches with varying slopes (De Bakker et al., 2016) or lidar
measurements in the field can show sand bar behavior (Phillips et al., 2019).
The physical properties are hard to distinguish from the observed behavior in coastal

systems due to the morphodynamic feedback loop that occurs. In the morphodynamic
feedback loop, the behavior of the system continuously affects the state of the system
and vice versa. The physical properties component is a static description of the system
and its drivers, whereas the observed behavior contains a time component that allows
for the recording and description of sediment transport processes and morphological
development of the coastal system. For instance, profile measurements in a coastal
system can reveal a physical property like the beach state, and a time series of profile
measurements can show the temporal behavior of the foreshore and dunes. The close
interaction between properties and behavior makes investigating and understanding
the coastal system challenging. However, it is also a reason that modeling of coastal
systems is a suitable approach, since it gives the ability to deal with complexity, and use
simplification or full representation of processes where necessary.
Modeling has a close connection to the other two components of the ABT. Through

idealization and evaluation, information gained on physical properties and observed
behavior can lead to development of a model. For example, Palmsten and Holman
(2012) found an appropriate runup statistic for quantifying dune erosion based on
laboratory tests, and Bruun (1962) formulated a simple equation for the effect of sea
level rise on the coast based on the expected continuity of mass. Physical properties
can be input parameters for modeling, and in turn modeling can be used to determine
the sensitivity of different physical properties on modeling outcomes. There is also a
strong connection between observed behavior and modeling as verification based on
expected behavior and validation based on measured behavior can be used to test
models. Additionally, behavior that is predicted by models might give new insights
in coastal processes. For example, McCarroll et al. (2021) used a model to create a
parameterization for the bypassing of sediment past rocky headlands.
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2.5. Guiding coastal model application with the ABT
There are many different types of models that are related to coastal systems. For
example, there are relatively simple empirical relations like the Bruun Rule (Bruun,
1962), conceptual models like the active bed surface layer by Uphues et al. (2022),
and more complex numerical models like AeoLiS (Hoonhout & de Vries, 2016) and
XBeach (Roelvink et al., 2009). These models are applied across temporal and spatial
scales and used for different purposes.
A division between the different applications of models was presented by Barbour

and Krahn (2004). They divide model application into the categories interpretation,
design and prediction. The use of straightforward, explicit terms in this categorization
makes it appropriate for the coastal context, where different fields converge. In coastal
literature, each model application category has countless examples.
Interpretation with a model was used by de Vries, van Thiel de Vries, et al. (2014),

who applied a simple model concept to simulate aeolian sediment transport that is
dependent on wind speed and sediment supply. Similarly, Srisuwan et al. (2015) de-
veloped a model to replicate beach profile evolution and associated changes in grain
size composition. Prediction of coastal erosion has been done by applying the Bruun
Rule (Vousdoukas et al., 2020), and Windsurf has been used to predict dune devel-
opment (Itzkin et al., 2022). Design of coastal interventions often requires the use of
models like XBeach. For example, for the exploration of different coastal flood protec-
tion options (Muller et al., 2018).
In an ideal scenario, applied models are robust, accurate and validated. However, as

Thieler et al. (2000) indicate, models are often used beyond their capabilities. They em-
phasize that, for the purpose of application, understanding model limitations is crucial.
Similarly, Barchyn et al. (2014) discuss that issues in aeolian sediment transport mod-
eling arise because measurements and modeling are disconnected. In these cases, the
output of models cannot be tested and model input cannot be measured. For example,
this occurs when measurements and modeling are compared on distinctly different tem-
poral and spatial scales (Figure 1.3).
Modeling is a crucial aspect of solving coastal challenges, as it improves under-

standing of coastal processes, and provides input on design and decision making. I
believe that the ABT can structure the model application and development process.
For example, I envision that the ABT can be used as a framework to discuss existing
knowledge and experience on physical properties and behavior of a specific coastal
system to determine model suitability. Also, the framework can be used to discuss
model development projects in which a stronger connection with the observed beha-
vior and physical properties components could improve the quality of the project. In
this way, the framework provided by the ABT connects the acquirement of additional
process knowledge more closely to its function in modeling. This prevents a disconnect
between measurements and modeling as raised by Barchyn et al. (2014), provided that
there is specific attention for the temporal and spatial scales at which each component
of the ABT is discussed.
In Chapter 6, the ABT will be used to discuss the relation between the different aspects

of the research presented in this dissertation. Additionally, it will be used to discuss the
expected implementation of new insights into modeling and the broader field of coastal
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research and engineering. Overall, I anticipate that the ABT can be used to clarify the
purpose of research and engineering projects, to identify and prioritize missing links,
and that it ultimately will benefit and advance the coastal research and engineering
field as a whole.
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Sea level rise outpaced by

vertical dune toe translation
Sea level rise is a long term marine process that can alter sediment availability and
coastal dune development. It remains uncertain how sea level rise impacts coastal
dune development. The location of the dune toe in the coastal profile can be used as a
proxy for the development of coastal dunes. In this chapter, the effect of sea level rise
on coastal dune development is studied by investigating the decadal development of
the dune toe.

Chapter highlights:

• The dune toe is extracted from 27.000 coastal profiles along the Dutch coast.

• The dune toe moves seaward and upward.

• The dune toe elevation increases 7.6 times faster than sea level rise.

• Decadal behavior of the Dutch coast deviates from expectations based on the sea
level rise rate.

This chapter has been published as:
C.O. van IJzendoorn, S. de Vries, C. Hallin, P.A. Hesp (2021). Sea level rise outpaced by vertical dune
toe translation on prograding coasts. Scientific Reports 11, 12792.

21



3

22 3. Sea level rise outpaced by vertical dune toe translation

Abstract
Sea level is rising due to climate change and is expected to influence the develop-
ment and dynamics of coastal dunes. However, the anticipated changes to coastal
dunes have not yet been demonstrated using field data. Here, we provide evidence of
dune translation that is characterized by a linear increase of the dune toe elevation on
the order of 13-15 mm/yr during recent decades along the Dutch coast. This rate of
increase is a remarkable 7-8 times greater than the measured sea level rise. The ob-
served vertical dune toe translation coincides with seaward movement of the dune toe
(i.e., progradation), which shows similarities to prograding coasts in the Holocene both
along the Dutch coast and elsewhere. Thus, we suspect that other locations besides
the Dutch coast might also show such large ratios between sea level rise and dune toe
elevation increase. This phenomenon might significantly influence the expected impact
of sea level rise and climate change adaptation measures.

3.1. Introduction

C oastal Coastal dunes are of vital importance for coastal protection and flood safety,
have high geomorphological, ecological and intrinsic values, and are an import-

ant recreational resource along large parts of the world’s coasts. Climate change,
and its associated sea level rise (SLR), is an important driver for the development of
coastal dunes. Numerous studies have investigated the coastline response to sea-level
rise (Atkinson et al., 2018; Dean & Houston, 2016; Houston, 2015; Ranasinghe et al.,
2012; Vitousek et al., 2017; Vousdoukas et al., 2020; Bruun, 1962; Davidson-Arnott,
2005), but it remains uncertain how SLR is impacting coastal dunes. Most predictions
of coastline change due to SLR (Ranasinghe et al., 2012; Vitousek et al., 2017; Vous-
doukas et al., 2020) are based on variations of the Bruun rule (Bruun, 1962). The
Bruun Rule assumes that with rising sea level the beach is eroded and that the eroded
sediment is moved to the offshore part of the coastal profile(Bruun, 1962). Work that
expands on the Bruun rule predicts that, with SLR, the beach and dune will maintain
their shape while moving landward and upward (Davidson-Arnott, 2005; Rosati et al.,
2013). This implies that the dune toe will show the same behaviour. Here, the dune
toe is defined as the boundary between the backshore limit (commonly around the high
spring tide limit) and the seaward edge of the dunes.
The dune toe is a key parameter to describe the dune profile and is part of the

spatially and temporally varying beach-dune system typically moving seawards during
accretionary periods, and landwards during storms and erosion events (Castelle et al.,
2015; Cohn, Ruggiero, et al., 2019; Dodet et al., 2019; S. G. Davidson et al., 2020).
With SLR, the vertical extent of marine processes is altered, which influences the sedi-
ment budget of sandy beaches. Thus, it can be expected that SLR influences both the
horizontal and the vertical dune toe position (Hesp, 2013). In this research, we present
a unique study that compares the response of coastal dunes to sea level rise by track-
ing the horizontal and vertical dune toe position in an extensive dataset with measured
coastal profiles.
In the Netherlands, coastal dune-beach-nearshore profiles have been measured

yearly since 1965 (i.e., the Jarkus dataset). This is the largest dataset of measured
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coastal profiles in the world and it has been used to analyse decadal morphological
development in several previous studies (de Vries et al., 2012; Keijsers et al., 2014;
Arens & Wiersma, 1994). However, the vertical translation of the dune toe has not
previously been investigated. Traditionally, the vertical location of the dune toe in the
Netherlands has been defined as a temporal constant, namely as the point in a beach-
dune profile at 3 meters elevation above NAP (Normaal Amsterdams Peil – the Dutch
fixed reference datum) (Ruessink & Jeuken, 2002). This traditional method to identify
the dune toe location is easy to apply and suitable for short-term applications. How-
ever, it cannot be used to track the changes in the dune toe elevation that occur due
to longer-term natural variations of the dune profile. More advanced methods include
defining the dune toe position as the location of maximum slope change that occurs
landward of the shoreline (Stockdon et al., 2007; Elko et al., 2002; Houser, 2013;
Pellón et al., 2020; Splinter et al., 2018) or calculating the dune toe position based on
the sediment volume between +1 and +5 m NAP (Guillén et al., 1999). Alternatively,
in natural dune systems, the dune toe can be based on the seaward extent of dune
vegetation (Hesp, 2013; Miot da Silva & Hesp, 2010) since the vegetation cannot grow
seawards of the high spring tide line and semi-regular tidal inundation. The applica-
tion of the different dune toe identification methods depends on the context in which
they are used, the available data and the preference of the user (Wernette et al., 2018;
Smith et al., 2020).

Figure 3.1: Example of dune toe identification for a transect (ID. 9010235) along the
Holland Coast. Colored lines show the profiles measured between 1965 and 2005, for clarity
displayed with a 5-year interval, revealing the morphological development through time. Colored
dots represent the extracted dune toe position for each year in the period from 1965 (dark blue)
to 2017 (dark red). For some years an indication of the dune toe is missing because the algorithm
was not able to extract a dune toe from the corresponding profile. The map in this figure was
created using basemap 1.2.0 (https://matplotlib.org/basemap/index.html).

https://matplotlib.org/basemap/index.html


3

24 3. Sea level rise outpaced by vertical dune toe translation

Recently, new semi-automated methods have become available that can systematic-
ally extract the dune toe position from coastal profiles (Mitasova et al., 2011; Hardin et
al., 2012; Wernette et al., 2016; Beuzen et al., 2019; Diamantidou et al., 2020; Itzkin
et al., 2020). These new methods strive towards providing a generic derivation of a
dynamic dune toe. A generic definition of the dune toe, consistent through space and
time, makes it possible to track temporal and spatial variations in the dune toe position
on an unprecedented scale using large datasets. It should be noted that the available
methods have varying degrees of subjectivity depending on user input (Wernette et al.,
2018). The results presented in this research were obtained by analysing dune toes
extracted with the second derivative method (Diamantidou et al., 2020) from the Dutch
Jarkus dataset. Additionally, the machine learning method of pybeach (Beuzen et al.,
2019) was used to verify that a different extraction method gives similar results. The
second derivative method was developed and tested by Diamantidou et al. (2020) us-
ing the Jarkus dataset. A comparison with in situ visual observations showed that the
method selects the dune toe consistently (Diamantidou et al., 2020). An example of
measured profiles and derived dune toes is presented in Figure 3.1.

3.2. Increase in elevation and seaward movement of the dune
toe

Between 1980 and 2017, the derived dune toe elevation along the Holland coast shows
a linear increase in time of 13.9 mm/y (r2 = 0.51) and along the Delta coast, an
increase of 15.1 mm/y (r2 = 0.69) (Figure 3.2). The derived dune toe position along
the Holland and Delta coast also shows seaward movement of 1.26 m/yr (r2 = 0.92)
and 0.91 m/yr (r2 = 0.97), respectively. At the Wadden coast, no significant trend in
the data was found. The regional morphological variability associated with the tidal
inlets in this area likely dominates the decadal changes in the dune toe position. The
trends shown in Figure 3.2 are based on nearly 27.000 dune toe positions spread over
816 different transects. The derived dune toe elevations for both the Holland and Delta
coast vary within a range of 2-4 m +NAP, which includes the commonly assumed value
of 3 m +NAP. Similar results are found using dune toes derived with the machine
learning method of pybeach (Figure A.1 in Appendix A).
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Figure 3.2: Trends in the dune toe position along the Holland coast (a and c) and Delta
coast (b and d). The trend in dune toe elevation (a and b), and the trend in cross-shore dune
toe location (c and d) are shown. In each subplot, the spatial average of all transects along the
coast is represented by the solid line. The vertical bars along this line show the 95% confidence
interval for each year. The overall trend in the spatial average is represented by the dashed line.
In each subplot, the rate (in m/yr), r-squared value and number of transect locations (n) of this
trend are given in the upper left corner. The grey dashed lines in subplots a and b show the
development of the dune toe elevation if it had increased at the same rate as sea level rise (SLR).
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3.3. Physical processes explain regional variations in dune toe
position

Alongshore variations in the dune toe elevation are probably related to alongshore
variations in waves and tides. Other mechanisms which might be related are, e.g.,
geological framework, grain size variations and vegetation dynamics; however, these
are relatively uniform along the Dutch coast. The dune toe elevations along the Delta
coast are overall higher than along the Holland coast (Figure 3.3), which is expected
based on the higher mean high water levels along the Delta coast which lead to higher
extreme water levels. Along the Delta coast, the dune toe elevation increases by ap-
proximately 1.0 m in a southward direction, while the mean high water also shows an
increase in elevation in that direction. A similar relation is visible for the southern part
of the Holland coast. However, along the entire Dutch coast, dune toe elevations are
between 0.5 and 3.0 metres higher than the mean high water. This difference may
be explained by the variations in wave exposure that are superimposed on the tides.
For instance, dune toe elevations peak in the centre of the islands along the Delta and
Wadden coast, where waves arrive perpendicular to the coast. In contrast, dune toe
elevations are lower near the edges of the islands, where wave exposure is expected
and likely to be less.

Figure 3.3: Alongshore variation of the temporally averaged dune toe elevation (m) for
the period between 1980 and 2017. Each dot (in green) represents the average value for a
transect along the Dutch coast. The blue line shows the alongshore variation in the mean high
water as included in the Jarkus dataset

These findings are in line with the common assumption that the vertical location of
the dune toe is mostly dependent upon marine processes. For instance, the dune toe
position has been related to the maximum total water level (TWL) that occurs every ten
years (Pellón et al., 2020). The TWL is made up of the measured tide level, setup and
swash (Ruggiero et al., 1996). The factors influencing the TWL, and thus possibly the
dune toe elevation, can be summarized as 1) waves, 2) astronomical and meteorolo-
gical tides and 3) mean sea level. The spatial and temporal resolution of water level
and wave height data was not sufficient to correlate the TWL to the dune toe elevation
in this study. Still, in Figure 3.3, we probably see the effect of waves and tides causing
alongshore variation in dune toe elevation. We cannot see the effect of mean sea level
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because that does not have significant variations on this spatial scale. Temporal vari-
ations in sea level might, however, be linked to the increase of the dune toe elevation
through time.

3.4. Dune translation outpaces sea level rise
The SLR trend along the Dutch coast is linear and consistent at a rate of 1.9 mm per
year (Figure 3.4) (CBS; PBL; RIVM; WUR, 2016). Conceptual models based on the
Bruun Rule assume a 1:1 ratio between sea level rise and dune toe elevation increase
(Davidson-Arnott, 2005; Hallin, Larson, & Hanson, 2019). Our results show that this
assumption is not valid for the Holland and Delta coast. SLR is significantly slower than
the increase in dune toe elevation (Figure 3.2), namely 1.9 mm/yr SLR compared to
13.9 - 15.1 mm/yr dune toe elevation increase. We may define this difference between
the rate in dune toe elevation increase and SLR as the Dune Translation Index (DTI).
The DTI is derived by dividing the rate of dune toe change by the mean SLR, which in
the case of the Holland coast results in a DTI of 7.33, and for the Delta coast, a DTI of
7.95. Thus, for the Holland and Delta coast together, the mean DTI is estimated to be
7.6. At this moment, we cannot fully explain the physics behind the DTI. However, as
additional data from other coasts become available, the DTI provides a means by which
to compare the relationship between SLR and vertical dune toe translation for different
surfzone-beach types and various retrogradation to progradation (i.e., landward to
seaward movement) rates.

Figure 3.4: Sea level rise along the Dutch coast measured at 6 different coastal stations
from 1880 to 2019 (CBS; PBL; RIVM; WUR, 2016). Each grey dot represents the yearly averaged
value of the 6 coastal station. The solid blue line represents the trend in these yearly averaged
values and the uncertainty of this trend is represented by the blue shading. This uncertainty was
calculated as the trend ± 2 standard deviations.
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3.5. Similarities to Holocene transgression
The contemporary behaviour of the dune toe position along the Dutch coast is similar
to its documented seaward movement during sea level rise in the Holocene (Beets et
al., 1992) and to Holocene coastal barrier development at other locations. At a mil-
lennium scale, several studies of coastal barriers show that as the Holocene sea level
was rising in the 8000 to 5000 years BP period, where there was sufficient sediment
supply, barriers (dunes, beaches and shoreface) prograded seawards in concert with
the backshore/dune contact rising vertically (Rodriguez & Meyer, 2006; Martinho et
al., 2010; Costas et al., 2016). This same increase in elevation and progradation of
the coastal profile also occurred along the Dutch coast during the Holocene (Beets et
al., 1992). The progradation of the profile was linked to the supply of sediment from
offshore (i.e., shoreface feeding) (Stive & de Vriend, 1995) while rising sea level caused
the dune toe elevation to increase. Currently, the dune toe is increasing in elevation
and prograding along the Holland and Delta coast (Figure 3.2). Based on this study,
it is uncertain whether the entire dune is prograding in relation to sea level rise simul-
taneously with the dune toe. This depends on the behaviour of the dune crest and the
associated profile shape. Milder dune slopes will develop over time if dune crests are
less mobile than the dune toe. Since this is the first study of its kind, it remains unclear
if the contemporary changes in the dune toe position along the Dutch coast also occur
at other locations. If that is the case, we might expect other locations where the dune
toe elevation increase outpaces SLR.

3.6. Vertical dune toe translation 7-8 times faster than SLR
The DTI of 7.6 shows that vertical dune toe translation (14-15 mm/yr) outpaces SLR
(1.9 mm/yr) along the Dutch coast with a remarkable rate compared to the 1:1 ratio
predicted by models based on the Bruun Rule (Bruun, 1962). Additionally, the pro-
gradation of the dune toe deviates from the seaward movement assumed by the Bruun
rule. Initially, when trying to explain the high DTI, it should be considered that this is the
first time this extensive dataset has been utilized to determine the relationship between
contemporary dune toe elevation and SLR. Thus, the DTI of 7.6 might be the natural
rate of change for the surfzone-beach systems typical for the Dutch coast over the past
decades. However, the dune toe development cannot continue like this indefinitely be-
cause the vertical dune toe position remains related to marine processes. Thus, the
dune toe cannot increase to an elevation that is outside of the reach of the total water
level.
Future work could include several different aspects that might be able to explain the

high DTI. Firstly, the development of the coastal profile could lag behind the changes in
SLR conditions, so the equilibrium profile that corresponds to a 1:1 ratio is not reached.
Secondly, the influence of other factors besides SLR, like marine and sedimentary pro-
cesses, should be considered. For instance, temporal variations in the wave climate and
tidal range could influence and accelerate an increase in dune toe elevation. Nour-
ishments and vegetation dynamics could change the response of the dune toe on a
yearly to decadal-scale by supplying to and trapping sediment at the dune toe. The
effect of nourishments might be especially relevant for the Dutch coast considering the
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large number of nourishments that are applied along the coast (De Ruig, 1998; Van
Der Spek & Lodder, 2015). Specifically, previous research has related nourishments
to a reduction of transects with landward dune toe movement (Giardino et al., 2014).
Additionally, alongshore transport could also influence the dune toe development, but
these influences are minor on the national scale.
For now, the measured deviation between sea level and dune toe elevation change

cannot be explained in detail because not all physical processes that influence coastal
profile change are fully understood. However, the significant deviation from the 1:1
ratio indicated by the high DTI has large implications for predicting the impact of climate
change. Since the dune toe position significantly impacts the dune volume, it will also
influence the safety standard of dunes and the basis for spatial planning in the coastal
zone. Thus, this finding may change the evaluation, implementation, and planning of
future climate change adaptation measures along the coast.

3.7. Consequences of dune toe elevation outpacing SLR
Based on the results, we conclude that along the Holland and Delta coast the increase
in dune toe elevation (14-15 mm/yr) outpaces SLR (1.9 mm/yr) by a factor of 7.6,
and the dune toe is moving seaward at 1 m/yr. These results show that the decadal-
scale behaviour of the coastal profile can strongly deviate from the expected landward
horizontal movement and the 1:1 relation with SLR for vertical movement as assumed
by some authors (Vousdoukas et al., 2020; Bruun, 1962). We suggest that, based on
similar transgressive behaviour in the Holocene, such large ratios might also occur at
other locations besides the Dutch coast. If this applies to other coasts, the outpacing of
SLR by vertical dune toe translation might significantly alter the predictions of the impact
of climate change on coastal dunes. Thus, this finding may change the evaluation,
implementation and planning of future climate change adaptation measures along the
coast.

3.8. Methods
The dataset with yearly profile measurements (i.e., the Jarkus dataset) used in this re-
search has been collected from 1965 onwards. The transect locations span the entire
Dutch coast and are spaced approximately 250-500 m apart. To study the trend in
decadal dune toe position the following steps were executed: 1) choosing the dune toe
position definition and extraction method, 2) extracting the dune toe positions from the
coastal profiles and 3) spatial and temporal filtering of the resulting dune toe positions.
In this research, the dune toe was defined as the boundary between the landward limit

of the beach (the top of the backshore) and the dunes. We assumed that the specific
location of the dune toe is subordinate to its function as a proxy for coastal profile
change. The identification of the dune toe for one individual transect does not have
value because there is no ‘true’ dune toe location that is directly related to the physical
processes that shape the coastal profile. However, when applying the extraction method
to a long-term and/or spatially extensive dataset, we are no longer studying the specific
dune toe position, but the changes in the position. Thus, the analysis of the long-term
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change in dune toe position was based on the assumption that the derivation methods
can track the development of the dune toe position consistently.
In choosing an automated extraction method for this research, two criteria were

used. First, the method should be open-source to allow for public availability of the
research results. Second, the method should be compatible with the Jarkus dataset
that contains profile measurements of coastal morphology. Therefore, methods based
on digital elevation models (DEMs) (Mitasova et al., 2009; Hardin et al., 2012; Wer-
nette et al., 2016) and vegetation (Hesp, 2013; Miot da Silva & Hesp, 2010) were
excluded. Applicable methods include those based on profile slope (Stockdon et al.,
2007; Elko et al., 2002; Houser, 2013; Pellón et al., 2020; Splinter et al., 2018;
Diamantidou et al., 2020), profile volume (Guillén et al., 1999) and profile shape (Itzkin
et al., 2020). Among the slope-based methods, which are most commonly used, the
second derivative method was selected. In a previous study, this method was applied
to the Jarkus dataset and showed robust results compared to in situ visual observations
(Diamantidou et al., 2020). Additionally, the recent, innovative and well-documented
pybeach method based on machine learning was added to diversify the analysis in an
effort to increase the confidence in the observed dune toe development trends.
The second derivative method consists of two main steps. First, the coastal profile is

reduced in length with the landward and seaward boundaries depending on the primary
dune height and mean high water, respectively. Second, the dune toe is placed at the
most seaward location where the first and second derivative of the remaining profile
are each larger than their predefined threshold. Thus, some subjectivity is introduced
in this method when the boundaries and thresholds are defined (Wernette et al., 2018).
A detailed description of the second derivative method and its application to the Jarkus
dataset is provided by Diamantidou et al. (2020) together with a dataset consisting
of the extracted dune toes (Diamantidou, 2019). The pybeach method extracts the
dune toe using machine learning, where the dune toe identifier is based on dune toe
identification executed by experts (Beuzen et al., 2019). This method was applied to
the same reduced profile as the second derivative method. Given the resolution of
the Jarkus dataset (i.e., 5 m) and the extraction technique of both methods, the derived
dune toe positions are not sensitive to smaller-scale variations in the coastal profile. The
extracted dune toe locations were filtered to remove years and locations with unreliable
data or a lack of data availability. The majority of removed transects were deviating
coastal profiles that include, for instance, dikes and dams. These transects (± 23% of
all transects) were removed from the dataset leaving 77% of the available data points
(about 60.000 dune toe positions) for further analysis.
To obtain an indication of the overall profile evolution of the Dutch coast, the average

elevation and cross-shore location of the dune toe of all transects per year was calcu-
lated. For the period before 1980, the lack of data for a large number of transects
resulted in the average values being skewed. The period between 1980 and 2017 has
the most reliable data availability and was thus used for the trend analysis shown in
Figure 3.2, similar to earlier approaches that used the Jarkus dataset (de Vries et al.,
2012).
The results shown in Figure 3.2 and 3.3 are the output of the second derivative

method, whilst the results of the pybeach method are shown in Figure A.1 in Appendix
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A. Overall, the results of the pybeach method were similar with a DTI of 6.6 for the
Delta and Holland coast combined, compared to a DTI of 7-8 for the second derivative
method. The comparable results between the second derivative method and the ma-
chine learning method of pybeach indicate that the results converge for two different
methods when applied to a large dataset. It is expected that other methods based on
the profile slope (Stockdon et al., 2007; Elko et al., 2002; Houser, 2013; Pellón et al.,
2020; Splinter et al., 2018; Diamantidou et al., 2020) would generate similar results.
However, methods that use distinctly different calculation techniques, like those based
on volume (Guillén et al., 1999), profile shape (Itzkin et al., 2020) and, especially,
based on vegetation (Hesp, 2013; Miot da Silva & Hesp, 2010) might show varying
results and would be interesting to explore in future studies.

Data availability
The software used to extract and analyse coastal profile parameters from the Jarkus
dataset (i.e., the Jarkus Analysis Toolbox), and the dataset containing the extracted
parameters that were generated during this research, are available in the 4TU reposit-
ory, https://doi.org/10.4121/c.5335433.

Acknowledgements
This work is part of the research programme DuneForce with project number 17064
which is (partly) financed by the Dutch Research Council (NWO). Thanks to the BEADS
Lab and Flinders University for support of Patrick Hesp and for sabbatical support to
Sierd de Vries in 2019-2020. We would also like to thank Marcel Stive and Ad van der
Spek for the input they provided for this article.

https://doi.org/10.4121/c.5335433




4
Measurements of vertical grain
size variability due to marine

and aeolian processes
The potential impact of sea level rise and sediment supply on coastal dune develop-
ment was discussed in Chapter 3. To gain a thorough understanding of coastal dune
development, it is necessary to investigate these yearly to decadal scale factors, as well
as details of coastal aeolian sediment transport. Aeolian sediment transport can be
affected by supply-limiting factors such as grain size. The dynamics of grain size vari-
ability due to marine and aeolian processes on the beach, and the effect of grain size
variability on aeolian sediment transport towards the dunes are not fully understood.
The interaction between grain size variability and marine and aeolian processes is ad-
dressed in this chapter and Chapter 5. Specifically, this chapter presents a new sand
scraper sampling method to determine the extent of the grain size variability on hourly
time scales in the intertidal zone.

Chapter highlights:

• We developed a sand scraper sampling method to measure vertical grain size
variability in the intertidal zone at a mm-scale.

• The grain size on different beaches showed considerable spatial variations (both
vertically and horizontally).

• Marine processes have the biggest impact on short-term grain size variations
where considerable morphological change occurs.

• Aeolian transport can result in coarsening of the bed surface, but fining can occur
when bedforms are present.

This chapter has been published as:
C.O. van IJzendoorn, C. Hallin, N. Cohn, A.J.H.M. Reniers and S. de Vries (2022). Novel sediment
sampling method provides new insights into vertical grain size variability due to marine and aeolian
beach processes. Earth Surface Processes and Landforms, 1-19.
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Abstract
In sandy beach systems, the aeolian sediment transport can be governed by the vertical
structure of the sediment layers at the bed surface. Here, data collected with a newly
developed sand scraper is presented to determine high-resolution vertical grain size
variability and how it is affected by marine and aeolian processes. Sediment samples
at up to 2 mm vertical resolution down to 50 mm depth were collected at three beaches:
Waldport (OR, USA), Noordwijk (NL) and Duck (NC, USA). The results revealed that the
grain size in individual layers can differ considerably from the median grain size of the
total sample. The most distinct temporal variability occurred due to marine processes
that resulted in significant morphological changes in the intertidal zone. The marine
processes during high water resulted both in fining and coarsening of the surface sed-
iment. Especially near the upper limit of wave run-up, the formation of a veneer of
coarse sediment was observed. Although the expected coarsening of the near-surface
grain size during aeolian transport events was observed at times, the opposite trend also
occurred. The latter could be explained by the formation and propagation of aeolian
bedforms within the intertidal zone locally resulting in sediment fining at the bed sur-
face. The presented data lays the basis for future sediment sampling strategies and
sediment transport models that investigate the feedbacks between marine and aeolian
transport, and the vertical variability of the grain size distribution.

4.1. Introduction

A eolian sediment transport rates and threshold velocities depend on the grain size
composition of the bed (Bagnold, 1937b). Meanwhile, aeolian transport alters

the composition of the bed surface through grain size-selective pick-up and depos-
ition (Bagnold, 1937a; Bauer, 1991), and underlying sediment layers may be exposed
through erosion. When underlying sediment is exposed, aeolian transport rates de-
pend not only on the grain size composition of the uppermost surface layer (< 2 mm)
but on the vertical variability in grain size distribution of the bed. In the intertidal zone,
the grain size composition is influenced by both aeolian and marine processes (Figure
4.1) as wave and tide induced currents erode and deposit sediment and rework the
bed (Reniers et al., 2013; Srisuwan et al., 2015). Since the intertidal zone can be an
important sediment source for aeolian transport (de Vries, Arens, et al., 2014), the res-
ulting grain size composition and vertical stratigraphy could impact total transport rates
from the beach towards the dunes. This study analyses the temporal and spatial grain
size variability of mm-thick vertical layers of the intertidal bed using a new sediment
sampling device.
During aeolian sediment transport, the grain size distribution at the sediment surface

can change as the wind selectively picks up grains from the surface. Wind-blown sand
deposits are generally dominated by sediments with a grain size between 150 and 300
𝜇m, with some grains as fine as 80 𝜇m (Bagnold, 1941). The sediment in the source
areas is typically less well-sorted with larger fractions of coarser elements (Bagnold,
1937a; Bauer, 1991). At the bed surface where the wind-blown sediment originates,
an increase in the grain size can be expected when the finer grains are removed. This
increase in grain size was observed by Field and Pelletier (2018) in an arid dune field.
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On a beach in Duck, USA, Cohn, Dickhudt, and Marshall (2022) similarly observed
a gradual coarsening within the saltation layer at a sub-hourly timescale despite de-
creasing wind speeds, which may indicate an increase in grain size at the bed surface.
Coarsening of the bed can result in armouring effects that reduce the aeolian trans-
port rates because the coarse particles cannot be moved by the wind. For example,
Strypsteen et al. (2021) observed that a coarse armour layer on Texel, the Netherlands,
was immobile for wind speeds up to 15 m/s.
The potential for sediment transport by marine processes is expected to be larger,

as marine processes are typically a more powerful driver of sediment transport than
aeolian processes (e.g., de Vries, Arens, et al., 2014; Hoonhout & de Vries, 2017;
van der Wal, 2000a). Marine processes that can affect the grain size layering in the
intertidal area are, for instance, sediment overturning and mixing by waves, (tidal)
currents, swash and backwash (e.g., Jackson & Nordstrom, 1993; Masselink & Puleo,
2006). Generally, it is thought that the depth of mixing is larger in the lower parts
of the intertidal zone, coincident with larger wave dissipation (Anfuso, 2005; Jackson
& Nordstrom, 1993; Sherman et al., 1993; Voulgaris & Collins, 2000). Apart from
sediment mixing, the removal and supply of sediment through advection can affect
spatio-temporal grain size variations (Aagaard & Greenwood, 2008; Jackson et al.,

Figure 4.1: Marine and aeolian processes overlap in the intertidal zone between the most sea-
ward location that becomes exposed and the most landward location that becomes inundated.
Note that these boundaries vary in time and space depending on beach morphology, tides,
waves and run-up. When considering the vertical variability of the grain size distribution, marine
and aeolian processes could, e.g., have the following effects: (a) Aeolian transport may cause
coarsening of the upper layer of the surface due to selective pick-up by the wind during low tide.
(b) Marine processes may cause homogenization of the vertical grain size layering due to mixing
occurring during high tide, which results in an increase of fine particles near the surface. It should
be noted that the schematized effects of the marine and aeolian processes in this figure are only
examples, and that other effects also can occur.
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2004; Osborne & Rooker, 1999). Erosion can expose sediment layers with distinctly
different grain sizes (Gallagher et al., 2016). Bedform (e.g. bar, berm, rip channels)
migration can cause mixing (Sherman et al., 1993). Additionally, cross-shore variations
in grain size are caused by these morphological features so they can cause changes in
grain size when they migrate (e.g., Sonu, 1972; Gallagher et al., 2011; Medina et al.,
1994; Van der Zanden et al., 2017).
The multitude and complexity of marine processes in the intertidal zone make it diffi-

cult to predict the resulting grain size distribution and stratigraphy after inundation due
to, e.g., high tide, storm surge, wave setup, and swash. Several field studies have shown
a cross-shore gradient in grain size across the intertidal zone (Bauer, 1991; Çelikoglu
et al., 2006; Sonu, 1972; Edwards, 2001; Stauble & Cialone, 1997). Additionally, sev-
eral model studies have shown that marine processes may result in a vertical variability
in the grain size distribution (Reniers et al., 2013; Srisuwan et al., 2015). Gallagher
et al. (2016) observed this type of variability on the decimeter to meter scale in the
field. However, from the perspective of aeolian transport, vertical scales of mm up to
cm are of interest. Field data on the vertical grain size variability at the sub-centimeter
scale within the intertidal zone could provide insight into the influence of the interplay
between marine and aeolian processes on the bed composition and sediment supply
for aeolian transport.
Several methods and sampling techniques are available for grain size analysis in

coastal environments. Surface photographs (Barnard et al., 2007; Buscombe et al.,
2010; Rubin, 2004) can be used to study the top of the bed surface. Trenching (Gallagher
et al., 2016), sand peels (Yasso & Hartman, 1972; Yokokawa & Masuda, 1991), and
sediment coring (Gallagher et al., 2016; Gunaratna et al., 2019) can be used to study
larger scale (vertical) patterns in grain size. Another method is surface grab sampling
(or bulk sampling), in which typically the top 5-10 cm of the bed surface is collected
(Gallagher et al., 2011; Hallin, Almström, et al., 2019; Huisman et al., 2016; Mas-
selink et al., 2007; Medina et al., 1994; Prodger et al., 2017; Reniers et al., 2013;
Stauble & Cialone, 1997). Combinations of these methods are possible, for instance,
as shown by Gallagher et al. (2016), who used sediment coring, a digital imaging sys-
tem (similar to surface photographs) and trenching. However, none of these methods
have shown to facilitate feasible sub-centimeter detailed sampling of the vertical grain
size variability in the intertidal zone.
In this study, a new sand scraper method is introduced that allows for measurements

of vertical variability of the grain size distribution with a resolution of 2 mm down to 50
mm depth. The sand scraper is used to collect samples from three different beaches
in Waldport (OR, United States), Noordwijk (the Netherlands) and Duck (NC, United
States). For these three case studies, it is investigated (1) whether near-surface sediment
layers differ in grain size from the median grain size derived from bulk sampling, (2)
the effect of aeolian sediment transport on vertical grain size layering, and (3) the effect
of marine processes on vertical grain size layering at the intra-tidal time scale.
This chapter presents the methodology and sampling strategy used to obtain the ver-

tical variability of the grain size distribution (Section 4.2). Additionally, the collected
data per field site are shown, including samples that were collected to provide insight
into the repeatability of the sampling method, the presence of bedforms and the occur-
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rence of spatial variability (Section 4.3). Following, the spatio-temporal trends in grain
size due to both marine and aeolian processes, the advantages and disadvantages of
the sand scraper sampling method, and the implications for sediment availability and
future research are discussed (Section 4.4).

4.2. Methodology
4.2.1. Field sites
This study was conducted by collecting sediment samples showing the vertical vari-
ability of the grain size distribution in Waldport (Oregon, United States), Noordwijk
(the Netherlands) and Duck (North Carolina, United States) (Figure 4.2). The three
beaches have different hydrodynamic and morphological characteristics (Table 4.1).
Beach widths above mean sea level range from less than 50 m in Duck to 200 m in
Waldport. Compared to the other beaches, Waldport has a larger spring tide range
and the highest storm waves. The beach in Duck is distinct from the others because it is
intermediate (compared to dissipative), micro-tidal, and mixed grained. Additionally,
the lower beach morphology in Noordwijk and Waldport are dominated by the pres-
ence of intertidal bars, while the beach in Duck has a pronounced berm. The expected
median grain size for the different sites ranges from 200–250 𝜇m in Waldport to >300
𝜇m in Duck.

Figure 4.2: Locations where vertical grain size distributions were collected in the United States
(Waldport and Duck) and the Netherlands (Noordwijk). The numbers in the maps correspond
to those of the photographs. Pictures 1 and 2 were mirrored horizontally to aid comparison
between locations. Photos: Christa van IJzendoorn
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Table 4.1: Overview of morphological and marine characteristics of field sites in Waldport
(Oregon, United States), Noordwijk (the Netherlands) and Duck (North Carolina, United States).

Waldport Noordwijk Duck

Sampling location
N 44°26’13.5”,
W 124°5’5.1”

N 52°14’31.9”,
E4°25’29.5”

N 36°11’5.2”,
W 75°45’6.3”

Beach slope 1:40𝑎 1:30 1:15𝑔

Beach width 200 m𝑎 100–150 m < 50 m
Tidal range 1.5–2 m𝑏 1.4 m𝑒 1.0 m
Spring tide range 3–4 m𝑏 1.8 m𝑒 1.5 m

Mean wave height
1.5 m𝑐

(summer)
1 m 1 m

Storm wave height 10 m𝑏 5 m 6 mℎ

Expected grain size
(𝐷50)

200–250 𝜇m𝑑 250–300 𝜇m𝑓 300 𝜇m with
coarser present𝑖

𝑎Based on beach data available through http://nvs.nanoos.org/. 𝑏Ruggiero et al., 2010.
𝑐Tillotson & Komar, 1997. 𝑑Twenhofel, 1946. 𝑒Ojeda et al., 2008. 𝑓Bemmelen, 1988.
𝑔Doran et al., 2015. ℎLarson & Kraus, 1994. 𝑖Gallagher et al., 2016.

4.2.2. Sediment sample collection and analysis
A new instrument has been developed to measure the vertical grain size variability at
the appropriate scales of interest to sediment availability for aeolian sediment trans-
port (Figure 4.3). The custom-made sand scraper was inspired by a surface sediment
sampler presented by Wiggs et al. (2004). The sand scraper consists of a base plate
(59 x 40 cm) and a sand scraper mechanism (32 x 16 x 28 cm, Figure 4.3a). The base
plate can be placed on the beach surface and the sand scraper mechanism is then
inserted through the base plate into the sand. A dialing mechanism with depth bars
that is attached to the base plate determines how deep the sand scraper mechanism is
inserted into the sand (Figure 4.3a). The sediment can be scraped off from the beach
surface in precise layers of 2 mm down to 50 mm depth (Figure 4.3b).
The base plate and sand scraper mechanism were constructed out of sheets of stain-

less steel, and they can fit into a shipping box of 60 x 40 x 40 cm when disassembled.
Together, these elements weigh a total of 8.5 kg. Thus, one person can handle the
device but for extended walking distances the use of a hand cart for transportation is
recommended. The main costs of device construction for this research were labor costs
associated with the design and testing of the device. The costs of reproduction will
depend on hourly labor costs and the production facilities available. In case of a well-
equipped workshop with a water jet cutter and spot welding capabilities at its disposal,
production time and cost might be limited to one work week. More information on the
design of the sand scraper is available in the 4TU repository (https://doi.org/
10.4121/c.5736047).

http://nvs.nanoos.org/
https://doi.org/10.4121/c.5736047
https://doi.org/10.4121/c.5736047
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The scraper was designed for sampling of flat beds within the intertidal area. The
device can be used on irregular surfaces but the layered sampling will then be less
accurate, especially at the top layer. The maximum sampling depth of 50 mm was
chosen to reflect the upper portion of the bed that determines sediment supply for
aeolian transport. Thus, it is not expected that the device can fully measure mixing
effects that occur due to marine processes as these often have a sediment disturbance
that is deeper than 50 mm (Anfuso, 2005; Voulgaris & Collins, 2000). The 2 mm
vertical increment was chosen to be only a (few) grain diameter(s) thick to assess micro-
scale changes not achievable with conventional grab sampling.
The scraper has a 16 cm radius (0.04 𝑚2 surface) so that a 2 mm sampling layer

results in a big enough sample for sieving, i.e., approximately 150 grams. Depending
on the required application needs, multiple 2 mm samples can be combined into one

Figure 4.3: Overview of sampling with the sand scraper. (a) The dialing mechanism on the base
plate that is used to set the depth at which a sample is collected with the sand scraper mechanism.
(b) The sand scraper in use on the beach, surrounded by the top plate, sampling bags, a brush
and a small shovel that are used to collect the sand samples. This photo is a still of a video that is
published in the 4TU repository as video1.mp4 (https://doi.org/10.4121/c.5736047).
The video shows how one layer can be collected in a sample bag. Subsequently, the dialing
mechanism can be used to increase the sampling depth, then, the sand scraper mechanism can
be pressed deeper into the sand and the layer collection can be repeated with a new sampling
bag.

https://doi.org/10.4121/c.5736047


4

40 4. Measurements of vertical grain size variability

bigger sample to reduce the layering resolution. For this research, a more detailed
layering resolution was chosen near the surface (i.e. layers of 2 and 4 mm) compared
to deeper in the bed (i.e. layers of 6 mm). In total, ten samples per sampling location
were collected when sampling down to 50 mm depth. The sample collection with the
sand scraper requires removal of sediment. Therefore, when following the development
of the bed through time, consecutive measurements at the same sampling location need
to be completed at an adjacent location (< 3 m).
The samples collected with the sand scraper were oven-dried and then analyzed to

determine their grain size distribution (Figure 4.4). The grain sizes of the samples from
Noordwijk were determined by dry sieving with ten sieve screens ranging from 63 𝜇m
to 3350 𝜇m, based on BS1377-2 (1990). The grain sizes of the samples fromWaldport
and Duck were determined using a Camsizer (Retsch Technology, Germany). The grain
size range of the Camsizer was set between 20 and 2000 𝜇m and divided into 200
bins.
From the obtained grain size distributions, various grain size characteristics were de-

termined. First, the median grain size, 𝐷50 was determined per layer as an indication of
the primary grain size characteristics at each site, location and depth. Second, the 𝐷16,
𝐷25, 𝐷75, and 𝐷84 quantiles were calculated to assess the width of the distribution and
the corresponding contributions of the finer and coarser particles within each sample.
Third, the weighted average median grain size of all layers in a cross-section, ∅50, was
calculated. This value can be seen as a representation of the 𝐷50 that would have been
found if a bulk sample was collected
The results are presented in colour-coded boxplots. Figure 4.5 illustrates three ex-

ample results based on synthetic data as a guide to interpreting the results. Figure 4.5a
shows an example where the grain size is larger near the surface (2 mm bin) than the
grain size sampled at larger depths (e.g., 50 mm depth). When there is a gradual
change in grain size between this relatively coarse surface sample and relatively fine
deeper sample, this is henceforth referred to as a fining downward gradient. Con-
versely, the opposite trend in which there is a gradual increase in grain size from the
surface to deeper depths, such as shown in Figure 4.5b, is referred to as a coarsening
downward gradient. Not all trends shown in the data are gradual. Boundaries, where
there are large jumps in grain size, are also noted, as shown in the example in Figure
4.5c at 20 mm depth. The examples provided in Figure 4.5 also show how increased
vertical resolution could aid in studying the sediment availability at the bed surface. For
instance, Figure 4.5b and 4.5c have a similar ∅50 but in Figure 4.5b fine sediment is
available at the surface, whereas coarse sediment is present at the surface in Figure
4.5c which impedes aeolian sediment transport.
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Figure 4.4: Representative grain size distributions for the three different field sites (Waldport,
Noordwijk, and Duck). The Waldport and Duck graphs were determined based on 200 grain size
bins for which the volume weighted percentage was determined by a Camsizer. The Noordwijk
graph was based on sieve analysis, so the weight percentage per sieve size (indicated by the green
diamonds) is shown on the right y-axis. When assuming that the particle density is constant, the
particle size distribution based on volume and mass are the same, allowing for comparison
between the different graphs.

Figure 4.5: Synthetic data used to show examples of vertical variability in the grain size distri-
bution. Colors indicate the median grain size. Box plot dimensions are based on the 𝐷25 and
𝐷75, and the extent of the whiskers on the 𝐷16 and 𝐷84. For each vertical grain size distribution,
the ∅50 is included. a) A fining downward gradient, b) a coarsening downward gradient with
widening distribution with depth, c) coarser sediment on top of finer sediment, with a boundary
at 20 mm depth, which is emphasized with the grey dashed line.
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4.2.3. Sampling Strategy
The influence of marine processes and aeolian transport on the vertical grain size vari-
ability was studied by repeating the sand scraper sampling at specific times during the
tidal cycle (Figure 4.6). To study the effect of marine processes on the observed grain
sizes, samples were collected right before high water (B-HW) and after high water (A-
HW), thus, excluding contributions from aeolian transport. To study the bed surface
after aeolian transport, samples were collected right after high water and right be-
fore high water (A-AT), thereby excluding marine processes. Preferably, measurements
were executed during consecutive low and high waters to link the effects of the marine
and the aeolian processes. However, in some instances, the environmental conditions

Figure 4.6: Conceptual representation of the spatial and temporal sampling strategy that was
used to assess the vertical variability of the grain size distribution in the intertidal zone on the
intra-tidal timescale. Black triangles indicate times and locations at which the vertical grain size
distribution is sampled. (a) The impact of the marine processes on the vertical grain size variability
(blue shaded area) is determined by sampling the bed surface before high water (B-HW) and
after high water (A-HW). The inundation during high water could be caused by high tide, storm
surge, wave setup, and/or swash. The influence of the aeolian processes (yellow shaded area)
is determined by sampling before aeolian transport (B-AT) and after aeolian transport (A-AT),
possibly during a low water. (b) Three locations in the intertidal zone, between low water (LW)
and high water (HW), are sampled to get an indication of the cross-shore variability in the vertical
grain size layering. Each sampling location has a different elevation so they are each exposed
and submerged at different times in the tidal cycle. Thus, the sampling time depends on the
sampling location, as indicated by the corresponding numbers between subplot a and b.
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only allowed sample collection around a single high water or a single aeolian trans-
port event. In most cases, the limiting factor was the occurrence of aeolian transport
during low water. Several studies have shown that beaches show a cross-shore gradi-
ent in grain size (e.g., Çelikoglu et al., 2006; Stauble & Cialone, 1997), and spatial
variations in aeolian transport can occur in the intertidal area related to spatial pat-
terns in moisture content (e.g., Davidson-Arnott et al., 2008) and the fetch effect (e.g.,
Delgado-Fernandez, 2010). To take these spatial variations into account, three loca-
tions throughout the intertidal zone were sampled during each field experiment.
The exact sampling locations in the intertidal zone were determined by the extent

of the swash/tide excursion during the high water and extent of the area affected by
aeolian transport. The most seaward sampling location should not be too close to the
low water line as there is no transport expected due to the high moisture content and,
with onshore directed wind, due to the fetch effect. Additionally, the most landward
sampling location should be at a low enough elevation to be impacted during high
water. Wind predictions, water level predictions, measurements of the maximum runup
during the preceeding high tide and visual cues in the field (e.g., the wreck line and berm
location) were used to determine the most favorable sampling moment and locations.
Since the sand scraper is an intrusive sampling method, consecutive samples (in time)

from the same reference cross-shore location were taken approximately 1–3 m apart in
the alongshore direction. Real Time Kinematic (RTK) GPS measurements were collected
to determine the exact horizontal and vertical coordinates of each sampling location.
Alongshore grain size variability can be expected due to, for instance, aeolian sand
strips (Hage et al., 2018; Nield et al., 2011), rips (Gallagher et al., 2011), and lag
deposits (Zhenlin Li & Komar, 1992). Thus, the applied alongshore spacing could
introduce deviations between consecutive samples that are not related to the temporal
signals driven by waves and winds but related to the local alongshore variability. For
this study, we initially assume that the signals related to the temporal signals dominate
over the local alongshore variability.
Additionally, the sand scraper requires insertion into the bed surface. This invasive

process may disturb the near-surface sediments by pushing them upwards, leading to
some uncertainty in the precise depth below the surface at which sediment samples are
collected. In cases where these disturbances occurred, the maximum vertical deviation
is estimated to be around 2 mm. This can translate to vertical deviations between the
depth of layers in samples that were collected at the same cross-shore location, but
at different times (and thus different alongshore locations). However, these possible
vertical deviations are limited, so temporal trends in the vertical variability of the grain
size distribution are expected to be visible despite them.

4.2.4. Topographic surveys
At every field site, topographic surveys of the subaerial beach profile were conducted.
These profiles were collected to determine the occurrence of erosion and deposition at
the bed surface, as this is crucial to interpret the changes in the vertical variability of the
grain size distribution. In Noordwijk and Waldport, RTK GPS transects were measured,
and in Duck bed elevation data from a co-located continuously scanning terrestrial
laser scanner were used (O’Dea et al., 2019). The elevations in the United States were
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measured relative to NAVD88 and in the Netherlands relative to NAP. The error margin
of the GPS measurements was in the order of 0.01–0.02 m. The largest changes in
elevation occurred due to marine processes, so most profiles were measured before and
after high water. In Waldport and Noordwijk, the cross-shore location of the maximum
swash excursion was measured to indicate the extent of the marine processes during
high water. The elevation changes due to the formation of depositional patterns during
aeolian sediment transport were often within the error margin of the survey methods.
Thus, during experiments where the initiation of these patterns was expected/observed,
erosion pins were used to provide a more detailed indication of erosion and deposition.

4.2.5. Experiment specifications
A total of nine experiments were conducted divided over the three field sites (Table
4.2), resulting in 400+ individual samples. During most of the experiments, samples
were collected to determine the effect of both marine and aeolian processes on the
vertical variability of the grain size distribution (according to the sampling strategy in
Figure 4.6). Additional samples were collected to evaluate the sampling method and
to determine the effect of spatial variability.
The repeatability of the developed sand scraper sampling method was tested in Duck

and Noordwijk by collecting two duplicate samples within 1–2 m distance of each other
(repetition sampling, Table 4.2). By comparing these samples an indication of the extent
of inherent variations in grain size and vertical deviations can be given.
The effect of marine and aeolian processes on the vertical variability of the grain

size distribution were examined at all three field sites. In Waldport, on 23 Aug. 2021
(Table 4.2), samples were collected in the intertidal zone before and after high water
(B-HW and A-HW/B-AT, Table 4.3). Subsequently, aeolian transport occurred during
low water. However, during this event, aeolian transport was limited (see wind event
described in Table 4.4). Thus, sampling after aeolian transport (A-AT) was only carried
out at the most landward location where sediment transport had been observed. At this
location, bedforms occurred during the event. Samples were collected on the crest and
in the trough of the bedform to determine spatial variations in grain size.
In Noordwijk, on 5 Feb. 2020, samples were collected before and after high water

(B-HW and A-HW) to determine the effect of marine processes on the vertical variability
of the grain size distribution (Table 4.2 and Table 4.3). On 21 Jan. 2021, samples
were again collected before and after high water (B-HW and A-HW/B-AT) followed
by sampling after aeolian transport (A-AT), which had occurred during low water. The
high water event was associated with relatively large waves and a surge that was largest
before high tide but reduced to 0.4 m around the high tide peak (Table 4.3). The wind
event that caused the aeolian transport was intense with large amounts of transport
(Table 4.4).
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Table 4.2: Overview of morphological and marine characteristics of field sites in Waldport
(Oregon, US), Noordwijk (the Netherlands) and Duck (North Carolina, US).

Field site Sampling type Date Sampling times

Waldport
Marine and

aeolian
23 Aug. 2021

11 am (B-HW), 6 pm (A-HW/

B-AT) and 9 pm (A-AT)

Bedform 23 Aug. 2021 9 pm (A-AT)

Noordwijk Marine 5 Feb. 2020
8 am (B-HW) and

4 pm (A-HW)

Marine and

aeolian
21 Jan. 2021

4 am (B-HW), 1 pm (A-HW/

B-AT) and 6 pm (A-AT)

Repetition 21 Nov. 2020 3 pm

Duck Aeolian
1 Sep. 2021,

2 Sep. 2021

8 am (B-AT), 2 pm (D-AT)

and 5 am (A-AT)

Marine
2 Sep. 2021,

3 Sep. 2021

8 am (B-HW, 2 Sep. 2021),

10 am (A-HW, 3 Sep. 2021)

Cross-shore 2 Sep. 2021 8 am

Repetition 1 Sep. 2021 9 am

Table 4.3: Description of the high water events during which samples were collected with the
sand scraper.

Event
Wave
height

Tidal
range

Max water
level

Storm
surge

Walport 23 Aug. 2021 1.6 m𝑎 1.5 m𝑏 2.0 m𝑏 -𝑐

Noordwijk 5 Feb. 2020 1.0 m𝑑 1.3 m𝑒 0.5 m𝑒 -

Noordwijk 21 Jan. 2021 3.4 m𝑑 1.3 m𝑒 1.3 m𝑒
avg. 0.4 m
max. 1 m𝑒

Duck 2 Sep. 2021
peak from 4 p.m.-1 a.m.

1.3 m𝑓 0.8 m𝑔 1.4 m𝑔 0.3 m𝑔

𝑎Wave height fromNOAA station 46098 offshore of Newport. 𝑏Predicted value fromNOAA station 9434939

in Waldport. 𝑐No storm surge expected based on measurements at nearby stations. 𝑑Euro platform offshore

of Noordwijk. 𝑒Scheveningen water level station. 𝑓NOAA station 44056 offshore of Duck. 𝑔NOAA station

8651370 on FRF pier.
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Table 4.4: Description of the three wind events that resulted in aeolian transport during which
sample samples were collected with the sand scraper.

Event Wind direction
Average
wind
speed

Wind
gusts

Walport𝑎 23 Aug. 2021
Alongshore winds
slightly onshore

7 m/s up to 12.5 m/s

Noordwijk𝑏 5 Feb. 2020
Alongshore winds
slightly offshore

14 m/s up to 23 m/s

Duck𝑐 1 Sep. 2021
peak from 12 a.m.-6 p.m.

Alongshore winds
slightly onshore

7 m/s
around 12 m/s,
up to 15 m/s

𝑎NOAA station 9435380 in Newport. 𝑏KNMI station in Hoek van Holland. 𝑐Measured at 5.5 m above the

dune.

In Duck, sampling took place during a wind event and storm surge event related
to remnants of Hurricane Ida as it passed along the east coast of the United States
(Beven et al., 2022). Samples were collected to determine the effect of both marine and
aeolian processes on the vertical variability of the grain size distribution. The samples
were collected before, during, and after aeolian transport (B-AT, D-AT, and A-AT) that
occurred during the peak of the wind event on 1 Sep. 2021 (Table 4.4). The vertical
variability of the grain size distribution measured after the aeolian transport event was
supplemented with beach surface samples down to 8 mm depth along an array with
a cross-shore spacing of 1–2 m. The purpose of this experiment was to get a more
detailed indication of the cross-shore gradients in grain size that were present in Duck,
which were not fully captured by the three cross-shore sample locations.
The winds continued after 1 Sep. 2021 but they were not strong enough to cause

aeolian transport. However, during the daytime of 2 Sep. 2021, the wind got a more
onshore directed component, which resulted in a surge of approximately 0.3 m along
the coast (Table 4.3). Samples were collected before and after the storm surge (B-HW
and A-HW) to determine the effects of this high water event on the grain size distribution.

4.3. Results
In this section, the observed spatio-temporal patterns and vertical grain size variability
in Waldport, Duck, and Noordwijk are presented. First, the repeatability of the new
sampling method is shown. Then, each sampling occasion that provides insight into the
marine and aeolian processes on the vertical variability of the grain size distribution is
shown per field site. For most of the sampling locations, a comparison is made between
the grain size distribution in each layer and the ∅50 (weighted average median grain
size of all layers in a cross-section) to provide insight into the comparison between bulk
sampling and sampling with the sand scraper. Additionally, locations are pointed out
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where the vertical grain size variability could have an effect on the sediment availability
for aeolian sediment transport. To provide insight into the spatial variations in the
vertical grain size layering, the spatial variability due to bedforms in Waldport, and the
spatial variability due to cross-shore gradients in Duck are discussed.

4.3.1. Repetition samples
Repetition samples were collected in Noordwijk and Duck to determine local grain size
variability at the beach surface, and assess the repeatability of the new samplingmethod
(Figure 4.7). Here, we qualitatively compare the two adjacent samples that were taken
at each field site. The samples from Noordwijk showed a comparable gradient with
finer sand on top of coarser sand. However, there was a vertical shift in the boundary
between the finer and coarser sand (dashed line in Figure 4.7). Possibly, the layer at
14 mm depth for Noordwijk 2 consisted of a mixture of the layers at 8 and 14 mm in
Noordwijk 1, which would explain the intermediate grain size. In that case, the vertical
deviation is smaller than 6 mm. Correcting for this vertical shift, corresponding layers
from the two sample locations displayed minor deviations in median grain size, ranging
from 5–15 𝜇m. The repetition samples from Duck, show similar variations in vertical
grain size as those from Noordwijk. Perhaps, the gradient from the surface down to
38 mm in Duck 1, where there is first fining and then coarsening, corresponds to the
gradient down to 26 mm depth in Duck 2 (dashed line in Figure 4.7). The averaged
median grain size, ∅50, varied in the order of 5 𝜇m and the vertical deviation is in the
order of 6 mm.

Figure 4.7: Vertical variability of the grain size distributions measured on 21 Nov. 2020 in
Noordwijk, and 2 Sep. 2021 in Duck. Colors indicate the median grain size. Box plot dimensions
are based on the 𝐷25 and 𝐷75, and the extent of the whiskers on the 𝐷16 and 𝐷84. ∅50 indicates the
averaged 𝐷50 in 𝜇m. At each field site, two samples were collected within 2 m of each other. The
dashed grey lines indicate comparable trends that are present in the samples of each field site.
For Noordwijk, the dashed grey lines emphasize a boundary between fine and coarse sediment
which occurs in both samples, and for Duck they emphasize a vertical gradient that occurs in
both samples.
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4.3.2. Measured spatial and temporal variations in Waldport
The influence of marine and aeolian processes on the vertical grain size variability
in Waldport was investigated through repeated sampling before (B-HW) and after high
water (A-HW/B-AT), and after aeolian transport (A-AT) (Figure 4.8). After aeolian trans-
port, sampling was only repeated at Location 3, since this was the only location with
observed transport. Data were collected down to 50 mm at all sample locations in
Waldport except at Location 1, where layers were only collected down to 32 mm due
to rising tides during the B-HW collection.
Distinct spatial variations were visible in the vertical variability of the grain size distri-

butions sampled from Location 1 (lower intertidal zone) to Location 3 (upper intertidal
zone). The averaged median grain size, ∅50, decreased in the landward direction (Fig-
ure 4.8). Additionally, the grain size distribution was most narrow and the 𝐷50 per layer
resembled most closely the ∅50 for Location 3. In contrast to for Location 1, where the
vertical variability in the grain size distribution was the most heterogeneous, with the
D14 and D86 covering a range from 210–460 𝜇m.
The total water level covered all three sample locations between the B-HW and A-HW

collections, and all locations showed a change in the vertical variability of the grain size
distribution A-HW compared to B-HW. At Location 1, the 𝐷84 showed less peaks above
400 𝜇m, and finer sand was available at the surface after high water, indicating that
the sediment availability for aeolian transport might have increased. Before high water
(B-HW), Location 2 showed fining downwards down to 32 mm depth, and coarsening
in the deeper layers. This gradient was not as distinct after high water and larger
variations in grain size occurred. This change in the vertical grain size variability is
probably related to the morphological change (approximately 0.05 m of erosion) that
occurred at this location (Figure 4.8a). Location 3 was influenced by only several swash
excursions. In the 2 mm thick surface layer, the median grain size increased from 242
to 267 𝜇m after the high water. Below the upper layer, there were small changes (order
of 10 𝜇m) in the vertical variability of the grain size distribution A-HW compared to
B-HW. Given the lack of marine influence at the upper limit of the intertidal zone, these
variations are more likely to be related to natural spatial variations in grain size than
the effect of marine processes.
At Location 3, a 2 mm layer of finer sand was present on top of coarser material (2–8

mm depth) after the aeolian transport event (A-AT). The coarser material is probably
related to the coarse deposit seen in the upper 2 mm A-HW. Potentially, there was a
different distribution of the coarse layer between the sampling layers of the sand scraper
resulting in the inclusion of more fine sediment in the samples and thus more moderate
grain sizes. Four erosion pins were used in the field within 2 m of Location 3 during
the aeolian transport event, which showed accretion in the order of 3 to 9 mm. Thus,
it seems that the coarse bed surface was buried with a thin layer of fine sediment. This
deposition might have been related to a meter-scale bedform that formed during the
aeolian transport. Samples from the crest and in the trough of the bedform (Figure
4.9) show that the vertical grain size layering of the crest consisted of a 2 mm thick, fine
sand layer on top of downward fining sediment. This downward fining gradient is also
visible in the cross-section from the trough; however, the fine sediment layer on top is
not present.
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Figure 4.8: Overview of transects and the vertical variability of the grain size distributions meas-
ured on 23 Aug. 2021 in Waldport. a) Cross-shore profiles measured before (black) and after
(grey) high water (HW). The upper blue line indicates the maximum swash excursion during high
tide. The two lower blue lines indicate the low low water (LLW) that occurred before the HW and
the high low water (HLW) that occurred after the HW. Sample locations are indicated by black
triangles. b) Vertical grain size distributions sampled before high water (B-HW), after high water
(A-HW/B-AT) and after aeolian transport (A-AT) which occurred during the subsequent low water.
Colors indicate the median grain size. Box plot dimensions are based on the 𝐷25 and 𝐷75, and
the extent of the whiskers on the 𝐷16 and 𝐷84. The ∅50 indicated by the dark grey vertical line
represents the averaged 𝐷50 in 𝜇m. Location numbers correspond to the locations in a).



4

50 4. Measurements of vertical grain size variability

Figure 4.9: Schematic representation of a meter-scale bedform with a height in the order of
millimeters and the vertical variability of the grain size distributions in its crest (a) and trough (b)
as measured on 23 Aug. 2021 in Waldport. The bedform occurred on the landward end of the
intertidal zone after a period of aeolian transport, as shown in panel c. Colors in panel a and
b indicate the median grain size. Box plot dimensions are based on the 𝐷25 and 𝐷75, and the
extent of the whiskers on the 𝐷16 and 𝐷84.

4.3.3. Measured spatial and temporal variations in Noordwijk
In Noordwijk, the vertical grain size variability due to the influence of marine processes
was studied by sampling before (B-HW) and after high water (A-HW) on 5 Feb. 2020
(Figure 4.10). In both the B-HW and A-HW samples, the coarsest grain sizes were
found on the landward side of the coastal profile (Location 3), but the ∅50 of Locations
1 and 2 did not show a distinct cross-shore trend.
For Location 1, the vertical grain size layering was reversed after high water, with fine

sand on top instead of in the deeper layers as before the high water. Despite this clear
change in the vertical layering, the ∅50 remained approximately the same. Thus, a bulk
sample would have shown a relatively small change in grain size, whereas the vertical
layering shows an increase in the availability of fine sand near the surface. The coastal
profiles (Figure 4.10a) show that the bar moved landward (cross-shore distance = 20
m), corresponding to elevation changes up to 0.1 m and, thus, indicating mobilisation
of a considerable amount of sediment around Location 1. This is in contrast to Location
3, where the calculated elevation change for Locations 2 and 3 was around 0.005 m,
which was within the error margin of the GPS measurements. At this Location, only the
upper limit of the gradient (dashed grey line in Figure 4.10) showed an upward 6 mm
shift and the layers beneath that a shift of up to 18 mm.
On 21 Jan. 2021, a second field experiment was completed in the intertidal zone of

Noordwijk. Samples were collected before and after high water (B-HW and A-HW/B-
AT) and after the occurrence of aeolian transport (A-AT) during low water when a wind
event occurred (Figure 4.11). Large amounts of transport were observed during the
field data collection period (see conditions in Table 4.4). Thus, even when the A-HW/B-
AT sampling was executed within an hour of the water receding, aeolian transport was
already occurring. For Location 2, the exposure to aeolian transport was approximately
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Figure 4.10: Overview of transects and vertical variability of the grain size distributions measured
on 5 Feb. 2020 in Noordwijk. a) Cross-shore profiles measured before (black) and after (grey)
high water. The upper blue line indicates the maximum swash excursion during high tide. The
lower blue line indicates the low water (LW) elevation. Sample locations are indicated by black
triangles. b) Vertical grain size distributions sampled before high water (B-HW) and after high
water (A-HW). Colors indicate the median grain size (𝐷50). Box plot dimensions are based on
the 𝐷25 and 𝐷75, and the extent of the whiskers on the 𝐷16 and 𝐷84. The ∅50 indicated by the
dark grey vertical line represents the averaged 𝐷50 in 𝜇m. Location numbers correspond to the
locations in a). The dashed grey lines emphasize a comparable vertical gradient that was present
in the samples from B-HW and A-HW at Location 3.
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half an hour, and for Location 3, one hour. Similarly, the GPS transect measured after
high water (Figure 4.11a, grey line) can also include some elevation changes due to
aeolian transport that occurred. It was collected around low water when the profile had
already been affected by aeolian sediment transport.
The largest change in the vertical variability of the grain size distribution after the

high water event can be seen at Locations 1 and 3 (Figure 4.11b). Before high water,
the vertical grain size variability at Location 3 was relatively uniform, with an averaged
median grain size of 281 𝜇m. However, after high water, a 14 mm thick layer of
finer sand (255 𝜇m) covered a layer of coarser sand (298 𝜇m). This vertical layering,
indicated by a dashed grey line in Figure 4.11b, is not shown by the change in ∅50 (from
281 𝜇m B-HW to 285 𝜇m A-HW). This change in the vertical variability of the grain size
distribution at Location 3 corresponded to a considerable change in morphology (Figure
4.11a). At Location 1, comparable downward coarsening gradients were present in
the sediment B-HW and A-HW (dashed grey lines in Figure 4.11b). However, the lower
limit of this gradient, defined here as the coarsest grain size present, became 12 mm
deeper. Changes at Location 2 were relatively small, although the difference in grain
size between the upper and lower layers became more pronounced (dashed grey line
in Figure 4.11b). This resulted in a 7 𝜇m increase of the ∅50, although the grain size
in the upper layers decreased.
The vertical variability of the grain size distribution changed considerably after the

aeolian transport in Locations 2 and 3. During the aeolian transport, meter-scale bed-
forms were migrating past Locations 2 and 3. On the contrary, Location 1 did not show
any major changes, and no clear bedforms were present. At Location 2, the vertical
grain size variability became more uniform, with relatively fine sand compared to the
other sampling locations and times. This might be related to the presence of aeolian
deposits related to the bedforms that had an elevation in the order mm’s to cm’s (based
on measurements with erosion pins). At Location 3, finer sand (256 𝜇m) was present
in the upper 14 mm before aeolian transport (dashed grey line in Figure 4.11b). After
aeolian transport, Location 3 was located outside of a depositional patch. The layer of
finer sand was no longer present, and the grain size of the upper 14 mm increased to
289 𝜇m. This could indicate that erosion of the fine sediment occurred during aeolian
transport.

4.3.4. Measured spatial and temporal variations in Duck
On 1 Sep. 2021, three locations on the dry beach in Duck were sampled (Figure 4.12).
They were located above mean high water on a flat berm susceptible to inundation
during storms (Figure 4.12a). The sampling on 1 Sep. 2021 was repeated before,
during, and after the aeolian transport event (B-AT, D-AT, and A-AT), during a period
where none of the three locations were inundated. The measured vertical variability of
the grain size distributions showed vertical gradients but no clear spatial or temporal
coherence (Figure 4.12b).
Overall in Duck, no clear temporal trend was visible in the vertical grain size variability

of each location between the B-AT, D-AT, and A-AT sampling times. Still, there are large
variations visible between the different times of each location, as indicated by variability
in the ∅50 and changes in the apparent vertical distributions of grain size (Figure 4.12b).
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Figure 4.11: Overview of transects and vertical variability of the grain size distributions measured
on 21 Jan. 2021 in Noordwijk. a) Cross-shore profiles measured before (black) and after (grey)
high water. The upper blue line indicates the maximum swash excursion during high tide. The
lower blue line indicates the low water (LW) elevation. Sample locations are indicated by black
triangles. b) Vertical grain size distributions sampled before high water (B-HW), after high water
(A-HW/BAT) and after aeolian transport (AAT) which occurred during the subsequent low water.
Colors indicate the median grain size. Box plot dimensions are based on the 𝐷25 and 𝐷75, and
the extent of the whiskers on the 𝐷16 and 𝐷84. The ∅50 indicated by the dark grey vertical line
represents the averaged 𝐷50 in 𝜇m. Location numbers correspond to the locations in a). The
dashed grey lines in the vertical distributions of Location 1 emphasize a coarsening downward
gradient that was present both B-HW and A-HW. The dashed grey lines in the vertical distributions
of Locations 2 and 3 emphasize a boundary between finer sediment and coarser sediment that
is present A-HW/B-AT at both of these locations.
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Figure 4.12: Overview of transects and vertical variability of the grain size distributions measured
on 1 Sep. 2021 and 2 Sep. 2021 in Duck. a) Cross-shore profiles measured before (black),
during (grey), and after (grey, dashed) aeolian transport. b) Vertical variability of the grain size
distributions sampled before (B-AT), during (D-AT) and after aeolian transport (A-AT). Colors
indicate the median grain size. Box plot dimensions are based on the 𝐷25 and 𝐷75, and the extent
of the whiskers on the 𝐷16 and 𝐷84. The ∅50 indicated by the dark grey vertical line represents
the averaged 𝐷50 in 𝜇m. Location numbers correspond to the locations in a).
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The lidar-derived topography data (Figure 4.12a) indicates that there was < 0.01 m of
vertical change at all sampling sites over this period. Given these small net variations,
limited observations of aeolian bedforms, and the absence of marine processes at the
sampling locations, the observed temporal variability is presumed to reflect alongshore
spatial variations more so than changes due to the occurrence of aeolian transport.
In the cross-shore, the averaged median grain size, ∅50, for Location 1 (most sea-

ward) was finer than those at Locations 2 and 3 (most landward). However, due to
the large grain size variability, no clear cross-shore trend was present (Figure 4.12).
Cross-shore sampling with decreased horizontal spacing (1–2 m compared to 4–6 m)
was executed after the aeolian transport event (A-AT) (Figure 4.13). At this resolution,
there was still significant vertical variability in the grain size distribution but an increase
in grain size in the landward direction was visible.

Figure 4.13: Overview of transect and vertical variability of the grain size distributions measured
on 2 Sep. 2021 in Duck. a) Cross-shore profile based on laser scan with sampling locations
indicated by black triangles. b) Vertical grain size variability sampled after aeolian transport.
Colors indicate the median grain size. Location numbers correspond to the locations in a).

After the aeolian transport event, the wind became more onshore directed, which
contributed to a storm surge of approximately 0.3 m along the coast (Table 4.3). Sev-
eral locations were sampled before inundation (B-HW) and after inundation (A-HW) to
determine the effect of marine processes (Figure 4.14). During the high water event,
considerable erosion occurred, which resulted in the formation and landward move-
ment of a beach scarp (± 0.2 m high, Figure 4.14a). Before inundation, Location 1
was on the dry beach near the most landward edge of the intertidal zone. After in-
undation, the scarp had formed and retreated landward of Location 1, resulting in bed
lowering at Location 1 and marine inundation during high tide. At this point, Location
12 became the most seaward point landward of the scarp. During the high tide of the
high water event, this location was influenced by some wave runup.
The vertical grain size variability in the intertidal zone changed considerably where

erosion occurred during the high water event (Figure 4.14b). The most seaward location
(Location 10), showed downward coarsening in grain size before inundation, which



4

56 4. Measurements of vertical grain size variability

changed into a downward fining gradient. Although, these additional samples had a
maximum depth of 8 mm, which is far smaller than the total net erosion (up to 0.2 m)
in this zone.
The vertical gradient in the grain size distribution at Location 12 kept fining down-

wards, although the range between the 𝐷16 and 𝐷84 became larger A-HW compared
to B-HW. Especially, the surface layer became coarser which may be related to swash-
related sediment transport that occurred at this location. In contrast, Locations 11 and
1, where the scarp moved landward, showed more substantial changes. Both locations
changed from a vertical layering with the coarsest grain sizes on top to coarse sediment
overlain with a 4–8 mm thick layer of fine sand. Based on visual inspection, the coarse
material measured after inundation at 8 mm depth for Location 11, and 14 mm depth
for Location 1 continued for at least several centimetres into the bed.

Figure 4.14: Overview of transects and vertical variability of the grain size distributions measured
on 2 Sep. 2021 and 3 Sep. 2021 in Duck. a) Cross-shore profile based on laser scans and
sketches from before (black) and after (grey, dashed) a storm surge occurred. b) Vertical variability
of the grain size distributions sampled before marine (B-HW) processes and after marine (A-HW)
processes occurred due to the storm surge. Colors indicate the median grain size. Box plot
dimensions are based on the 𝐷25 and 𝐷75, and the extent of the whiskers on the 𝐷16 and 𝐷84.
Location numbers correspond to the locations in a). Location 1 corresponds to Location 1 in
Figure 4.9. The sampling before marine processes occurred after after aeolian transport, which
corresponds to Figure 4.9, A-AT.



4.4. Discussion

4

57

4.4. Discussion
A newly developed sand scraper was used to measure vertical grain size variability in
the intertidal area at Waldport, Noordwijk, and Duck. Based on these case studies,
we discuss to what extent marine and aeolian processes influenced the observed grain
size variability and sediment availability for aeolian transport at the three field sites.
Additionally, we discuss the applicability of the new sand scraper sampling method,
and how the findings collected with the sand scraper can inform future research and
modeling.

4.4.1. Observed spatial grain size variability
In agreement with previous studies (e.g., Çelikoglu et al., 2006; Stauble & Cialone,
1997), cross-shore gradients in grain size were observed at all three field sites (Figure
4.15). The maximum range in the ∅50 measured horizontally between sampling loca-
tions was 32 𝜇m for Waldport, 51 𝜇m for Noordwijk and 65 𝜇m for Duck. The data
collected in Duck indicates that there can be alongshore variations in grain size that
have a similar magnitude as the cross-shore variations, even at alongshore distances
< 10 m. The longshore variability of grain size at Duck might be related to along-
shore morphological features, such as beach cusps, or bioturbation due to ghost crab
burrowing (Chakrabarti, 1981; Schlacher et al., 2016). Additionally, the considerable
spatial grain size variation at Duck could be related to the wide grain size distribution
that is present at this field site.
Despite this large heterogeneity in sediments alongshore at Duck, there was a clear

cross-shore gradient in grain size when additional locations were added to increase

Figure 4.15: Overview of the cross-shore gradients in grain size and the associated standard
deviation (shown as errorbars), calculated as the temporally averaged ∅50 and standard deviation
per field site, respectively. The cross-shore and marine sampling from Duck were excluded due
to the limited sampling depths. Note that the sampling locations (1, 2, and 3) belonging to each
panel (i.e., each sampling occasion) are not necessarily in similar locations along the coastal
profile. However, Location 1 is always on the seaward side (sea) and Location 3 is always on the
landward side (land), indicated by the arrows.
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spatial resolution. This indicates that more spatially frequent sampling may be required
to characterize the full heterogeneity of the spatio-temporal grain size dynamics of the
bed. Combining the sand scraper with other grain size measurement methods could
provide a viable solution. We especially recommend this approach for intermediate,
mixed grain beaches where considerable spatial grain size variations could be expected.

4.4.2. Observed temporal grain size variability
By using the sand scraper, this study could show the detailed grain size layering at the
bed surface and how it changed through time due to marine and aeolian processes. The
most distinct temporal variations occurred where there was a significant morphological
change after a high water event. This is consistent with studies from other field sites,
which have attributed changes in grain size of the bed surface within the intertidal zone
to sediment advection and sediment mixing due to, for instance, sandbar, bedform
and berm migration (e.g., Sonu, 1972; Gallagher et al., 2011; Jackson & Nordstrom,
1993; Medina et al., 1994; Sherman et al., 1993).
The measurements show that marine processes resulted in fining of the surface sed-

iments in several cases. At the Noordwijk site Location 1 in Figure 4.10, a bed of fine
sand overlain with coarser sand before the high tide changed into coarse sand over-
lain with finer sand after the high tide. Similar trends were noted at both Location 3 in
Figure 4.11 (Noordwijk) and Location 1 in Figure 4.14 (Duck), where temporal fining
occurred. In these cases, the contrast between the upper finer and the lower coarser
layers increased after the high water event. The measured morphological change at
these sampling locations was typically small, < 0.1 m, except in the case at Duck.
Still, the changes in the intertidal profile indicated that a combination of both sediment
advection and mixing likely had occurred. Based on the available data, the exact hy-
drodynamic mechanisms that affected sediment redistribution within the intertidal zone
cannot be determined. However, the results indicate that marine processes can be an
important means of introducing fine sediments to the bed surface.
Meanwhile, other observations indicate that the marine processes can also result in

coarsening of surface sediments. There were two cases where the surface layer changed
and became coarser after the high water at the upper portion of the intertidal zone, in
Waldport Location 3 in Figure 4.8 and Duck Location 12 in Figure 4.14. In the Wald-
port case, it appears that a thin veneer of coarser grains was deposited directly on top
of the fines. Bauer (1991) observed a similar veneer and related it to a large wave’s
swash excursion that occurred during high tide. According to Bauer (1991), the coarse
sand was transported by the uprush, followed by rapid deposition as considerable in-
filtration reduced the flow during the downrush. A different formation mechanism was
given by Clifton (1969) and Sallenger (1979), who described how vertical segregation
of grains during wave backwash can result in lamination with coarse grains near the
surface. In this research, the specific explaining mechanism is unclear. However, both
occasions of near-surface coarsening that were recorded were located near the upper
limit of wave run-up during high tide, indicating that formation of the coarse layer could
indeed be related to the backwash that occurred during receding tide. In summary, the
results show that marine processes alter grain size variability and that these processes,
depending on which small-scale processes are occurring and which antecedent bed
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composition is present, may lead to either coarsening or fining of the surface sediment.
When considering aeolian sediment transport, the surface layer was expected to be-

come coarser due to grain size-selective pickup by the wind. However, the observations
following aeolian transport events saw both coarsening and fining of the bed surface.
At Noordwijk Location 3 in Figure 4.11, the grain size in the surface layer coarsened
after an aeolian transport event, possibly due to the removal of fine sand. In contrast,
there were two occasions, Waldport Location 3 in Figure 4.8 and Noordwijk Location
2 in Figure 4.11, where the grain size in the surface layer decreased. The decrease in
grain size was associated with an increase in the bed elevation, indicating deposition of
aeolian transported sediment. The deposition in Waldport occurred during conditions
with alongshore winds that caused meter-scale bedform formation (Figure 4.9). On the
crest of the bedform, fining of the bed surface occurred, while coarser sediment was
present in the surface layers of the trough. The observations show that fine sediment,
which increases the sediment availability, could be supplied to the intertidal zone from
upwind areas during aeolian transport events.

4.4.3. Implications for sediment availability for aeolian transport
Aeolian transport rates are influenced by grain size in many ways. In the commonly
used aeolian transport equations by Bagnold (1937b), the transport rate, threshold
velocity, and parameterization of the bed roughness all depend on the grain size. de
Vries, Arens, et al. (2014) proposed that the intertidal zone is an important source area
for aeolian transport towards the dunes. A following study demonstrated wind-induced
erosion of about 20 mm/h in the intertidal area during low tide using a terrestrial laser
scanner (e.g., de Vries et al., 2017). Thus, the grain size of the upper layers in the
intertidal zone is assumed to be important for the sediment supply of aeolian transport
towards the dunes.
The observations in this study showed that individual layers could significantly deviate

from the vertically averaged median grain size, ∅50, in the upper 50 mm of the bed
surface. If vertical grain size variability were determined based on the ∅50, it would
be assumed that the sediment availability for aeolian sediment transport is uniform in
the vertical. Such assumptions could lead to errors because of the strong relationships
between grain size and aeolian transport processes. For example, in the case of the
Duck measurement campaign the measured 𝐷50 for Location 1 (A-AT) was 349 𝜇m at
2 mm and 286 𝜇m at 50 mm below the bed surface (Figure 4.12b), with a ∅50 of 310
𝜇m. These measurements result in threshold velocities for aeolian transport of 10.1
m/s, 9.1 m/s, and 9.5 m/s, respectively, as calculated according to Bagnold (1937b)
for wind speeds at 2 meter above the bed. Since sediment transport rates are commonly
expressed as a cubic relation with the threshold velocity (Bagnold, 1937b; Kawamura,
1951; Lettau & Lettau, 1978; Sherman & Li, 2012), differing sediment fluxes may be
expected for each of those 𝐷50 values for the exact same wind speed.

4.4.4. Sand scraper methodology advantages and limitations
The sand scraper was developed with the aim to provide a method to determine the
vertical variability in grain size at the beach surface, which can impact the sediment
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availability for aeolian sediment transport. In agreement with previous studies (e.g.,
Emery, 1978; Masselink et al., 2007), the measurements with the sand scraper showed
considerable vertical variability in grain size in the layers that make up the upper 50 mm
of the bed surface. The maximum range in 𝐷50 measured vertically within the top 50
mm was 29 𝜇m for Waldport, 119 𝜇m for Noordwijk and 67 𝜇m for Duck. Specifically,
Waldport Location 2 in Figure 4.8, Noordwijk Location 3 in Figure 4.10, and Duck
Location 1 in Figure 4.11 all show places where the 𝐷50 of the individual layers show
relatively large deviations from the ∅50, the average 𝐷50 of the vertical profile. In these
cases, the sand scraper provides detailed information about the bed composition that
could not be attained using grab sampling or surface imagery observations.
The sand scraper has some limitations regarding labour intensity, the intrusive nature

of the method, and the specific dimensions of the device. Labour intensity limits the ap-
plicability of the sand scraper due to the time required to collect (15–30 minutes per
location) and subsequently analyse (multiple hours per location) the grain size of each
sample. This makes it difficult to sample over large spatial scales with a high temporal
resolution compared to, e.g., conventional grab sampling. It is recommended to com-
bine the sand scraper with bulk sampling or photo-based analysis to, for instance, more
clearly distinguish cross-shore grain size trends and sub-hourly temporal developments
of the surface grain size. To limit the analysis time of the samples collected with the
sand scraper, only their grain size was determined. However, shell content, and min-
eralogical and density properties can be expected to affect aeolian sediment transport
rates. Further analysis that is needed to study these factors would not be possible with,
e.g., camera imagery, but can be executed on samples collected with the sand scraper
due to the direct sampling approach.
However, the intrusive nature of the sampling method limits the application of the

sand scraper since sediment is removed from the beach during sampling. Thus, tem-
poral changes in the bed cannot be studied at the exact same location; the sampling
needs to be repeated some distance away. Repeatability tests within 1–2 m distance
showed that the grain size of corresponding layers between adjacent samples could vary
by about 5–15 𝜇m (Figure 4.7). Part of the variability was associated with vertical offsets
in bed layering (relative to the bed surface). However, the observed differences were
small enough to compare vertical variability in grain size between repeated samples.
Due to the labour intensity of collecting measurements, the repeatability was addressed
mostly qualitatively. By executing a focused field effort, more extensive sampling could
allow for a more quantitative, statistical analysis of the repeatability in the future.
Lastly, the sand scraper has specific dimensions that limit its application. For example,

the scraper takes a discrete set of slices with a minimum resolution of 2 mm. This is
suitable for a flat bed of sand-sized sediment (< 2 mm), but these slices might not
fully represent larger structures such as wind-driven ripples and shells. Specifically,
variations in grain size that occur in wind-driven ripples with coarser grains at the crests
and finer grains in the troughs (observed by, e.g., Uphues et al., 2022), would likely not
be recorded with the sand scraper sampling methodology. Ripples were not present in
the areas sampled in this research. The sampling surface can also be disturbed by shells
and coarser grains, causing vertical offsets in the 2 mm thick vertical slices. Thus, a
larger layer thickness is recommended when shells or coarse sand are present. Another
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limiting dimension is the sampling depth limit of 50 mm, which was selected based on
the intended purpose of measuring grain size variability at the beach surface to analyse
sediment availability for aeolian transport. For applications where sampling to larger
depths is needed, the scraper would require a redesign.
While the sand scraper limitations should be taken into account when applying the

methodology, the main advantage of the device is that it provides the ability to study
the spatial and temporal variations in grain size at a consistent vertical resolution at the
sub-centimeter scale that was previously not attainable with, e.g., grab sampling and
sediment coring.

4.4.5. Future measurements and modelling
Most previous studies have inferred changes in sediment availability in the bed from
measured changes in sediment fluxes (e.g., de Vries, Arens, et al., 2014). In contrast,
this study focused on resolving changes in bed properties directly by observing changes
in grain size distributions in the bed surface. Future studies are expected to focus on
additional measurements and modelling of grain size variability.
This study demonstrated significant spatio-temporal variability in grain size in the in-

tertidal zone, both in the vertical and horizontal, which is expected to influence aeolian
transport rates. However, the extent to which the changes in vertical grain size variability
affect the aeolian transport is still unknown. A combination of both in-situ measure-
ment techniques for measuring sediment transport rates and patterns, in addition to
coincident tracking of bed composition changes, could provide further insight. Future
research questions concern how spatial gradients in sediment transport that cause local
erosion or deposition result in changes in bed characteristics, and how those bed char-
acteristics directly alter the transport field through altering the threshold velocity and
sediment supply.
Contrary to the spatio-temporal variations in grain size found in the sand scraper

measurements, most simulations of coastal sediment transport processes are based on
sparse grain size data and commonly assume a homogeneous bed composition within
the model domain (M. A. Davidson & Turner, 2009; Hallin, Almström, et al., 2019;
Hoonhout & de Vries, 2019; Vousdoukas et al., 2011). Numerical models for coastal
applications are typically based on reduced complexity approaches to achieve numer-
ical stability and reasonable simulation times. For most applications, it will not be feas-
ible to incorporate the level of detail on grain size information that was presented in this
study. However, exploratory process-based modelling with variable bed composition
could give insights into the errors associated with generalizations of bed composition.
Furthermore, a combination of field and model data could be used to explore possible
parameterizations of the grain size variability related to marine and aeolian processes.
In the measurements presented in this study, variations in grain size caused by marine

processes were often related to morphological change due to bar or berm movement
and scarp erosion, matching previous research that showed abundant morphological
change in the intertidal zone at the tidal time scale (e.g., Brand et al., 2019; Masselink
et al., 2007; Phillips et al., 2019). When erosion occurs, the new vertical variability in
grain size is likely partially determined by the exposure of lower-lying sediment layers
(Gallagher et al., 2016). Thereby, antecedent sediment deposition can be important
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for the prediction of sediment availability for aeolian sediment transport. In accret-
ive conditions, synchronization between the transfer of sediment by marine processes
and the sediment supply for aeolian sediment transport can occur (Houser, 2009).
Coupled numerical models of marine and aeolian processes (e.g., Cohn, Hoonhout, et
al., 2019; Roelvink & Costas, 2019) could be used to quantify the potential influences
of horizontal and vertical redistribution of sediments by marine processes on aeolian
transport rates.
The effect of marine processes on the grain size distribution can be studied further

by collecting additional samples with the sand scraper. These samples can provide
the grain size composition that marine processes act upon and consequently the grain
composition they leave behind. In this research, measurements were collected at three
field sites on only one or several (separate) occasions. However, sampling efforts could
be extended in time to investigate the effect of different conditions (varying wave heights,
surge heights, etc.) on grain size. For example, Yokokawa and Masuda (1991) showed
that variations in deposit thickness were related to the tidal range of a tidal cycle. Thus,
samples could be collected throughout a neap-spring cycle to assess the effect of varying
tides on changes in grain size distribution. Consequently, these measurements could
act as verification for marine process models that show vertical variability in grain size
(Reniers et al., 2013; Srisuwan et al., 2015).

4.5. Conclusions
In this research, a newly developed sand scraper was used to measure the near-surface
vertical grain size variability and analyse the effect of marine and aeolian processes
on grain size dynamics in the intertidal zone of three different field sites. The sand
scraper provides the ability to study the spatial and temporal variations in grain size at
a consistent mm-scale vertical resolution that was previously not attainable.
The data collectively indicate that there is a cross-shore gradient in grain size across

all the measured beaches, reinforcing the concept that beach grain size characteristics
are far from homogeneous. Further, alongshore variability, which was prevalent on
the mixed-grain, intermediate beach studied here, can dominate over the cross-shore
and temporal variability. These insights highlight the limitations of sparse sediment
sampling and assumptions that those data are representative for the bed composition
over large spatial domains.
The most distinct cases of change in the vertical variability of the grain size distribution

by marine processes occurred in cases with significant morphological change during
high water. The marine processes resulted both in fining and coarsening of the surface
layer. The coarsening was assumed to be related to the formation of a veneer of coarse
sediment near the upper limit of wave run-up.
During aeolian transport, the expected coarsening of the near-surface grain size was

observed in some measurements, however, fining also occurred. The observed sed-
iment fining at the bed surface may be explained by deposition that occurred due to
the formation and development of aeolian bedforms within the intertidal zone. The
measurements collected with the sand scraper showed that individual layers can con-
siderately deviate from the vertically averaged median grain size in the upper 50 mm
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of the bed surface. In addition, the device and data presented in this research can
be used to inform future sediment sampling strategies and sediment transport models
that investigate the feedbacks between marine and aeolian transport, and the vertical
variability of the grain size distribution.

Data availability
The sand scraper design, the grain size and elevation data, and the software used
to analyze the data and create the figures in this chapter are available in the 4TU
repository, https://doi.org/10.4121/c.5736047.
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Modeling the impact of grain

size variations on aeolian
sediment transport

Chapter 4 showed that considerable variations in grain size can be present on the
beach. These variations occur in the alongshore, cross-shore and vertical dimensions.
It is unknown to what extent these spatial grain size variations result in relevant effects
on aeolian sediment transport. Therefore, this chapter uses scenarios that are inspired
by the results presented in Chapter 4 to implement simplified grain size variations into
an aeolian transport model. Simulations with this model are used to determine the
effects of different grain size distributions and spatial grain size variations on aeolian
sediment transport and coastal dune development.

Chapter highlights:

• We created scenarios to test the effect of varying grain size distributions and spatial
grain size variations on aeolian transport with the AeoLiS model.

• The median grain size can be used as a representative grain size in aeolian sed-
iment transport modeling on a time scale of days to years.

• Vertical layering influences aeolian transport on minute time scales but its effect
is limited on time scales longer than days.

• The grain size at the bed surface in the upwind, source area might be the most
relevant to include in aeolian sediment transport models.

This chapter was submitted for publication in Journal of Geophysical Research: Earth Surface as:
C.O. van IJzendoorn, C. Hallin, A.H.J.M. Reniers and S. de Vries (2023). Modeling multi-fraction coastal
aeolian sediment transport with horizontal and vertical grain size variability.
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Abstract
Grain size affects the rates of aeolian sediment transport on beaches. Sediment in
coastal environments typically consists of multiple grain size fractions and exhibits spati-
otemporal variations. Still, conceptual and numerical aeolian transport models are sim-
plified and often only include a single fraction that is constant over the model domain. It
is unclear to what extent this simplification is valid and if the inclusion of multi-fraction
transport and spatial grain size variations affects aeolian sediment transport simula-
tions and predictions of coastal dune development. This study applies the numerical
aeolian sediment transport model AeoLiS to compare single-fraction to multi-fraction
approaches for a range of grain size distributions and spatial grain size scenarios. The
results show that on timescales of days to years, single-fraction simulations with the
median grain size, 𝐷50, often give similar results to multi-fraction simulations provided
the wind is able to mobilize all fractions within that time frame. On these timescales,
vertical variability in grain size has a limited effect on total transport rates, but it does
influence the simulation results on minute timescales. Horizontal grain size variability
influences both the total transport rates and the downwind bed grain size composition.
The results provide new insights into the influence of beach sediment composition and
spatial variability on total transport rates towards the dunes. The findings of this study
can guide the implementation of grain size variability in numerical aeolian sediment
transport models.

5.1. Introduction

S ediment available for aeolian transport in coastal settings is characterized by agrain size distribution that is typically described with a range of grain size fractions
(Krumbein, 1934). Grain size affects aeolian sediment transport due to the larger drag
and lift force that is necessary to displace coarser grains (Durán et al., 2011; Sarre,
1987). Grain size also alters the creep and saltation trajectory of sediment (e.g., Cheng
et al., 2015; P. Zhang et al., 2021). Therefore, different grain size fractions lead to
different rates of sediment transport.
Field measurements on beaches have shown considerable spatial variations in grain

size in the alongshore (Hallin, Almström, et al., 2019), cross-shore (Bauer, 1991; Çe-
likoglu et al., 2006; Edwards, 2001; Sonu, 1972; Stauble & Cialone, 1997; van der
Wal, 2000a; van IJzendoorn et al., 2022). These horizontal and vertical grain size vari-
ations are expected to have a complex, combined effect on aeolian sediment transport,
especially since grain size and sediment transport continuously interact. However, it is
unknown how the spatial grain size variability influences the rate of aeolian transport
towards the dunes.
Despite the variable transport rates for the different grain size fractions available in

beach sediment, aeolian models (e.g., Hoonhout & de Vries, 2016; Van Dijk et al.,
1999; Roelvink & Costas, 2019; Hallin, Larson, & Hanson, 2019) are typically simpli-
fied by using a single fraction throughout the model domain (e.g., Hallin, Huisman, et
al., 2019; Hoonhout & de Vries, 2016; van der Wal, 2000b). However, some models
can simulate multi-fraction transport, including the effect of sorting and the associ-
ated changes to the grain size distribution in the bed. An example of such a model is
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AeoLis, a process-based aeolian sediment transport model. The model has been used
for multi-fraction simulations (e.g. Hoonhout & de Vries, 2016, 2019) but the differ-
ence in transport rates compared to single-fraction simulations has not yet been fully
quantified.
We hypothesize that the inclusion of multi-fraction transport and spatial grain size

variations in aeolian transport simulations has a considerable effect on the calculated
sediment transport. Investigating these effects in an aeolian sediment transport model
can provide new insights into the functioning of the aeolian sediment transport chain.
Additionally, quantifying the effects of grain size is expected to provide important recom-
mendations for grain size as an input parameter in future aeolian transport modeling
that is used for coastal dune development predictions. This quantification can also im-
pact the use of grain size as a design parameter in the implementation of interventions
in the coastal dune system (e.g., Kroon et al., 2022).
This research investigates to what extent sorting in multi-fraction sediment transport

modeling and spatial grain size variations impact aeolian sediment transport. The
important processes in the aeolian sediment transport chain are discussed in Section
5.2.1. The choice for a numerical model as study tool is explained in Section 5.2.2.
The numerical implementation of different grain size scenarios that were simulated are
presented in Section 5.3. In Section 5.4, the aeolian transport rates that resulted from
the different grain size scenarios are presented. These results are discussed in Section
5.5 and the conclusions are drawn in Section 5.6.

5.2. Background
5.2.1. Modeling the aeolian sediment transport chain
Model concepts of the impact of multi-fraction transport and spatial grain size vari-
ations require that all relevant aeolian sediment transport processes are represented in
the model (Figure 5.1). The bed stratigraphy consists of vertical layering with varying
grain size distributions (van IJzendoorn et al., 2022). The wind forcing, the horizontal
influx (upwind) and outflux (downwind) of sediment, and the sediment available at the
bed surface determine the rate of deposition/erosion that occurs (de Vries, Arens, et al.,
2014; Houser, 2009). High wind scenarios increase the probability of erosion, how-
ever, coarse sediment at the surface can impede pickup of sediment when armoring
occurs (Gao et al., 2016; McKenna Neuman & Bédard, 2017).
Additionally, bed roughness and the fetch effect may impact whether erosion or de-

position takes place. A larger bed roughness increases the transport capacity (Bagnold,
1937b). Bed roughness can vary greatly on the beach as the bed characteristics are
variable and dynamic (Bristow et al., 2022; Field & Pelletier, 2018; Owen, 1964; van
Rijn & Strypsteen, 2020; Sherman, 1992). The fetch effect describes how the sedi-
ment concentration in the air column increases downwind from the start of the domain
until fully developed transport is reached (Bauer & Davidson-Arnott, 2002; Delgado-
Fernandez, 2010; Gillette et al., 1996). Fully developed transport occurs when there is
no additional pickup of sediment anymore and the influx and outflux at a certain loca-
tion are equal. Erosion and deposition of sediment results from the difference between
actual and equilibrium transport.
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Figure 5.1: Conceptual representation of the interaction between grain size on the bed surface
and in the air column during aeolian sediment transport on the beach.

In case of erosion, the change in bed surface grain size will be dominated by the
bed stratigraphy, especially as underlying sediment layers can be exposed and armor
layers can form (Hoonhout & de Vries, 2016). In the case of deposition, the change
in bed surface grain size will be dominated by the grain size of the sediment in the air
column. The sediment composition in the air column is determined by processes that
occur upwind of the bed surface location. The sediment in the air column was picked up
from the source area during antecedent wind conditions and was transported towards
the bed surface location (i.e. advection). During this transport, bed interaction (i.e. the
splash process) might have resulted in an exchange of sediment between the air and
the bed (Anderson & Haff, 1988). This exchange can alter the grain size distribution of
the sediment in the air column depending on the sediment composition of the beach
between the source area and the bed surface location (Dong et al., 2004).

5.2.2. Studying the role of grain size in the sediment transport chain
In the field, it is difficult to distinguish the effect of grain size variability from other varying
environmental conditions, such as the wind field, bedforms, and surface moisture. Field
measurements are often limited to a single location, which means they can show tem-
poral patterns in grain size composition that are related to transport processes occurring
upwind (Cohn, Dickhudt, & Marshall, 2022; Field & Pelletier, 2018). Furthermore, it
is difficult to observe the vertical bed composition at a relevant scale with non-invasive
observation techniques (van IJzendoorn et al., 2022). Here, modeling has a major ad-
vantage as it allows the recording and investigation of the transport chain, including the
source area, advective transport through the air, and bed surface grain size throughout
the domain.
The numerical aeolian sediment transport model AeoLiS was selected as a tool to

simulate the effect of grain size on aeolian transport in this research. AeoLiS provides
a systematic approach to studying spatiotemporal grain size variations. Distinguish-
ing the impact of grain size from the many other factors that affect aeolian sediment
transport on the beach is challenging. Therefore, wind tunnel experiments, in which
the environmental conditions can be controlled, have been used to isolate individual
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aspects of aeolian sediment transport (e.g., grain size by Bagnold, 1937a, and shells
by McKenna Neuman et al., 2012). However, it would be difficult if not impossible
to set up experiments with complex bed composition variations at reasonable monet-
ary, time, and labor costs. Numerical modeling provides an opportunity to gain useful
insights into this type of variations at relatively low cost.

5.3. Methods
5.3.1. Model description
The multi-fraction approach of the AeoLiS model makes it suitable to study the effect
of grain size variations on aeolian transport. The sediment bed in the model consists
of a user-defined number of vertical layers and horizontal grid cells. The definition
of vertical layers is crucial for describing the process of coarsening and fining and its
associated vertical grain size gradients in the model. The bed composition, which is the
initial spatial grain size variation of the bed throughout the domain, can be prescribed
in the latest version of the model (AeoLiS v2.1.0 by AeoLiS Development Team, 2023).
Transport, erosion and deposition are calculated for each grain size fraction individually
(Figure 5.2), allowing for surface armoring to occur as finer grains are removed, and
coarse grains stay behind (Hoonhout & de Vries, 2016).
In AeoLiS, the equilibrium transport rate for each grain size fraction is calculated

based on an adapted version of the Bagnold equation (Bagnold, 1937b), formulated
as

𝑄 = 𝐶𝜌𝑎𝑔 (𝑢∗ − 𝑢𝑡,∗)
3 (5.1)

in which 𝑄 (kg/m/s) is the aeolian sediment transport rate in the case of saturated
transport, where 𝐶 (-) is a constant equal to 1.5 that accounts for sediment gradation,
𝜌𝑎 (kg/m3) is the density of air, and 𝑔 (m/s2) is the gravitational constant. The 𝑢∗ is the
surface shear velocity which represents the force exerted on the surface by the wind. The
𝑢𝑡,∗ is the threshold shear velocity which represents the shear velocity at which grains at
the surface start to move (initiation of motion).
The threshold shear velocity is expressed as

𝑢𝑡,∗ = 𝐴√
𝜌𝑠 − 𝜌𝑎
𝜌𝑎

𝑔𝑑 (5.2)

in which 𝜌𝑠 (kg/m3) is the density of the sediment, d is the grain size diameter, and
𝐴 is a constant coefficient equal to 0.085. The shear velocity is expressed as

𝑢∗ = 𝑢𝑤
𝜅

ln 𝑧
𝑧0

(5.3)

in which 𝑢𝑤 (m/s) is the wind velocity at height 𝑧 (m) and 𝑧0 (m) is the aerodynamic
roughness. The 𝜅 (-) represents the Von Karman constant. The 𝑧0 depends on the
surface characteristics of the bed (i.e., the bed roughness). It should be noted that, in
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Figure 5.2: Schematization of the implementation of discrete layering in AeoLiS and the effects of
erosion and deposition on the grain size distribution. The total mass in each grid cell of each layer
is normalized. This normalization is represented by the fact that the grain size distribution in each
grid cell (indicated by solid and dashed, black rectangles) should contain exactly 20 sediment
grains. In the upwind grid cell, the bed surface layer shows coarsening due to differential erosion
of the sediment fractions. In the downwind grid cell, the bed surface layer shows fining because
the deposited sediment is a reflection of the predominantly fine sediment available in the air
column. The movement of repletion sediment in the upwind grid cell is dependent on the grain
size distribution in layer 2, whereas the movement of excess sediment in the downwind grain cell
is dependent on the original distribution in layer 1. Adapted from Hoonhout and de Vries (2016)

this research, the Nikuradse roughness method was used to calculate the aerodynamic
roughness (𝑧0=𝑑/30), as it allows for spatially varying grain sizes to impact the bed
roughness through the median grain size, 𝐷50, of the bed surface in each individual
grid cell.
The equilibrium transport rate resulting from Equation 5.1 is used in a 1-D advection

scheme (de Vries, van Thiel de Vries, et al., 2014),

𝛿𝑐
𝛿𝑡 + 𝑢𝑧

𝛿𝑐
𝛿𝑥 =

𝑐𝑠𝑎𝑡 − 𝑐
𝑇 (5.4)

This equation is applied to calculate the sediment mass per unit area 𝑐 (kg/m2)
throughout time, indicated as 𝑡 (s), and space, indicated as 𝑥 (m). The 𝑢𝑧 (m/s) repres-
ents the wind velocity at height 𝑧 (m). The bed exchange, which consists of erosion and
deposition, is determined as the difference between the saturated sediment concentra-
tion 𝑐𝑠𝑎𝑡 (kg/m2) and the instantaneous sediment concentration 𝑐 (i.e., the sediment
concentration already present in the air) divided by an adaptation time scale 𝑇 (usually
1 s). The adaptation time scale results in a simulation of the fetch effect (e.g., Bauer
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& Davidson-Arnott, 2002; Gillette et al., 1996), where the sediment concentration in-
creases downwind from the start of the domain. The increase to the maximum sediment
concentration (i.e., where the normalized sediment concentration equals 1) requires a
longer fetch with larger wind speeds and finer grain sizes as the saturated sediment
concentration increases. Additionally, the bed exchange is maximized by the sediment
that is available at the bed.
For this study, the AeoLiS model was extended with the capability to input spatially

varying bed grain size properties both in the horizontal (cross-shore and longshore)
and vertical domains. The source code and documentation are open-source and are
hosted at https://github.com/openearth/aeolis-python. More details on
the model concepts in AeoLiS and their numerical implementation can be found in de
Vries, van Thiel de Vries, et al. (2014) and Hoonhout and de Vries (2016).
The set-up of the model used in this study was based on an idealized beach environ-

ment. The 1D domain was 200 m long with a grid size of 1 m. The seaward boundary
(x=0 m) had zero influx of aeolian sediment, and the landward boundary was open
(x=200 m), so sediment can leave the domain. In the idealized beach environment,
the effect of waves and tides was excluded, and only the wind that blows over a flatbed
was taken into account. The wind direction was constant, and blowing in the direction
of the grid from 0 to 200 m. In all simulations, nearly all default parameters of AeoLiS
(v2.1.0) were used (AeoLiS Development Team, 2023). Only the parameters related to
different grain size scenarios and time scales (discussed in Section 5.3.2 and 5.3.3),
and the bed interaction (set to 0.05, following Hoonhout & de Vries, 2016) deviated
from the default settings.
The idealized beach environment was used to create scenarios with different temporal

scales and different spatial grain size variations. To enable the execution of the different
scenarios two main input parameters were varied: the wind forcing and the bed com-
position. The impact of these variations were studied by recording the sediment flux
that leaves the domain. The model setup used for all scenarios, and the python code
used for the analysis and generation of the figures in this chapter are freely available
(van IJzendoorn, 2023).

https://github.com/openearth/aeolis-python
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5.3.2. Grain size scenarios
Several grain size scenarios were tested to investigate the effect of grain size variability:
single-fraction, multi-fraction, horizontal variation, and vertical layering. The different
grain size scenarios were simulated over different timescales with both static and vari-
able winds to investigate the impact of sorting and wind climate. For all scenarios, a
corresponding single-fraction reference grain size was used to quantify the effect of the
scenario on the sediment transport. An overview of the scenarios and the 25 different
cases that were formulated is presented in Table 5.1.

Table 5.1: Overview of the different grain size scenarios and their associated cases, including
the time scales at which the cases were executed. The underlined time scales are not shown in
the Results section because they exhibit behavior comparable to the other time scales.

Scenario
# of

cases
Case description Time scale

Single-fraction 6 125, 250, 300, 375, 500, 10 min, 1 day, 1 year

1000 and 2000 𝜇m
Multi-fraction 1 Two fractions 50%-50% 1 day, 1 year

3 20%-80% 1 day, 1 year

4 varied 1 day, 1 year

percentage

6 Full particle size distribution 1 day, 1 year

Spatial 3 Horizontal 10 min, 1 day, 1 year

variations 2 Vertical 10 min, 1 day, 1 year

A single fraction scenario and a multi-fraction scenario, which included cases with
two-fraction mixes and full particle size distributions (PSDs), were executed to investigate
the effect of including multi-fraction transport in aeolian sediment transport simulations
(Figure 5.3). For the single-fraction scenario, cases were created with one grain size
class between 125 and 2000 𝜇m that was the same in the entire bed (Figure 5.3a). In
the two-fraction mix cases, grain size classes between 125 and 2000 𝜇m were used.
Two grain size classes were chosen with different weights assigned to both classes for
each case (Figure 5.3b, c and d). The percentages used in the context of grain size
distributions indicate weight percentages. The single-fraction reference for the 50-50%
and 80-20% mixes was defined as the average grain size. The single-fraction 125 𝜇m
case was used as a reference for the varied percentage mix.
For the particle size distribution cases, 6 PSDs were created with Qgrain (Liu et al.,

2021). The shape parameters (i.e., mean, standard deviation, weight and skewness) of
the average grain size distribution of all samples collected in Noordwijk as presented in
van IJzendoorn et al. (2022) were determined by fitting a skewed normal distribution.
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Figure 5.3: Overview of the different grain size scenarios that were used in simulations with a
spatially invariant grain size. For (c) the 80-20% mixes all had the same average grain size (𝐷𝑎𝑣𝑔
= 500 𝜇m). In (d) the varied percentage mixes, two fixed grain size classes were used (i.e. 125
and 2000 𝜇m), but the median grain size varied as the mass distribution over two fixed grain
size classes was varied. The (e) particle size distribution scenario consisted of 6 different PSDs
with a median grain size of approximately 250 (blue) or 500 𝜇m (green) and varying distribution
widths.

Subsequently, the median grain size (250 and 500 𝜇m) and standard deviation (𝜎 =
0.32, 0.62 and 0.92) were varied to create 6 PSDs (Figure 5.3e). The median grain
size of each PSD was used as the reference case. The full particle size distribution was
expressed as the mass weight of each grain size class with 20 classes ranging from 50
to 1950 𝜇m.
The effect of spatial grain size variations on aeolian sediment transport simula-

tions was investigated with horizontal variation and vertical layering scenarios (Figure
5.4). Horizontal variations were implemented with a coarse-fine, fine-coarse and fine-
coarse-fine gradient (Figure 5.4a). To create these gradients, the weight of a fine frac-
tion (250 𝜇m) and a coarse fraction (500 𝜇m) were varied between 0 and 100% along
the domain. In all cases, the average distribution of the two fractions was 50-50%,
thus, the average grain size of 375 𝜇m was used as a reference case. The different
spatial distributions represent fining and coarsening gradients found in the field. Spe-
cifically, the gradient with coarse material in the middle represents field situations where
the coarsest sediments have been found on the berm. The horizontal spatial gradients
were applied to all vertical layers in the domain, including the lowest one. This results
in the initial grain size gradient being continuously supplied from below. This assumes
that the initial bed stratigraphy is uniform with depth.
The effect of grain size variations in the vertical dimension was investigated with a
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Figure 5.4: Overview of the different grain size scenarios that were used in simulations with
a spatially varying grain size gradients. (a) The horizontal variation scenario consisted of three
different gradients where a fine (250 𝜇m) and coarse (500 𝜇m) grain size class were spatially
mixed. (b) In the vertical layering scenario, all layers consisted of the fine grain size class (250
𝜇m) apart from one coarse layer (500 𝜇m).

vertical layering scenario. In this scenario, the grain size layering at the beach surface
was represented by 5 layers, consisting of either fine (250 𝜇m) or coarse (500 𝜇m)
sediment (Figure 5.4b). In the first case, the upper layer consisted of coarse sediment,
whereas in the second case, the fourth layer consisted of coarse sediment. Both cases
have an average grain size of 300 𝜇m, so a single-fraction case was executed for
comparison with the vertical layering scenario. In both cases, the fifth layer consisted
of the same grain size class (250 𝜇m). This lowest layer determines the supply from
below. Thus, by assigning the same grain size, large deviations between the cases were
prevented that would have occurred if all superimposed sediment was eroded.
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5.3.3. Simulation time and wind forcing
Runs of 10 minutes, 1 day, and 1 year were executed to assess the effect of grain
size variations across time scales. The 10-minute runs involved constant wind speeds
between 0 and 30 m/s. The 1 day and 1 year academic cases were simulated with
varying winds that were created with the wind generator in AeoLiS. The wind generator
creates a random wind velocity time series with a given mean andmaximumwind speed
using a Markov Chain Monte Carlo approach based on a Weibull distribution. A mean
wind speed of 10 m/s with a maximum wind speed of 30 m/s was used as input for the
wind generator. Generated wind speeds fluctuate on the scale of the model timestep,
dt, which was varied based on the simulation time (Table 5.2).

Table 5.2: AeoLiS model settings and wind input for scenarios with different temporal scales.

Simulation
time

dt
Output
_times

Wind regime
# of
layers

Layer_
thickness

10 minutes 1 10
Constant,
range from 0 to 30 m/s

5 0.00005

1 day 60 600
Variable,
mean 10 m/s, max 30 m/s

5 0.0001

1 year 3600 86400
Variable,
mean 10 m/s, max 30 m/s

5 0.01

The layer thickness used in the simulations (Table 5.2) was scaled to the time step. This
was done to avoid sediment depletion in the surface layer during time steps with peak
transport, which would influence calculated transport rates. Increasing the resolution
for the longer time scales is possible with a reduced time step. However, this would
greatly increase the computation time needed for each simulation. We tested whether
increasing the vertical resolution from 5 to 50 layers would have an effect on the 10-
minute time scale of the vertical layering scenario with a constant 10 m/s wind. The
test showed that the sediment flux remained similar (i.e., a difference < 3%). However,
there were some minor differences in the temporal trends of the pickup of the coarse
and fine sediment, which were related to (numerical) diffusion of the vertical grain size
gradient in the 5 layer test. These effects might be exacerbated at longer time scales and
with the inclusion of varying wind speeds in a simulation. Therefore, the quantitative
aeolian sediment transport results that were obtained at different time scales for each
case, were not directly compared in this chapter.
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5.4. Results
5.4.1. The transport of single-fraction sediment
Distinct variations in the way different grain sizes reacted to varying wind speeds on the
10 minute time scale were observed in the model results (Figure 5.5a). Below 10 m/s,
the threshold for transport was barely exceeded, and little to no sediment flux occurred
for grain sizes between 250 and 500 𝜇m. Between 10 and 15 m/s, the differentiation
between the grain size cases was the largest. For these wind speeds, the behavior of the
shear velocity and threshold shear velocity following Equation 5.2 and 5.3 is shown in
Figure 5.5b. As finer grain sizes have a lower threshold velocity (red line in Figure 5.5a),
transport was initiated at lower wind speeds. For wind speeds above 15 m/s, sediment
transport occurred in all grain size cases. Because the shear velocity increased with the
wind velocity (Equation 5.2) and the sediment flux is cubically related to the difference
between the shear velocity and the threshold shear velocity (Equation 5.1), the transport
that occurred at a 30 m/s wind speed was more than an order of magnitude higher
than that at a 15 m/s wind speed.

Figure 5.5: (a) The cumulative sediment flux after 10 minutes for wind speeds of 0 to 30 m/s for
grain sizes of 250, 375 and 500 𝜇m. (b) The relation between grain size and the threshold shear
velocity 𝑢∗,𝑡ℎ as follows from Equation 5.2 in red, and the relation between grain size and the
shear velocity 𝑢∗ for three different wind speeds as follows from Equation 5.3 (greyscale lines).
The shear velocity 𝑢∗ varies with grain size due to the dependence of the aerodynamic roughness
𝑧0 on the grain size in Equation 5.3.

On the 1-day time scale, a larger transport magnitude occurred for the 250 and 375
𝜇m cases than the 500 𝜇m case (Figure 5.6b). The difference in transport between the
three cases was largest in the moments with high wind speeds. Throughout time, the
difference in the cumulative sediment flux between the grain size cases increased (Figure
5.6c), which is the result of both the difference in threshold velocity and the transport
magnitude. For finer grain sizes, the lower threshold velocity resulted in a longer time
period in which transport could occur, and in that time period, the transport was higher
than that for the coarser grain sizes (Figure 5.6a).



5.4. Results

5

77

Figure 5.6: (a) One-day variable wind scenario which results in the (b) sediment flux and (c)
cumulative sediment flux of the single-fraction cases of 250, 375, and 500 𝜇m and of a two-
fraction 250/500 𝜇mmix (50-50%mix, Figure 5.3b). The horizontal lines in the wind plot indicate
the threshold velocity for the single-fraction case with the corresponding color in (b) and (c).

5.4.2. Comparison between single-fraction and two-fraction mixes
The 50-50% mix with the 250 and 500 𝜇m sediment fractions resulted in similar trans-
port rates as the single-fraction simulation with the average grain size of 375 𝜇m (Figure
5.6c). For the simulated wind climate, there was little effect of the coarsening of the top
layer. There was some differentiation between the mix and the 375 𝜇m case in periods
where the wind speed was around the threshold velocity of the different fractions. How-
ever, the highest wind speeds resulted in the largest contribution to the sediment flux.
Thus, the differentiation at lower wind speeds was negligible on the scale of the total
cumulative sediment flux during the one-day simulation. For the higher wind speeds,
the larger and smaller transport that occurred for the 250 𝜇m and 500 𝜇m fractions in
the mix balanced each other, making the resulting cumulative transport comparable to
the 375 𝜇m case. This equalization may occur because the shear velocity and threshold
shear velocity in Figure 5.5b show approximately linear trends for this relatively limited
grain size range. At the yearly time scale, the behavior of the two-fraction mix was also
closely replicated with a single fraction equal to the average grain size of the mix.
The effect of armoring was further investigated with 80-20% mixes of varying grain

sizes (125/2000 𝜇m, 300/1300 𝜇m, and 375/1000 𝜇m) with a constant average grain
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size equal to 500 𝜇m. At a yearly timescale, the cumulative sediment flux varied for
the different mixes (Figure 5.7). The 375/1000 𝜇m case aligned with the result of the
average grain size, the 300/1300 𝜇m mix was slightly larger, and the 125/2000 𝜇m
mix showed larger deviations. At the start of the year, the cumulative sediment flux
of the 125/2000 𝜇m mix exceeded that of the average grain size. Within the first 50
days, it even exceeded the cumulative sediment flux of the single-fraction 125 𝜇m case.
The explaining mechanism is the increase of the aerodynamic roughness in the mix
that was caused by the coarse fraction. A larger aerodynamic roughness increases the
shear velocity (greyscale lines in Figure 5.5b) and, thus, the transport capacity which is
dependent on the difference between the shear velocity and the threshold shear velocity

Figure 5.7: (a) 1-year variable wind scenario. The horizontal lines in the wind plot indicate the
threshold velocity for single-fraction cases with colors corresponding to the sediment fluxes in (b).
(b) Cumulative sediment flux of the single-fraction cases of 125 𝜇m (light grey), 500 𝜇m (grey),
and 2000 𝜇m (black), compared to the cumulative sediment flux that occurs for the 80-20%
mixes (Figure 5.3c) in blue, green, and yellow that all have an average grain size of 500 𝜇m.
Note that the single-fraction case of 500 𝜇m is used as the reference case. (c) Time-stack of the
development of the percentage of fine fraction that is present in the top layer of the bed surface
for the 125/2000 𝜇m mix through time (x-axis) and space (y-axis).
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(Equation 5.1). After the 50-day period, this increased transport capacity was counter-
acted by the coarsening of the bed surface (Figure 5.7), and the cumulative sediment
flux progressively got closer to the reference case. After 240 days, the cumulative trans-
port of the 125/2000 𝜇m case became even lower than the reference case, eventually
resulting in approximately 15% less cumulative transport at the end of the year. Similar
fluctuations in the difference in cumulative sediment flux occurred for the 300/1300 𝜇m
mix, although, the cumulative sediment flux was never less than the reference case.

5.4.3. The effect of coarse fraction percentage on sediment transport
Not only the size but also the relative percentage of the coarse fraction affects the
cumulative sediment flux (Figure 5.8). The effect of the percentage of coarse fraction
was investigated by varying the coarse sediment percentage between 1 and 20% in a
125/2000 𝜇m mix (Figure 5.3d). The 80-20% case showed a strong deviation in the
cumulative sediment flux compared to the reference case (100% 125 𝜇m) resulting in
a decrease in the yearly cumulative transport rate of more than 50% (Figure 5.8b). The
decrease in transport due to armoring occurred from 70 days and onwards. For the 90-
10% case, it took 150 days for this deviation to occur, and the deviation after a year was
smaller, at approximately 30% less transport than the reference case. The cases where
only 1 or 5% of coarse fraction was present did not show a considerable deviation from
the sediment flux of the fine fraction within the 1-year time frame. All cases showed
how wind speed peaks affect the cumulative sediment flux. The wind speed peaks cause
mobilization of the coarse fraction at the bed surface, which exposes finer fractions that
are more easily transported (Figure 5.8c).
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Figure 5.8: (a) 1-year variable wind scenario. The horizontal lines in the wind plot indicate the
threshold velocity for the single-fraction case of 125 𝜇m (light grey) and 2000 𝜇m (black). (b)
Cumulative sediment flux of the reference single-fraction case of 125 𝜇m (light grey), compared
to the cumulative sediment flux that occurs for two-fraction mixes in yellow, green, blue, and
grey that consist of varying percentages of the 125 and 2000 𝜇m fractions (Figure 5.3d). (c)
Time-stack of the development of the percentage of fine fraction that is present in the top layer
of the bed surface through time (x-axis) and space (y-axis), visualized for the 125/2000 𝜇m mix
that starts with 90% fine and 10% coarse fraction.
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5.4.4. The effect of different particle size distributions on sediment
transport

Compared to the two fraction mixes, the simulations with full particle size distributions
resulted in less deviation from the reference case (median grain size of the PSD). The
maximum difference in cumulative sediment flux was 15% and 7.5% less transport after
the 1-day (Figure 5.9) and 1-year period (Figure 5.10), respectively. Overall, all PSDs
showed comparable trajectories, except for PSD 6, which has the widest distribution.
In the 1-day period, PSD 6 showed several hours with a larger cumulative sediment
flux than the reference grain size. This might have been related to a relatively large
aerodynamics roughness and fine fraction abundance, caused by the shape of PSD 6
(Figure 5.3e). In the 1-year period, PSD 6 remained relatively close to the reference
grain size up until day 200, whereas the other PSDs already showed significant devi-
ations near the start of the simulation. Again, this behavior might be caused by the
balance between the presence of coarse and fine fractions in the grain size distribution.

Figure 5.9: (a) 1-day variable wind scenario. The horizontal lines in the wind plot indicate the
threshold velocity for the single-fraction case of 250 𝜇m (grey) and 500 𝜇m (black). (b) and (c)
Cumulative sediment flux of each tested particle size distribution (PSD) as shown in Figure 5.3e,
compared to the reference case (black). For each PSD, the reference case corresponds to the
median grain size of the PSD. The blue colors in (b) have a median grain size of around 250 𝜇m,
the green colors in (c) have a median grain size around 500 𝜇m.
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Figure 5.10: (a) 1-year variable wind scenario. The horizontal lines in the wind plot indicate the
threshold velocity for the single-fraction case of 250 𝜇m (grey) and 500 𝜇m (black). (b) and (c)
Cumulative sediment flux of each tested particle size distribution (PSD) as shown in Figure 5.3e,
compared to the reference case (black). For each PSD, the reference case corresponds to the
median grain size of the PSD. The blue colors in (b) have a median grain size of around 250 𝜇m,
the green colors in (c) have a median grain size around 500 𝜇m.

5.4.5. The impact of grain size variability in the horizontal dimension
The horizontal variation cases with different spatial gradients showed distinctly different
cumulative sediment fluxes when simulated for a 10-minute period with a constant 10
m/s speed. The finer the sediment at the start of the domain, the higher the cumulative
sediment flux (Figure 5.11). In Figure 5.11b, c, and d, the erosion area in the domain is
indicated with white hatching, where leftward leaning hatching indicates pickup of the
fine fraction and rightward leaning hatching indicates pickup of the coarse fraction. The
variation in the cross-shore expanse of the erosion area between the different scenarios
indicates a variation in the fetch length, which could have been caused by a difference
in the magnitude of the equilibrium transport. Coarse sediment resulted in a lower
equilibrium transport magnitude (Equation 5.1), so based on the implementation of
the adaptation timescale, the distance needed to reach the equilibrium transport was
smaller than with fine sediment at the start of the domain which is related to a larger
equilibrium transport. The larger bed roughness that occurred for the coarse sediment
counteracted this effect slightly. In conclusion, the fetch length is shorter when coarser
sediment is present at the start of the domain, and as fully developed transport was
reached at the end of the erosion area, there was no significant impact of the bed
surface gain size composition further along the domain.
The 1-day and 1-year simulations of the horizontal grain size variations resulted in
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Figure 5.11: (a) Cumulative sediment fluxes under a 10-minute, constant 10 m/s wind speed
for the horizontal variation scenario (Figure 5.4a), which includes a coarse to fine (blue), fine
to coarse (green) and fine to coarse to fine (yellow) gradient, compared to the reference grain
size of 375 𝜇m (black). Time-stack of the development of the percentage of fine fraction that is
present in the top layer of the bed surface for the (b) coarse to fine, (c) fine to coarse and (d) fine
to coarse to fine case.

similar sediment flux behavior. The coarse-fine case resulted in less transport than the
reference 𝐷50 and the fine-coarse and fine-coarse-fine cases resulted in more trans-
port (Figure 5.12). The bed surface layer development of the coarse-fine case showed
coarsening of the surface (Figure 5.12c), whereas the fine-coarse case showed fining
(Figure 5.12d). For each case, a unique cross-shore equilibrium bed composition de-
veloped at the bed surface. The occurrence of pickup throughout the domain seemed
most strongly related to the wind speed. However, after the formation of the equilib-
rium grain size gradient, the region with pickup became much larger for both periods
and all cases.
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Figure 5.12: (a) 1-year variable wind scenario. (b) Cumulative sediment fluxes of the horizontal
variation scenario (Figure 5.4a), which includes a coarse to fine (blue), fine to coarse (green) and
fine to coarse to fine (yellow) gradient, compared to the reference grain size of 375 𝜇m (black).
Time-stack of the development of the percentage of fine fractions that is present in the top layer
of the bed surface for the (b) coarse to fine, (c) fine to coarse and (d) fine to coarse to fine case.

5.4.6. Sediment transport variations due to vertical grain size variability
The vertical grain size layering directly affected the amount and timing of aeolian trans-
port during the different time scales. For the 10-minute simulations, varying behavior
was observed depending on the wind speed and the vertical location of the coarse layer
(Figure 5.13). At a wind speed of 10 m/s, little transport occurred due to the relatively
low wind speeds, and the grain size fraction in the upper layer of both cases dominated
the cumulative sediment flux (Figure 5.13a). At 20 m/s, the removal of the coarse and
fine fraction for the 1st layer coarse and 4th layer coarse case, respectively, resulted
in a reduction of the difference in the cumulative sediment flux compared to the ref-
erence grain size (Figure 5.13b). At 30 m/s, both the fine and coarse sediment were
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easily mobilized by the wind, resulting in a considerably lower difference in cumulative
sediment flux compared to the reference grain size (Figure 5.13c).

Figure 5.13: Cumulative sediment fluxes of the vertical layering scenario (Figure 5.4b) compared
to the reference grain size 300 𝜇m (grey) for 10-minute simulations with a constant wind speed of
(a) 10 m/s, (b) 20 m/s, and (c) 30 m/s. The scenario includes the case where the top layer (blue)
and the fourth layer (green) consisted of a coarse fraction (500 𝜇m). The other layers consisted
of a fine fraction (250 𝜇m). For comparison, the cumulative sediment flux of the single-fraction
case of 250 (light grey) and 500 𝜇m (black) are shown.

On the scale of a 1-day simulation, the main differentiation in the cumulative sedi-
ment flux between the vertical layering cases and the reference grain size (Figure 5.14b)
occurred during the wind peak between hours 5 and 10 (Figure 5.14a). This wind
peak caused the coarse and fine sediment of, respectively, the 1st coarse case and 4th
coarse case to be removed from the surface layer (Figure 5.14 c and d). Subsequently,
a relatively stable spatial grain size gradient formed, and the difference in cumulative
sediment flux showed limited change for both cases. As the spatial grain size gradient
of the bed surface layer changed, the extent of the pickup area, especially for the coarse
fraction, increased. Overall, the 1-year simulation, showed comparable trends to the
1-day simulation, although the difference in cumulative sediment flux compared to the
reference was lower (around 1% vs. 5%).
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Figure 5.14: (a) 1-day variable wind scenario. (b) Cumulative sediment fluxes of the vertical lay-
ering scenario (Figure 5.4b) compared to the reference grain size 300 𝜇m (black). The scenario
includes case 1 (blue), where the top layer consisted of a coarse fraction, and case 2 (green),
where the fourth layer consisted of a coarse fraction (500 𝜇m). The other layers consisted of a
fine fraction (250 𝜇m). Time-stack of the development of the percentage of fine fractions that is
present in the top layer of the bed surface for (b) case 1 and (c) case 2.

5.5. Discussion
5.5.1. Using a single-fraction representative grain size in aeolian sediment

transport modeling
The cumulative sediment flux calculated with multi-fraction transport and its approx-
imation with a single-fraction reference grain size were similar on time scales of days
to years. There only was a considerable impact on the yearly cumulative transport
when a relatively large content of coarse grains, > 10% of 2000 𝜇m sediment, was
present. The full PSD scenarios, which are similar to the grain size distribution of beach
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sand, resulted in a maximum transport reduction of 15% over one day and 7.5% over
one year compared to the median grain size. These values are in a similar order of
magnitude as those found by Hoonhout and de Vries (2016), although the presence
of shells further exacerbated the resulting reduction in their study. The results indicate
that for most scenarios, the median grain size can be used as a pragmatic metric for
natural grain size distributions in aeolian sediment transport models at daily to yearly
time scales.
However, there are some limitations to simplifying grain size distributions with the

median grain size. In some of the single-fraction simulations, larger transport rates
were recorded than in the corresponding multi-fraction simulation. Wide PSDs might
include a relatively large contribution of both coarse and fine fractions. The fine fraction
abundance may result in a relative increase of total transport compared to narrower
PSDs (e.g., PSD 6 compared to PSD 4 and 5 in Figure 5.10). Additionally, several
multi-fraction cases showed that increased transport can occur despite an increase in
the reference grain size (e.g., the 125/2000 𝜇m mix in Figure 5.7). This sediment
transport increase is related to an increase in the bed roughness and the shear velocity
(Equation 5.3). In all cases, the effect was temporary, as coarsening due to the removal
of fines counteracted the increase in transport caused by the roughness.
The suitability of the 𝐷50 as a representative grain size can also be affected by ar-

moring that limits the aeolian sediment transport. These armoring effects occur when a
considerable amount of coarse grains is present. Whether specific grain sizes will result
in armoring depends on the local wind climate. During energetic wind events, wind
peaks can cause an increase in sediment transport and mobilization of coarse grains
from the bed surface, which can expose underlying sediment (e.g., the 125/2000 𝜇m
mix in Figure 5.7). For the synthetic wind climate that was generated and used in this
study, about 2000 𝜇m was a critical grain size. Future work could further quantify for
which wind climates and grain size distributions the use of the 𝐷50 as a representative
grain size is valid. For now, a representative wind forcing could be created based on
the wind climate and used in an aeolian sediment transport model to determine to what
extent specific coarse fractions are expected to be mobilized.
Besides wind speed peaks, hydrodynamic processes and trampling can also break

up and alter armor layers. Hydrodynamic processes can cause erosion, deposition and
mixing that directly affect the top layers of the bed surface on a time scale of seasons
(e.g., Abuodha, 2003; Prodger et al., 2017), events (e.g., Gallagher et al., 2016) and
tides (e.g., van IJzendoorn et al., 2022). Future work could investigate the effect of
temporally varying grain sizes due to hydrodynamic processes on the sediment flux by
including temporal grain size variations in modeling simulations by making simplified
assumptions (e.g. based on findings by van IJzendoorn et al., 2022) or coupling with
a numerical model (Reniers et al., 2013; Srisuwan et al., 2015). Trampling is also
expected to affect the grain size at the bed surface (Moayeri et al., 2023; Reyes-Martínez
et al., 2015). Its effects could be included in aeolian sediment transport models with
mixing of surface layers in locations where human activity is expected.
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5.5.2. The implementation of spatial grain size variations in aeolian sediment
transport modeling

Significant vertical grain size variations at the bed surface have been measured (e.g.,
van IJzendoorn et al., 2022) and over larger soil depths (e.g., Gallagher et al., 2016;
Gunaratna et al., 2019). The measurements of van IJzendoorn et al. (2022) showed
a maximum range of 119 𝜇m in the 𝐷50 of different layers in the top 5 cm of the
bed surface. Based on our results, we expect that these variations could be simulated
relatively accurately on the daily and yearly timescales with the 𝐷50. On the minute-
scale, we expect that the sediment flux could significantly be altered, especially when
layers with a significant contribution of coarse fraction are present near the bed surface.
We recommend the inclusion of vertical grain size layering in aeolian sediment transport
models where short-term time scales are considered. On time scales longer than days,
they can be omitted.
The source area at the beginning of the domain has a significant impact on the

cumulative sediment flux across all time scales. As a result, there can be a disconnect
between the grain size that is at the bed surface and the transport that occurs at that
location. Consider a point measurement at the end of the domain of the coarse - fine
and fine - coarse - fine cases for the 10-minute time scale (Figure 5.13). The grain size at
these locations was comparable but the cumulative sediment flux deviated considerably.
This difference was mostly related to the grain size of the material present in the source
area where pickup of fine and coarse sediment occurred. This shows it is important
to consider the grain size that is present in the source area when explaining minute-
scale sediment transport measurements, as previously indicated by Cohn, Dickhudt,
and Marshall (2022), Field and Pelletier (2018) and Uphues et al. (2022). These grain
size measurements should be recent because wind speed peaks can cause temporal
variations in the bed surface grain size and the related aeolian sediment transport.
The intertidal area was found to be an important source for aeolian sediment trans-

port towards the dunes by de Vries, Arens, et al. (2014). Our findings show that this
upwind source of sediment is important for the bed surface grain size development
across the domain and the sediment transport magnitude. Thus, the results suggest
that the grain size in the intertidal area (e.g., Bascom, 1951) might be the most im-
portant to include in aeolian sediment transport models that are used for coastal dune
development predictions. These findings align with measurements of aeolian sediment
transport in the intertidal area by Swann et al. (2021), who found similar grain sizes in
the air column as on the bed. Future work could further validate or falsify these find-
ings by combining minute-scale quantitative sediment transport measurements with bed
surface grain size measurements that can show a temporal variation through time. Fur-
thermore, the importance of the grain size in the intertidal area emphasizes the need to
study sediment supply by hydrodynamic processes and, specifically, its effect on grain
size composition.
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5.6. Conclusions
The sorting of multi-fraction sediment, spatial variations in grain size, and their impact
on aeolian sediment transport were studied using a numerical aeolian sediment trans-
port model. Results show that, in general, the 𝐷50 can be used as a representative
grain size in aeolian sediment transport modeling on a time scale of days to years.
For wide grain size distributions, the multi-fraction sediment flux may differ from the
single-fraction flux of the reference grain size. In these cases, simplified model runs
that include the full particle size distribution and a wind forcing representative for the
wind climate to test the impact on the sediment flux could be considered.
On a time scale of 10-minutes, the bed surface grain size has a direct effect on

the aeolian sediment transport flux. Due to this strong relation between grain size
and sediment transport, vertical grain size layering may be required in models that
predict aeolian sediment transport at this time scale. On time scales from days to
years, modeling the effect of vertical layering may not be needed if a representative
grain size is used.
The effect of horizontal grain size variations is relevant across all time scales. The

grain size in the upwind part of the domain can directly affect the transport magnitude
across the domain. The intertidal area can be the dominant source of aeolian sedi-
ment transport that affects coastal dune development. In these cases, we recommend
to include the grain size present in this region in aeolian sediment transport models
and consider its impact on point measurements of sediment transport recorded on the
beach. Additionally, we recommend to further investigate the supply of sediment to the
intertidal zone by marine processes, specifically focusing on grain size.

Data availability
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aeolis-python). The Python code used for the analysis and figure generation is hos-
ted at Github and is preserved at https://doi.org/10.4121/22220134, version
1.1.0, under GPL-3.0.
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6
Synthesis

T he processes discussed in Chapters 3 - 5 span from minute-scale aeolian sedimenttransport processes on the scale of grains to long-term dune development on the
scale of coastal dunes (Figure 1.3). This corresponds to a wide range of research meth-
ods that were applied, including data-analysis of long-term coastal profiles, develop-
ment of a new device to collect sediment samples, and the use of a numerical model
(Chapter 2). To connect insights gained from these methodologies and to identify next
steps, the work presented in this dissertation is placed within the framework of the Ad-
apted Burland Triangle (ABT) (Figure 6.1).
The work presented in Chapter 3 fits into an extensive line of research into long-

term coastal dune development based on topographical transects (e.g., Wijnberg &
Terwindt, 1995 and Hinton & Nicholls, 1998) that relates to the observed behavior
component of the ABT. Previous research in the Netherlands has investigated, amongst
others, the dune toe (Ruessink & Jeuken, 2002) and the dune volume (de Vries et al.,
2012). Additionally, many other studies into long-term dune development are available
across the world (e.g., Walker et al., 2017, Strypsteen et al., 2019 and Doyle et al.,
2019). As Walker et al. (2017) stated, it is key to correlate coastal dune development to
its forcing variables. Thus, in many cases, attempts are made to relate long-term dune
development to drivers that can be characterized as physical properties within the ABT.
For example, wind and wave climate have been used to represent aeolian, recovery
processes and marine, erosive processes, respectively (Ruessink & Jeuken, 2002; de
Vries et al., 2012; Strypsteen et al., 2019).
It should be noted that this type of research is usually executed for a single location,

and caution is needed when when extracting generic process information from local
comparisons between dune development and drivers. In Chapter 3, it was determ-
ined by analyzing the behavior of the coastal profiles along the Dutch coast, that other
processes dominate over sea level rise on a decadal scale. This shows that building ex-
perience on other physical processes than sea level rise should be prioritized, and that
models that exclude sea level rise might be able to simulate coastal profile behavior.
However, these conclusions are only valid in locations with characteristics similar to the
Dutch coast. The Dutch coast is urbanized and heavily affected by human interference.
Especially the nourishments that take place along the Dutch coast might have a large
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Figure 6.1: The configuration of the content of this dissertation within the Adapted Burland Tri-
angle. Colors correspond to the components in 2.1. Dashed arrows indicate where connections
between the components have not yet been made.

impact on the dune toe development. Other urbanized coastal regions with similar
coastal management might show similar behavior. Investigating the dune toe behavior
in regions that are distinctly different could give additional information, as they might
expose which drivers cause different behavioral trends. In Chapter 3, the Dune Trans-
lation Index (DTI, the ratio between sea level rise and vertical dune translation) was
introduced to promote comparison between different regions. For example, Mehrtens
et al. (2023) studied dune toe behavior along the German coast and used the DTI to
compare their results to the DTI that was found along the Dutch coast.
The sand scraper measurements in Chapter 4 were executed at three field sites

to characterize grain size as a physical property at a range of different beach sys-
tems. The sand scraper can be used on other beaches to extend this characterization.
For example, the sand scraper was used on the beach of the Prins Hendrik Zanddijk
(Strypsteen et al., 2021) by researchers from Utrecht University. The grain size variabil-
ity measurements that were presented in this dissertation are similar to measurements of
detailed variations in other supply-limiting factors like shells (Carter & Rihan, 1978) and
moisture (Smit et al., 2018). Often, descriptions of supply-limiting factors are combined
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with aeolian sediment transport measurements (e.g. Davidson-Arnott et al., 2008; de
Vries, Arens, et al., 2014). However, we focused on measuring the variability of the
supply-limiter that was present in the field, as the characterization of this variability
could be used for modeling purposes.
Chapter 4 demonstrated that there is a large variability in grain size on the beach,

as is true for many other physical properties (e.g., Smit et al., 2018; Masselink et al.,
2007). Taking into account the widespread variability that is present in coastal systems
seems an impossible task. Especially as generic conclusions cannot be drawn based
on a limited amount of locations and sample occasions. However, by connecting the
measurements of physical properties to modeling, more purposeful experience can be
built. The experience gained on the presence of spatial grain size variation in the field
in Chapter 4 was used to formulate modeling scenarios that were used in Chapter 5.
These scenarios were based on the most important grain size trends that were present
in the field data. Thus, the variation in the bed composition in the field was reduced
and abstracted. This allowed for the model simulations to be more generic and for
(quantified) recommendations for future modeling and field efforts to be given.
The research presented in Chapter 4 and Chapter 5 covered all three components

of the ABT. The measurements of the spatial variations in grain size with the sand
scraper provided a characterization of the bed composition (i.e., a physical property).
These measurements were repeated through time to investigate the effect of marine
and aeolian processes on grain size (i.e., observed behavior). The effect of grain size
on aeolian sediment transport was simulated with AeoLiS (i.e., modeling). However,
the application of the ABT shows that the connections of the observed behavior com-
ponent with the physical properties and modeling components were not yet explored
(dashed lines in Figure 6.1). These missing links may be addressed in future research.
For example, the insights into the temporal grain size variation and its relation to the
occurrence of marine and aeolian processes could be used in modeling. A conceptual
model could be developed that relates temporal grain size variations to the occurrence
of marine and aeolian processes based on an idealization of the results. Additionally,
the bed surface grain size variations simulated with the AeoLiS model could be verified
with field measurements.
The range of methods, temporal and spatial scales that were presented in this dis-

sertation, all relate to determining the relevance of specific processes for the develop-
ment of coastal dunes. Through the ABT, an integrated framework was presented that
provides a pathway to combine the investigation of fundamental physical processes
and properties, with quantification. This first application of the ABT in a coastal context
demonstrated how the ABT may be used to connect field measurements and modeling,
and to identify research needs. Applying the ABT in future coastal research projects,
may contribute to clarifying project goals and streamlining the integration of modeling
with other research approaches.
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Conclusions and outlook

7.1. Conclusions

C oastal dunes provide a variety of functions, such as flood safety, recreation and
ecology. Thus, understanding the processes that determine coastal dune develop-

ment is key. The development of coastal dunes is driven by interactions between aeolian
and marine processes across different temporal and spatial scales. The processes that
impact the aeolian sediment supply to the dunes can occur on both the short and long
term. In this research, the effect of sea level rise was addressed on a decadal scale,
and aeolian processes related to grain size were addressed on time scales of minutes
to years. Their effect on aeolian sediment transport and dune development were stud-
ied and quantified using long-term coastal profile development data (Chapter 3), field
measurements (Chapter 4), and exploratory modeling (Chapter 5). New insights into
the effect of sea level rise and grain size-related aeolian sediment transport processes
have been gained, which can guide their quantitative implementation in modeling,

The conclusions relating to the research objectives (Section 1.3) are formulated below:

1. Investigate the link between sea level rise and coastal dune development at a decadal
scale

The potential impact of sea level rise was investigated by analyzing long-term coastal
profile measurements along the Dutch coast. The coastal profile measurements show a
linear increase of the dune toe elevation on the order of 13–15 mm/year during recent
decades. The increase in dune toe elevation coincides with a seaward movement of
the dune toe, which shows similarities to prograding coasts in the Holocene both along
the Dutch coast and elsewhere. It was shown that the dune toe elevation increases 7-8
times faster than the rate of sea level rise along the Dutch coast. This may indicate that
the dune development along these coastal stretches is dominated by other factors than
sea level rise on the yearly to decadal time scale.
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2. Measure the extent of grain size variability due to marine and aeolian processes in
the intertidal zone

Field measurements of spatial and temporal grain size variability in the intertidal area
were collected at three different field sites to investigate grain size variations on the
beach. A new device, the sand scraper, was developed that provides the ability to study
and quantify the spatial and temporal variations in grain size that occur at a millimeter
scale in the bed surface. The measurements collected with the sand scraper showed
that cross-shore gradients in grain size were present at all beaches, and that individual
sediment layers can deviate considerably from the vertically averaged median grain
size in the upper 50 mm of the bed surface. These findings reinforce that beach grain
size characteristics are far from homogeneous, and that sparse sediment sampling is
not necessarily representative for the bed composition of large spatial domains. Both
fining and coarsening of the bed surface due to marine and aeolian processes were
observed. Marine processes caused the most distinct changes in the vertical variability
of the grain size where significant morphological change occurred during high water.
During aeolian transport, coarsening of the bed surface was observed in some meas-
urements. However, the bed surface grain size fined where deposition occurred due to
the formation and development of meter-scale aeolian bedforms within the intertidal
zone. The spatial grain size variations that were found, informed grain size scenarios
used in the aeolian sediment transport modeling related to research objective 3.

3. Determine the extent to which the grain size distribution and spatial grain size vari-
ability impact the aeolian sediment transport magnitude

Most simulations of coastal sediment transport processes assume a single fraction
and spatially uniform bed composition within the model domain. A numerical aeolian
sediment transport model was used to investigate to what extent sorting in multi-fraction
sediment transport modeling and spatial variations in grain size may impact aeolian
sediment transport. By applying multi-fraction, and vertical and cross-shore ranges in
grain size in the aeolian transport model, their relevance for aeolian sediment transport
was investigated. The simulations show that using the median grain size, 𝐷50, as a rep-
resentative grain size in aeolian sediment transport modeling causes limited deviations
from simulations using a full particle size distribution. To test the magnitude of these de-
viations for wide grain size distributions, simplified model runs with the full particle size
distribution and a climate-representative wind forcing may be used. On a 10 minute
time scale, the bed surface grain size directly impacts aeolian sediment transport, so
model predictions of sediment fluxes may require the implementation of vertical grain
size layering. On longer time scales, vertical layering may not be required if a repres-
entative grain size is used. Across all time scales, the effects of horizontal grain size
variations are relevant as they can affect both the total transport rates and the down-
wind bed grain size composition. Because the intertidal zone is often the sediment
source of aeolian sediment transport, it is advised to include the grain size in this zone
in modeling and point measurement analysis.
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Besides addressing these research objectives, the Adapted Burland Triangle (ABT) was
presented, which can be used to guide the development and application of modeling in
the coastal research and engineering field. It was shown that the wide range of research
approaches that were presented in this dissertation can be connected within the ABT. It
was also demonstrated that the ABT can be used for the identification and prioritization
of missing links and knowledge gaps. For example, the relation between grain size
variations in the intertidal zone and marine processes may need further attention, and
bed surface grain size variations simulated with aeolian sediment transport models may
need to be verified with field data. In the future, the ABT can contribute to clarifying the
purpose of research and engineering projects, which will advance the coastal research
and engineering field as a whole.

7.2. Outlook
Several pathways for future research and development were identified throughout this
dissertation. Here, five of these pathways are discussed in detail. It is described how
making the analysis of long-term coastal data more accessible can allow more know-
ledge to be derived from these data (Section 7.2.1). It is also explained how getting
a more complete view on the aeolian sediment transport chain can be achieved by
combining state-of-the-art measurement techniques (Section 7.2.2). Additionally, fur-
ther investigation of the relation between marine processes and grain size variations
in the intertidal zone is discussed (Section 7.2.3). Recommendations are made for the
investigation of the contribution of aeolian bedforms to total aeolian sediment trans-
port (Section 7.2.4), and for further development and application of aeolian sediment
transport models like AeoLiS (Section 7.2.5).

7.2.1. Analysis of long-term local coastal data world-wide
The long-term coastal data that is available worldwide provides an abundance of in-
formation. However, finding out which data is available and where can be hard. Thus,
we see the opportunity for a worldwide overview of available coastal topography data-
sets. This collection of coastal datasets around the world would make it possible to
quickly familiarize new people in the field with the data that is being collected and
it would be an efficient way to retain experience. For now, a preliminary collection
of coastal datasets around the world, which was gathered during the creation of this
dissertation, is available online.
The analysis of long-term coastal data can require considerable effort. The work

presented in Chapter 3 was accompanied by the Jarkus Analysis Toolbox which is a
resource for research and education as it aims to make analysis of the long-term coastal
morphology dataset in the Netherlands more accessible. For example, our experience
has shown that the toolbox lowers the threshold for BSc and MSc students to use the
database in (thesis) projects. In the future, we anticipate more generic tools that can
handle not just one, but many coastal datasets. For example, the analysis tool pybeach
(Beuzen et al., 2019) was set up more generically which allowed its implementation into
the Jarkus Analysis Toolbox. These publicly available analysis methods will provide a

https://www.google.com/maps/d/u/0/edit?mid=1RWmKa69aCiTSDT2KKG2ePMLIoFmQd7M&usp=sharing
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transparent way of analyzing coastal datasets, which prevents miscommunication about
coastal parameters (Smith et al., 2020) between researchers from different fields.
There is still a treasure of information available within the available long-term coastal

data. Analysis of these data could allow us to gain additional knowledge on physical
properties and observed behavior. In Chapter 3 long-term data was used to estim-
ate the importance of sea level rise along the Dutch coast. Similar approaches could
be adopted to study the contribution of, for example, alongshore sediment transport.
Alongshore transport impacts the sediment budget and Hallin, Huisman, et al. (2019)
showed it can be related to dune development. Additionally, many characteristic para-
meters, like the beach width and dune face slope, were included in the Jarkus Analysis
Toolbox, but only the dune toe was used in Chapter 3. Thus, there are still many coastal
profile parameters that could be used to analyze coastal profile behavior and expose
relations that are not yet known.

7.2.2. Relating sediment properties to measured aeolian transport
Aeolian sediment transport processes were a crucial part of this dissertation, but not a
single, direct measurement of aeolian transport was collected. In Chapter 5 it was dis-
cussed that the spatial context is important when investigating and explaining aeolian
sediment transport on a beach. Thus, point measurements of aeolian sediment trans-
port might show trends that cannot be explained without assumptions about this spatial
context (Cohn, Dickhudt, & Marshall, 2022; Field & Pelletier, 2018; Jackson et al.,
2006). We propose building a more complete image of aeolian sediment transport by
combining state-of-the-art measurement techniques.
In the past decade, innovative techniques have been introduced that can aid in meas-

uring aeolian sediment transport and supply-limiting factors, such as grain size vari-
ations, in a broader spatial context. A 3D-printed Instagrain camera is being developed
that takes a snapshot of the sand surface and determines the grain size (Goldstein et
al., 2022). This device is faster in use than the sand scraper presented in Chapter 4, so
it could increase the temporal and spatial resolution at which measurements are collec-
ted. To ensure quality control, the sand scraper could provide detailed surface samples
that could be used for the validation of the surface photographs. Additionally, the use
of a holographic camera to study grain size variations in the air column was recently
introduced by Cohn, Dickhudt, and Marshall (2022). Combining this device with bed
surface grain size measurements could provide insights into the relation between the
grain size of transported sediment and the bed surface grain size. A remote way to study
aeolian sediment transport was developed by Nield and Wiggs (2011) and Cohn, Dick-
hudt, and Brodie (2022), who showed that a lidar scanner is able to detect the saltation
cloud on a beach. Further development and application of this technique and its com-
bination with in-situ sediment flux measurements could result in further quantification
of aeolian sediment transport.
These new measurement methods all give insights into parts of the spatial chain of

physical processes that affect aeolian sediment transport (see Figure 5.1). Bringing
these techniques together in different configurations will result in a new and more com-
plete view of aeolian sediment transport. This would contribute to the quantification of
the relation between sediment properties and measured aeolian sediment transport on
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the beach, which could act as validation for aeolian sediment transport models.

7.2.3. Investigating grain size variations due to marine processes in the
intertidal zone

The bed composition in the intertidal zone can show considerable variations in grain
size (Chapter 4). Simultaneously, the grain size in the intertidal area affects aeolian
sediment transport on the beach and into the dunes (Chapter 5). To better understand
the effect of grain size in the intertidal zone on aeolian sediment transport and coastal
dune development, future studies could execute additional field measurements, develop
empirical formulations, and apply more complex models.

The sand scraper and other grain size sampling methods (e.g., Goldstein et al., 2022)
can be used to sample at an increased spatial and temporal resolution compared to
the measurements in Chapter 4. These measurements could give a more detailed im-
age of the grain size variations that occur due to marine processes and their relation
to environmental conditions. Insights from these measurements could be combined
with model simulations to explore parameterizations of the effects of marine processes
on grain size variations in the intertidal zone. These insights might especially be valu-
able in coastal settings where the 𝐷50 is not a suitable approximation of the grain size
distribution for aeolian sediment transport modeling, as identified in Chapter 5.

Model simulations of grain size variations due to marine processes can be executed
with numerical models that include multi-fraction sediment transport (Reniers et al.,
2013; Srisuwan et al., 2015). Field measurements can enable validation of the spatial
and temporal grain size variabilities that are simulated by these marine process models.
Exploratory analyses with the multi-fraction XBeach model (Reniers et al., 2013) were
executed by Breedveld (2022). These simulations showed the formation of a cross-
shore grain size pattern in the intertidal area, which was similar to the pattern observed
in the field. The variations in the cross-shore grain size pattern were governed by the
spring-neap cycle and the storm time scale. It is expected that the fine sediment supply
for aeolian transport is also controlled on these time scales, which indicates that they
are the most relevant time scales to focus on in future research.

Numerical models of marine and aeolian processes that allow multi-fraction sedi-
ment transport could be coupled to simulate the interaction of marine and aeolian pro-
cesses that determine grain size variations in the intertidal zone. Such a coupled model
can record how aeolian and marine processes affect the bed composition (Gallagher et
al., 2016). Also, a coupled model can quantify the potential impact of horizontal and
vertical sediment redistribution by marine processes on aeolian transport rates. This
would allow identification of marine conditions that inhibit and stimulate aeolian sed-
iment transport through alteration of the bed composition. Additionally, the coupled
model could be used to investigate to what extent the grain size variations in the inter-
tidal area on time scales of hours to days are relevant for dune development on the
time scale of years to decades.
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7.2.4. Quantifying sediment transport by aeolian bedforms
Aeolian bedforms with a horizontal scale of meters and a vertical scale of centimeters,
also called aeolian sand strips, occurred during the fieldwork of which the data was
presented in Chapter 4. The sand strips had a considerable impact on the sand scraper
measurements that were collected at a vertical scale of millimeters. This impact high-
lighted the dimensions and volume of these bedforms. Previous research has analyzed
the behavior of aeolian sand strips based on video imagery (Hage et al., 2018) and
with a terrestrial laser scanner (Nield et al., 2011). However, the contribution of aeolian
sand strips to coastal dune development has never been quantified. Measurements with
a permanent laser scanner (Vos et al., 2022) could provide the elevation data that is
needed to estimate transport volumes by aeolian sand strips. For this purpose, a sand
strip detection and analysis method is currently being developed at Delft University of
Technology using data from a permanent laser scanner in Noordwijk, the Netherlands.
From lidar data alone, the relative contribution of aeolian sand strips to total aeolian

sediment transport cannot be determined. However, determining the ratio between
sediment fluxes due to aeolian sand strips and other forms of transport (e.g., creep and
saltation) can clarify which transport type is most relevant for coastal dune develop-
ment. Fieldwork could be executed that combines the measurements of sand strip be-
havior with measurements of aeolian saltation. Alternatively, beach and dune volume
changes could be extracted from coastal morphology measurements and compared to
the observed behavior of the aeolian sand strips. Depending on the outcome of these
investigations, it could be decided to include the contribution of aeolian sand strips in
aeolian sediment transport models.

7.2.5. Applying and validating aeolian sediment transport models
In this dissertation, I focused on aeolian processes and the potential impact of sea
level rise, however, other marine dynamics, and soil moisture, vegetation, and wind
field dynamics (Figure 7.1) can also impact coastal dune development. Important as-
pects of these dynamics have recently been included in the aeolian sediment transport
model AeoLiS, which was used in Chapter 5. A soil moisture module that simulates
soil moisture dynamics was introduced and implemented by Hallin et al. (2023). The
soil moisture module calculates the moisture content of the upper 2 mm of the surface
based on wave runup, precipitation, evaporation, infiltration, and capillary rise from
the groundwater table. The empirical formulation of Palmsten and Holman (2012)
was introduced in AeoLiS to include the effect of dune erosion during storm conditions.
Vegetation dynamics have been implemented in the model based on approaches pro-
posed by Durán and Herrmann (2006), Durán and Moore (2013) and Keijsers et al.
(2015). Wind field perturbation dynamics have been introduced based on methods
by Kroy et al. (2002), Weng et al. (1991) and Sauermann et al. (2001). Additionally,
Dickey et al. (2023) implemented an adapted version of the Okin shear coupler (Okin,
2008), which takes into account the effect of vegetation on the shear velocity.
Several future advances in the dynamics that are implemented in AeoLiS are expec-

ted. The relevance of the effect of flow dynamics on dune accretion was recently shown
by (Bauer & Wakes, 2022). Efforts are being made at the Technical University Twente
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Figure 7.1: Different dynamics that affect coastal dune development and have been implemented
in the aeolian sediment transport model AeoLiS.

to include flow dynamics caused by dune faces and beach buildings by implementing
the output of the Computational Flow Dynamics (CFD) model OpenFOAM into AeoLiS.
Additionally, progress in the integration of the vegetation dynamics is expected based
on work at Oregon State University that focuses on the implementation of different ve-
getation types. At Wageningen University & Research, investigations are ongoing that
quantify the processes of germination, establishment and survival of dune vegetation.
The recent and upcoming implementations are expected to greatly improve the repres-
entation of physical processes in AeoLiS. However, there remain many important factors
that are not well-represented. For example, the impact of alongshore transport (Hallin,
Huisman, et al., 2019) and anthropogenic impacts like bulldozing (Barbero-García et
al., 2023) and nourishments (Hallin, Huisman, et al., 2019) have not yet been included.
There remains an endless amount of physical processes that could be taken into

account in process-based numerical models. However, it remains a question which
marine, aeolian, ecological, anthropogenic and hydrological processes should be in-
cluded and in what detail across different spatial and temporal scales. In Chapter 5, it
was determined that the effect of the grain size distribution is limited if certain exceptions
are taken into account. Thus, analysis of the impact of grain size through a transparent
and generic sensitivity analysis was used to reduce the degrees of freedom in numer-
ical models. As the functionalities in AeoLiS develop, I expect that more of these types
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of studies are executed. For example, the effects of soil moisture content and vegeta-
tion dynamics can be further examined as the processes are better represented in the
model. In this way, the most important dynamics can be identified, which provides fo-
cus for their further development and application. Additionally, the combined effect of
different physical processes can be studied. For instance, the combined effect of grain
size and surface moisture variability on velocity thresholds is largely unknown. As both
of these factors are included in the AeoLiS model, this will provide the opportunity to
investigate their interaction and the resulting effect on aeolian sediment transport.
Ultimately, AeoLiS is being developed to achieve quantitative predictions that are

suitable for engineering purposes. In this dissertation AeoLiS was mostly used as an
academic tool to test the relevance of grain size on coastal aeolian sediment trans-
port. The academic and applied uses of the model can exist in parallel. However, the
connection between modeling and observed behavior as prescribed by the Adapted
Burland Triangle is still underexposed in the development of AeoLiS. Thus, increased
efforts to apply the model to real-world cases are key for validation and calibration.
These real-world cases do require sufficient high-quality data on environmental con-
ditions, ecological properties, and morphological change. To apply AeoLiS to existing
dunes, the collection of long-term local coastal data that is available world-wide may
be a good starting point. Often local hydrodynamic data is available in these locations
and satellite imagery could be used to retrieve ecological properties (Laporte-Fauret et
al., 2020). Additionally, there are many dune restoration and creation projects around
the world (e.g. Rozé & Lemauviel, 2004 and Darke et al., 2016) that provide cases
where monitoring data of newly formed dunes are available. As the model is applied
to different types of settings and locations, there will be variations in the relative im-
portance of different physical processes. This will push the applicability of the model
and provide opportunities to further improve it. Moreover, application of the model will
provide valuable knowledge and recommendations for coastal communities as they try
to balance the different functions of the coastal dune system.
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This appendix was published as supplementary information for the following article
(Chapter 3):

C.O. van IJzendoorn, S. de Vries, C. Hallin, P.A. Hesp. Sea level rise outpaced by
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127



128 A. Supplementary Figure

Figure A.1: Trends in the dune toe position along the Holland coast (a and c) and Delta
coast (b and d) extracted using the machine learning method of pybeach. The trend in
dune toe elevation (a and b), and the trend in cross-shore dune toe location (c and d) are shown.
In each subplot, the spatial average of all transects along the coast is represented by the solid
line. The vertical bars along this line show the 95% confidence interval for each year. The overall
trend in the spatial average is represented by the dashed line. In each subplot, the rate (in
m/yr), r-squared value and number of transect locations (n) of this trend are given in the upper
left corner. The grey dashed lines in subplots a and b show the development of the dune toe
elevation if it had increased at the same rate as sea level rise (SLR).
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