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Preface
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master’s program, I knew I wanted to do fieldwork as part of my MSc project. Being on the beach almost all day
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for me. So I was very happy when I got offered the amazing opportunity to do fieldwork in South Australia to
investigate coastal dune evolution. However, travel restrictions due to the COVID 19 crisis changed the plans.
Instead of South Australia I stayed in the Netherlands but I continued with the idea of doing fieldwork. I had the
great opportunity to do very exciting field experiments to study coastal aeolian sediment transport in an Active
Bed Surface Layer by using colored sand. This research was only possible due to the support of many people in
real life and online for which I am very grateful.
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for your constructive feedback and critical questions during the progress meetings. Your insights from a different
perspective really helped me along the process of this project. Thank you, Graziela, for your positivity, for
offering me the project in South Australia, and for joining all progress meetings from the other side of the world
asking critical questions. I am glad that you have remained involved in the project even after South Australia
got canceled. Thank you, Stuart, for sharing your enthusiasm about tracers with me, for introducing me to the
digital microscope, and for your always constructive feedback. Last but not least, thank you, Caroline, for your
support from Sweden, for your good ideas during our meetings, and for still taking the time to go through my
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space, to build a wood frame for the experiments, and for always being there for me when something did not
work. Ines Kodde, I owe you a big thank you for helping me sieving and coloring the sand in the waterlab and
for coming to the beach with me under the most windy (and sometimes also cold and rainy) conditions to do
my experiments. I also want to thank everyone from the Surf School ’Beach Break’ who supported my field
experiments by picking up and storing the equipment, and providing a warm and sand-free place between the
experiments. Also thanks to Michiel and Madelief for assisting me with the experiments on the beach, and
for taking awesome pictures of them. Thank you, Martin, for giving me Welly, the car, as a birthday present,
without him the field experiments would not have been possible. A big thank you also goes to Dave for coming
several times to the beach with me to perform tests and experiments, to carry heavy equipment and to always
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Summary
Coastal aeolian sediment transport processes are influenced by supply limiting factors such as sediment sorting.
Lighter, finer grains get eroded relatively quickly because they are easier to mobilize by the fluid drag force, while
coarser particles are left behind and move slower. Such sorting processes can cause a coarsening of the bed
surface and influence the formation of aeolian ripples. However, it is not fully understood what influence and
importance sorting processes have on the magnitude of aeolian sediment transport. In this study, the horizontal
and vertical movement of different grain sizes due to their interaction with wind is explored by performing
fieldwork using tracers. The findings of the tracer study are further used to establish a conceptual model to
investigate the influence of sorting processes on the magnitude of aeolian transport.

Several tracer experiments were conducted in the area between the intertidal zone and the dune toe at Noordwijk
beach in the Netherlands for different wind speeds with an onshore component. Sand grains were painted in
different colors according to particle size and placed in an area of 30 cm x 30 cm with a thickness of 3 cm.
Three cameras tracked the sand color movement on the bed surface. Surface samples were also taken 0.5 m,
2 m, and 4 m downwind of the placement site and analyzed with a digital microscope. Additionally, wind speed
and direction were measured to relate the findings to the concurrent environmental conditions.

The results show that for moderate wind conditions, the tracer sand interacted with the sediment entering the
test site from upwind direction, forming aeolian ripples with coarser grains on the ripple crests and smaller grains
in the ripples troughs. Once the ripples have formed, the supply of finer tracer grains in downwind direction
decreased over time, while the supply of coarser grains remained constant. A strong linear relationship between
ripple propagation speed and wind speed was found. For higher wind velocities, no ripples or differences in
transport of different grain size fractions in downwind direction were observed. Alternating phases of erosion
and deposition of upwind sand were observed after the tracer sand got partly eroded. These phases could not
be related to local gradients in wind speed.

Based on these results and additions from literature, a conceptual model for an Active Bed Surface Layer (ABSL)
in which sand grains interact with the wind and cause sorting was developed. The conceptual model describes the
most important characteristics of the ABSL for two regimes corresponding to moderate (I), and high (II) wind
speeds. These characteristics are further used to estimate their influence on the magnitude of aeolian sediment
transport. For Regime I, the supply of bed sediment for saltation seems to be limited due to the formation
of ripples in the ABSL and a linear relationship between sediment transport and wind speed is suggested to
estimate the magnitude of aeolian sediment transport. The dynamics of the ABSL of Regime II seem to be
mainly influenced by the supply of upwind sediment and spatiotemporal variations in wind speed. We propose a
third power relationship between sediment transport and wind speed in combination with a process-based model
that accounts for supply limitations for making aeolian sediment transport predictions.

This conceptual model of the ABSL with its two regimes describes aeolian sediment transport as a function
of wind speed, bed characteristics, and upwind sediment supply. It differs from conventional aeolian sediment
transport models, which only distinguish between transport and no transport and describe changes in sediment
transport solely due to changes in wind speed. Thus, it can help to improve future sediment transport predictions
and aeolian sediment transport models.
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Thesis Structure
The main body of this thesis (Part I: Paper) is provided in paper format with the aim to publish it in the
Special Issue in Earth Surface Processes and Landforms “Coastal dunes: links between aeolian processes and
landform dynamics”. The appendix of this work (Part II: Additional information) is not intended to be published
and provides additional information about preliminary tests and the coloring procedure of the tracer sediment.
Furthermore, a user’s manual for the TU Delft wind measurement equipment is provided and an algorithm used
for the post-processing of images is presented. Within Part I references to sections of Part II are provided.
These references intend to guide the reader of this thesis but will not be part of the paper in the journal.
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Abstract
Coastal aeolian sediment transport is in�uenced by supply-limiting factors such as sediment sorting by grain
size. Sorting processes can cause a coarsening of the bed surface and in�uence the formation of aeolian ripples.
However, it is not fully understood what in�uence sorting processes have on the magnitude of this transport. In
this study, we explore sorting processes of di�erent grain sizes when interacting with wind and their in�uence
on the magnitude of aeolian transport by performing a tracer study and developing a conceptual model. Sand
grains were painted in di�erent colors according to particle size and placed on Noordwijk beach, Netherlands.
Several experiments were conducted with varying wind speeds. Surface sampling and cameras tracked the sand
color movement on the bed surface, and wind speed and direction were measured. The tracer experiments show
that for moderate wind conditions, ripples developed. Once the ripples have formed, the supply of �ner tracer
grains in downwind direction decreased over time, while the supply of coarser grains remained constant. A
strong linear relationship between ripple speed and wind speed was found. For higher wind velocities, no ripples
or di�erences in transport of grain size fractions were observed. Alternating phases of erosion and deposition of
upwind sand were observed which could not be related to local variations in wind speed. Based on these results
and literature, a conceptual model for an Active Bed Surface Layer (ABSL) with two regimes corresponding
to moderate (I), and high (II) wind speeds was developed. The concept enables to estimate the magnitude of
aeolian sediment transport as a function of wind speed, bed characteristics, and upwind sediment supply. For
Regime I, we propose a linear relationship between sediment transport and wind speed and for Regime II a third
power relationship in combination with a process-based model accounting for supply limitations.

KEYWORDS: Aeolian transport - Supply limited - Sediment sorting - Armoring - Aeolian ripples - Tracers -
Beach - Field measurements - Conceptual model
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1
Introduction

Coastal aeolian sediment transport processes play an important role for dune evolution and therefore for coastal
protection (Hesp et al., 2000). Understanding aeolian sediment transport processes is crucial for making long-
term predictions of dune evolution and for determining how e�ectively they protect the low-lying hinterland
against �ooding. Many researchers have tried to predict aeolian sediment transport. However, many existing
aeolian sediment transport models over-predict the actual transport rates in coastal environments (Barchyn
et al., 2014; Kroon and Hoekstra, 1990; Sarre, 1989; Sherman and Li, 2012; Sherman et al., 1998). This
over-prediction can be assigned to speci�c conditions at coastal situations that cause sediment supply to be
limited (de Vries et al., 2014b). The interplay between aeolian forcing, sediment transport and sediment supply
is not yet fully understood and therefore leads to uncertainties in aeolian sediment transport predictions.

Aeolian sediment transport processes occur wherever there are (1) atmospheric winds of su�cient strength and
(2) a bed with granular material available for erosion (Bagnold, 1954). The �owing air of the atmospheric winds
exerts a shear stress on the bed surface as a result of a net downward �ow of momentum. The shear stress,� ,
is the force the wind exerts on the bed surface (Sherman and Hotta, 1990):

� = �u 2
� (1.1)

where � is the air density (1.22kg=m3) and u� is the shear velocity at the bed. For turbulent �ow, the
momentum transfer from the �owing air to the bed depends on the aerodynamic roughness of the bed surface,
and is proportional to the change in velocity with elevation. Assuming a unidirectional, fully turbulent, uniform,
and steady wind �eld, the shear velocity at the bed can be approximated using a logarithmic pro�le (Sherman
and Hotta, 1990):

u� = �u w =ln(
z
z0

0
) (1.2)

where � is the von Kármán constant (0.4),uw is the wind speed, at elevationz above ground, andz0
0 is the

roughness length (corresponding to the elevation at which wind speed goes to zero).

When the shear stress at the bed becomes larger than the gravity and inter-particle forces of the bed particles,
the bed particles are set into motion and sediment transport is initiated. Bagnold (1954) qualitatively described
this sediment transport. He classi�ed, depending on the size of the particles in motion, three di�erent aeolian
transport modes: creep, saltation and suspension (Figure 1.1). Su�ciently heavy, usually sand-sized particles
(63 � m to 2 mm) are transported along the surface in the form of creep or saltation. Creep is the movement
of grains in continuous or near-continuous contact with the sand bed (Walker, 1981) and saltation is the wind
driven lift-o�, hopping, and splashing of particles, following long, parabolic trajectories (Bagnold, 1954). In
contrast, su�ciently light particles are transported in suspension in which they are kept aloft for relatively long
distances due to the turbulence of the air (Pähtz et al., 2014).

Figure 1.1: Schematic of aeolian sediment transport modes according to Bagnold (1954): Creep, saltation, and
suspension. Grains of di�erent size (brown = coarsest grains, beige = medium grains, and orange = �nest grains)
interact with the wind (represented as grey arrow).
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Besides a qualitative description of sediment transport, Bagnold (1937) also described sediment transport in a
quantitative way. He was one of the �rst to express the transport of bed particles in motion as the result of a
direct momentum transfer from the wind. Based on wind tunnel and desert �eld experiments, he found a third
power relationship between sediment transport and wind speed:

qcap = Cb

r
d
D

�
g

u3
� (1.3)

whereCb is a constant of 1.8 for naturally graded sand,d is grain diameter relative to a reference grain diameter
D (0.24 mm (Bagnold, 1937)), andg is the gravitational acceleration.qcap is the sediment transport capacity
by wind which is given when the supply of sediment for erosion is unlimited.

Bagnold's approach assumes an unlimited supply of sand, however, this is often not the case on beaches. Aeolian
sediment transport on beaches is often stated to be supply-limited (Houser, 2009; Nickling and Davidson-Arnott,
1990). Supply limited conditions arise when the sediment transport capacity,qcap, cannot be reached due to the
lack of sediment supply. Sediment supply can be limited due to bed properties (e.g., surface moisture (Davidson-
Arnott et al., 2005; Schmutz and Namikas, 2018), sorting processes by grain size (Hoonhout and Vries, 2016)),
pro�le properties (e.g., slope (Hardisty and Whitehouse, 1988; de Vries et al., 2012)), wind (e.g., fetch length
(Bauer and Davidson-Arnott, 2003)), and/or the presence of physical obstructions (e.g., vegetation (Buckley,
1987), lag deposits (van der Wal, 1998; de Vries et al., 2014a), beach houses, people walking). The consequence
of Bagnold-type equations not accounting for such supply-limiting factors is that they typically overestimate the
transported volumes in beach environments (Sherman et al., 1998; Barchyn et al., 2014).

Many other researches followed up on Bagnold's pioneering work and formulated their own (3rd power) relation-
ships between sediment transport and wind speed which they compared to measured sediment transport rates
(e.g., Kawamura (1951); Zingg (1953); Owen (1964); Hsu (1971); Lettau and Lettau (1978); Sørensen (2004)).
They all used calibration parameters in their equations which they modi�ed to match the measured sediment
transport rates. Most authors consider these calibration parameters to account for supply limiting conditions
(Nickling and Davidson-Arnott, 1990; Houser, 2009). The results of the equations are partly successful (see
Sherman and Li (2012); Sherman et al. (2013)). However, generic methods to derive calibration parameters are
unavailable, which limits the predictive ability of any of the present transport models (Sherman and Li, 2012).

The range of factors governing coastal aeolian sediment transport is large. Continuous progress in the �eld of
numerical area modelling enables a more comprehensive description and calculation of aeolian sediment transport
by accounting for more of these factors. Hoonhout and Vries (2016) for instance developed a process-based area
model supporting supply-limiting factors such as soil moisture contents, sediment sorting and armoring, bed slope
e�ects, air humidity, and roughness elements. Durán and Moore (2013) developed an ecomorphodynamic area
model to explore the in�uence of vegetation on the maximum size of coastal dunes. Even though a diversity of
numerical area models exists, every model only focuses on a small number of the large range of factors governing
coastal aeolian sediment transport. A comprehensive description of coastal aeolian sediment transport is not
available.

Another problem of many existing numerical area models is that they only account for one grain size. This is
a simpli�cation, as beaches usually contain grains of widely varying sizes (well-graded beaches), which can lead
to the neglect of important processes due to the saltation of di�erently sized grains. An exception is the model
of Hoonhout and Vries (2016) which allows for the computation of aeolian sediment transport of di�erent grain
size fractions. The exchange of momentum between the sediment fractions is represented by the bed interaction
parameter. This bed interaction parameter was introduced for modelling purposes and lacks validation of the
underlying processes through measurements. Thus, none of the existing numerical area models is based on the
occurring processes due to the saltation of di�erently sized grains. However, the saltation of di�erently sized
grains can have important implications for the sediment supply from the bed.

Saltation of di�erently sized grains can cause sediment sorting, which can result in a coarsening of the bed
surface. This is especially known and researched for rivers and often referred to as armoring (e.g., Blom (2003);
Parker (2008)). In many well-graded rivers, a coarse armor layer forms on top of a subsurface layer. Lighter,
�ner grains get eroded relatively quickly because they are easier to mobilize by the �uid drag force, while coarser
particles are left behind and move slower. Over time, the less mobile coarse particles armor the bed, precluding
future erosion (Parker, 2008). Armoring can occur not only in well-graded rivers but also on well-graded beaches,
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with wind instead of �owing water as �uid drag force (Hoonhout and Vries, 2016). Armor layers decrease the
total transport because the surface particles available for transport tend to be coarser and more di�cult to move,
and are therefore a physical limit on the aeolian transport capacity. However, it is not fully understood to what
degree armoring decreases the magnitude of aeolian sediment transport for di�erent environmental conditions
on the beach.

Saltation of di�erently sized grains can also cause the formation of aeolian ripples (Wang et al., 2019). Wind-
formed ripples are distinctive bedform features of many sandy aeolian environments, and their development and
migration are basic responses to sand transport via saltation (Sherman et al., 2019). Coarse and �ne grains
show di�erent transport trajectories, resulting in usually coarser grains accumulating at the ripple crests and
�ner grains in the ripple troughs (Anderson and Bunas, 1993; Wang et al., 2019). Ripples transport sediment
in the form of creep. Even though studies exist that relate creep transport associated with ripple migration to
total transport rates (Sherman et al., 2019), it is not fully understood what in�uence and importance aeolian
ripple formation and propagation has on the magnitude of aeolian sediment transport.

What all of the above mentioned supply-limiting factors have in common is that they in�uence the processes
taking place at the interface where the wind shear stress acts on the sediment bed. This interface between the
moving air and sediment bed and its near surrounding area is also the area where sediment is transported in
the forms of creep and saltation (Figure 1.1). At beaches with mainly sand-sized particles, most sediment is
transported in the forms of creep and saltation rather than suspension. Thus, the interface de�nes not only the
in�uence area of the supply-limiting factors but also the area where most aeolian sediment transport takes place
and where the interplay between wind forcing, the sediment bed and sediment transport take places. Under-
standing the processes at this interface is essential for making accurate aeolian sediment transport predictions.
However, the physics and dynamics at this interface between wind forcing (moving air) and the sediment bed
are poorly described when the quanti�cation of aeolian sediment transport is of interest, which compromises
modelling capabilities.

Several attempts to describe aeolian sediment transport involve �eld measurements in the interface between
moving air and the sediment bed. For instance Davidson-Arnott et al. (2005), de Vries et al. (2014b), and
Hoonhout and de Vries (2017) have used point measurements of wind speed and point measurements of proxies
of sediment �uxes to derive/validate relationships between sediment �uxes and wind speed given the local
conditions. Many existing methods to measure aeolian sediment transport in the �eld such as sediment traps
or optical and acoustic backscatter are point measurement methods (White, 1998; Black et al., 2017). Such
point measurements do not allow for a detailed analysis on the interplay between the wind, the bed, sediment
transport of di�erently sized grains, and supply limitations.

In addition to point measurements, particle tracking, or as it is also known 'particle-' or 'sediment tracing' can
provide essential insights into sediment transport processes. Particle tracing is a �eld method where grains
are labelled or tagged and then allowed to disperse naturally with ambient currents (Black et al., 2007). The
dispersal of the tracer can then be estimated based on the recovered particles. Furthermore, particle tracing
seems to o�er a practical solution for observing the interplay between the wind, the bed, sediment transport of
di�erently sized grains, and supply limitations. This interplay could for instance be observed by focusing on the
small-scale interaction between the tracer and non-tracer particles.

Many tracer studies have been carried out in di�erent coastal environments (Black et al., 2007). For subaerial
coastal environments, most tracer experiments took place in the temporally subaerial intertidal area (e.g., Oliveira
et al. (2017); Silva et al. (2007); Kato et al. (2014); Robin et al. (2009); Vila-Concejo et al. (2004); Williams
et al. (2003); Wright et al. (2015)), all with the aim of studying the distribution of the tracer by hydrodynamic-
driven forces rather than by wind-driven forces. Most studies using tracers to investigate aeolian transport
processes were carried out to gain insight into the interplay of large scale atmospheric, soil and land surface
processes of the Earth system (Wang et al., 2017) rather than small scale transport processes of sand particles
on beaches. To the best of our knowledge, aeolian sediment tracer studies in coastal environments have been
carried out in dune areas to compare observed tracer sediment transport rates with theoretical models (Berg,
1983) and experimentally estimated sand trap transport rates (Cabrera and Alonso, 2010). However, no previous
studies have applied tracer on beaches to investigate the small scale processes of the interplay between the wind,
the bed, sediment transport of di�erently sized grains, and supply limitations.

In this paper we elaborate on a new concept to describe aeolian sediment transport not only as a function of
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wind speed, but also of bed characteristics and supply limitations. We focus on the area where most of the
sediment transport takes place: in the interface area between the bed and the moving air. First, �eldwork using
tracers at a well-graded sandy beach in Noordwijk, Netherlands, in the area between the intertidal zone and the
dune toe is performed to study the most important processes near and at the bed for varying wind speeds with
an onshore component. The tracer experiments aim to answer the question: "How are di�erently sized grains
transported horizontally and vertically in in the interface area between the bed and the moving air by coastal
aeolian sediment transport processes?". Subsequently, based on the results of the tracer study and additions
from literature, a conceptual model is developed that aims to answer another question: "What in�uence do the
processes in the interface area between the bed and the moving air have on the magnitude of aeolian sediment
transport?".



2
Field site and methodology

A tracer study was employed to observe how di�erently sized grains are transported horizontally and vertically
in the interface area between the bed and the moving air by coastal aeolian sediment transport processes. A
�eldsite in the Netherlands with sand-sized grains being mainly exposed to winds with an onshore component was
chosen. Sand grains were painted in four di�erent colors according to particle size to observe the spatiotemporal
dispersal of the di�erently sized tracer grains. Two types of experiments were conducted, mixed experiments
and separated experiments.M ixed experiments (M 01 - M 04) with M ixed tracer sand (1/4 of each fraction)
were performed to represent the naturally occurring conditions of the native sand, which contains a range of
grain sizes.Separated experiments (S01-S03) with only two, Separated fractions, the coarsest one and a �ner
one, not mixed, implemented as two stripes parallel to the wind direction, were performed to test whether the
tracers behave as expected in aeolian beach environments (�ner grains should move more than coarser grains).

2.1 Field site

The �eld site for this study was the beach of Noordwijk aan Zee, located on the central Dutch coast (Figure 2.1
a) and b)). Measurements took place during the windy days from 21.05.2021 - 23.05.2021 at di�erent locations
in the area between the intertidal zone and the dune toe (Figure 2.1 b)).

Figure 2.1: Location, orientation and appearance of the test site in Noorwijk aan Zee. a) Detailed top view of the
location with indication of the areas were the experiments were performed on the 21.05.2021 and 22./23.05.2021.
b) Location of the test site along the Dutch coastline. c) Identi�cation of the mean wind directions during the
three days of experiments. The length of the arrows represents qualitatively the intensity of the wind speeds.

7



8 2.2. Field experiments

The area consists predominantly of �ne quartz sand with a mean grain size (d50) of 240 � m. This was estimated
in a laboratory using sieving methods with native sediments collected from the top 3 cm (see black lines in Figure
2.2). The depth of 3 cm was chosen based on preliminary tests (Appendix A) which showed that the top 3 cm
are most important for grain movement. The surface sand was dry on 21.05.2021 and 23.05.2021 and wet on
22.05.2021 due to heavy rainfall before the experiment and light rainfall during the experiment.

The coast of Noordwijk is wave-dominated with waves approaching the coast mainly from SW and NNW
(Quartel et al., 2007). Mean wave heights and periods along the Dutch coast are 1.2 m and 5 s, respectively,
and alongshore di�erences in wave climate are small (Wijnberg and Terwindt, 1995). The wind climate is
dominated by winds from the SW with higher average wind and gust speeds during the winter months than
during the summer months. The coastline is oriented SW to NE, 30� with respect to North (where the shore
normal direction is 300� with respect to North). The dominant SW winds are thus oblique onshore. The tide
at Noordwijk is semi-diurnal with a 1 m and a 1.8 m range at neap and spring tide, respectively (Walstra et al.,
2012). The beach width is between 100 - 200 m depending on the tide.

2.2 Field experiments

M ixed (M 01 - M 04) and Separated (S01-S03) experiments with similar set ups were performed. To observe
the movement of di�erently sized grains, native sand was sieved and colored in four di�erent colors for four
di�erent grain size fractions (< 0.18 mm: purple, 0.18 - 0.25 mm: green, 0.25 - 0.3 mm: blue, 0.3 - 0.6 mm:
red; see Figure 2.2). The sieves were chosen according to the particle size distribution (PSD) of the native
sand, so that each fraction represents approximately one quarter of the total weight. The PSD of the tracer
sand mixture used for experiments M01 - M04 shows a slightly larger amount of �ne grains compared to the
native sand (Figure 2.2). The sieving and coloring procedure is described in more detail in Appendix B.

Figure 2.2: Particle size distribution (PSD) of native sand samples from the locations of the experiments M01,
M03, M04, and S02 (black lines) and PSD of the tracer sand mixture which was used for experiments M01 -
M04 (red line) with indication of the four colors for the four di�erent fractions.

In the beginning of all seven experiments, a 3 cm thick layer of colored tracer sand was placed in an area of 30
cm x 30 cm, after a layer of native sand with similar thickness was removed. The dimensions of the placement
area were large enough to have a representative amount of tracer grains and small enough to easily perform
and repeat experiments. To protect the tracer from getting blown away during placement, the test site was
protected with a removable wind screen. During experiment M01 (at 17:33), additional to the initially placed
mixed tracer sand, two handfuls of mixed tracer sand (ca. 700 g in total) were poured in the wind just upwind
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from the placement site to study the transport of tracer grains after the initially placed tracer sand was covered
with upwind sand.

Surface samples from the top 1 mm at di�erent distances downwind of the placement site, see Table 2.1, were
taken to track the horizontal movement of the sand particles. Additional to the samples, two GoPro Hero 7
cameras (A and B) looking from above took pictures of the moving sand. Camera A observed the sediment
colors present on the bed of the placement site itself, while camera B observed the sediment colors on the bed
just downwind from the placement site (Figure 2.3 a)). The chosen settings for both cameras were a picture
resolution of 12 megapixels (4000 x 3000 pixels), a linear �eld of view (FOV), and a frame rate of 1 frame
per second (fps). Both cameras were mounted to a wooden frame at a height of about 20 cm above ground,
taking photos of an area of about 40 cm x 30 cm each, which means that one pixel is in the order of 0.1 mm
(about half the size of the mean grain diameter). In �ve out of the seven experiments, a third GoPro Hero 5
camera (C) with the same settings as for the other two cameras tracked the bed evolution and vertical changes
in color from the side through a plexiglass screen dug in sand. This set up was developed and optimized based
on preliminary tests (Appendix A).

Figure 2.3: Field set up during the experiments. a) Cameras A and B mounted to a wood frame and connected
to external batteries track the tracer movement from the top view. Camera C tracks the tracer movement
through a plexiglass screen from the side view. b) A wind speed and direction sensor is mounted to a metal pole
at a height of 180 cm above the bed and is connected to a data logger protected in an orange case.

During all experiments wind speed and direction were measured with a Gill 2D WindSonic ultrasonic wind speed
and direction sensor (P/N:1405-PK-040) at a height of 180 cm above the bed. A HOBO Energy data logger
(P/N: H22-001) logged the sensor at 0.5 Hz. Instructions for using the wind measurement device can be found
in Appendix C. Measured local wind conditions can be found in Table 2.1 and Figure 2.1 c).
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Table 2.1: Overview of experiments executed from 21.05.2021-23.05.2021. M stands for the experiments
where a sandM ix out of all four fractions was used, while S stands for the experiments where only two
Separated fractions (red and green) placed as two stripes parallel to the wind direction were used. Wind speed
and direction are averaged over the experiment duration, the wind speed in brackets is the maximum wind
speed measured during every experiment.

Experiment Date Samples

Average Average
Start End Top Side wind wind
time time view view speed direction

[m/s] [°]

S01 21.05.2021 15:46 16:16 X X none 15.1 (21.4) 256
M01 21.05.2021 17:07 17:45 X X 12 at 0.5 m 15.6 (24.4) 252
S02 21.05.2021 18:03 18:27 X X 7 at 0.5 m 15.1 (21.8) 253
M02 22.05.2021 15:56 17:10 X X none 7.0 (11.2) 294

M03 23.05.2021 13:41 14:43 X X
11 at 0.5 m

8.7 (12.2) 24310 at 2 m
7 at 4 m

M04 23.05.2021 15:22 16:27 X x
9 at 0.5 m

7.2 (10.4) 246
3 at 2 m

S03 23.05.2021 16:37 17:12 X x none 5.9 (7.9) 252

All seven experiments were performed in su�cient distance away from each other, so that the colored sand that
was left after one experiment did not appear in the consecutive experiment. Table 2.1 gives an overview of all
seven experiments.

2.3 Data analysis

2.3.1 Automated counting of colored sediment in surface samples

A novel method inspired by the work of Pearson et al. (2021) was developed to analyse the surface samples. All 59
collected surface samples were scanned under a Keyence VHX-5000 digital microscope (Keyence Corporation,
2014). The microscope took stitched images from every sample, which were then analysed by a pixel color
recognition algorithm counting the amount of red, green, blue, and purple pixels. For every color a range for
hue, saturation and value/lightness (HSV/L) was de�ned. The amount of colored pixels of a certain color in one
image was then normalized by dividing it by the total amount of colored pixels in one image. The code of the
pixel color recognition algorithm can be found in Appendix D. This novel method for analysing the samples was
chosen to overcome the tedious and time-consuming part of most historical tracer studies that visually counted
the number of tracer grains in a sample which is also subjected to human error (Black et al., 2007).

To test the accuracy of the pixel color recognition algorithm, three microscope images of samples with only
non-colored grains were used. For all three images the algorithm counted about 0.1 % colored pixels relative
to all pixels in the image. Therefore, only images where the amount of counted, colored pixels was more than
10 times larger (larger than 1 %) were taken into account for the analysis. Otherwise the in�uence of the
erroneously counted pixels of non-colored grains (e.g., some non-colored brownish grains have some pixels that
fall in the red HSV range) becomes too large and distorts the results.

2.3.2 Development of the bed using top view images

The top view images were used to determine the change of sediment color on the bed surface and to analyse
ripple characteristics.

To qualitatively describe the evolution of sediment color on the bed surface, the images were edited to a timelapse
video using the free software DaVinci Resolve. For a more quantitative analysis, the images were post processed
using a pixel color recognition algorithm counting the amount of di�erent colored pixels in a picture, similar to
the one used for analysing the stitched images from the samples (Appendix D).
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Ripple migration ratesur were estimated by comparing the location of ripple crests in two photos that were
taken 4 minutes apart from each other. The 4 minute averages of ripple speed were related to 4 minute averages
in wind speed. The averaging period of 4 minutes was based on the lower limit that too short periods would
result in small absolute measurement errors of the travelled ripple distances, which would grow into larger relative
errors, and on the upper limit that too long periods would mask the e�ects of the dynamic response of the ripples
to changes in wind conditions. Before each experiment, a photo was taken of a ruler placed on the ground,
which was used to determine the scale in the pictures. The same ripple crest was identi�ed and registered in
subsequent photos to provide a distance traveled and this was converted to a migration rate using the time
elapsed between images. The scaled images were also used to obtain estimates of ripple wavelength.

2.3.3 Changes in bed elevation using side view images

To track the changes in bed elevation over time, the side view images were used. For images one minute apart
from each other, the line at the upper edge of the bed was traced. Then, the lines were compared to each other
and intervals of erosion and sedimentation were identi�ed. To take the in�uence of the plexiglass screen on the
measurements into account, the side view images were compared to the accompanying top view images where
the bed change was indicated by erosion pins. Only when the bed elevation close to the plexiglass was similar to
the bed on the other side of the test site where no plexiglass screen was placed, the measurements were taken
into account.
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