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Chapter 1

Introduction
One can’t understand everything at once,
we can’t begin with perfection all at
once! In order to reach perfection one
must begin by being ignorant of a great
deal. And if we understand things too
quickly, perhaps we shan’t understand
them thoroughly.
Fyodor Dostoevsky
The Idiot (1868)

INTRODUCTION

1.1

Aeolian sand transport

Aeolian sand transport is the process in which sand particles are picked
up, transported and deposited by the wind effect. According to the particle
size, the aeolian sand transport can be described by three modes of transport
(Bagnold, 1937) that define the kind of displacement of the particles, by
effect of the wind forces. The modes are: Suspension, Saltation and Creep
(Figure 1.1).

Figure 1.1: Modes of aeolian sand transport (Nickling and McKenna Neuman,
2009).

The Suspension mode corresponds to the movement of the particles,
smaller than 70µm, that can be easily picked up by the wind and remain
aloft from minutes to days. Now talking about distances, these go from
meters to thousand of kilometers. For example, a car parked in a street in
Enschede can have dust or particles on its windscreen that have travelled all
the way from the Sahara desert towards Europe.
In the case of particles with a diameter between 70µm and 500µm, the
mode of transport has been described as Saltation, which means sand grains
are bouncing over the surface and following parabolic trajectories. In several
studies is stated that the Saltation mode is responsible for as much as 95%
of the total mass transport in an aeolian system (Nickling and McKenna
Neuman, 2009); or around 75% as is presented by Bagnold (1954) after
various experiments both in wind tunnels and in the field.
4
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The third mode corresponds to Creep, which is the mode related with
particles rolling or sliding over the surface, meaning that they are all the
time in contact with the ground. This mode is mainly developed by particles
with a diameter larger than 500µm, which start their movement when the
particles acting in the Saltation mode impact these larger particles, giving
momentum that allow them to rotate and/or slide at the surface, but not
lift because they are too heavy to travel in the air.
For the main mode of transport (Saltation), several equations have been
proposed to quantify the amount of sand that is transported by the wind (e.g.
Bagnold (1941); Kawamura (1951); Zingg (1953)). These equations where
developed from studies in desert areas or controled wind tunnel experiments
and consider wind speed and grain sizes. But in the case of coastal areas
these equations have limitations that not allow to quantify the aeolian sand
transport without some corrections and modifications to the formulas.
Bagnold (1941) proposed a first approach to the quantification of aeolian
sand transport, as a result of several field experiments in desert areas
without restriction of sand supply. Therefore, the sediment transport was
modeled only depending on the wind speed and shear stress. Later equations
followed the Bagnold approach, including different coefficients associated to
supply-limiting conditions (field and laboratory) such as Kawamura (1951)
and Zingg (1953). Kawamura (1951), was the first to include an explicit
term for the threshold shear velocity in his equation.

1.2

Aeolian sand transport on beaches

Coastal dunes help to reduce the vulnerability of the hinterland against
flooding during storm surge events. In between these eroding storm surge
events, the dunes are naturally supplied with sand from the intertidal beach
by aeolian sediment transport.
The sand exchange between the nearshore zone and the beach-dune
system occurs through both hydrodynamic and aeolian processes (Figure
1.2). Supply of sand from the land to the sea occurs mostly during storm
surge erosion. Regarding the supply of sand from the sea to the land
(accretion process), the intertidal beach is a crucial zone, because it is
the area where sediments that have been deposited by marine processes
can be picked up by the wind to become part of the beach-dune system
5
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Figure 1.2: Aeolian and Hydrodynamics processes on the beach. Picture from
ARGUS cameras on Egmond Beach.

of the coast. The state of the intertidal beach is strongly tied to the
nearshore morphodynamics, for instance through the development of ridge
and runnel topography, or rhythmic bars and beach topography (Wijnberg
and Terwindt, 1995). Guillén et al. (1999) observed a correlation between
cyclic behaviour of nearshore bars and the dune foot in the Dutch coast
in decadal scales; and Wijnberg and Terwindt (1995) observed such a
correlation with the position of the high tide waterline.
Figure 1.3 shows the Erosion and Accretion processes, which can be
explained according to two situations: A) Storm surge; and B) Non-storm
surges. Situation A is the condition for which many studies have been
developed. These studies are focusing on understanding and quantifying
the erosion of the dunes during storms surges and also, they are mainly
associated to hydrodynamic processes that lead sand offshore (Figure 1.3
6
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Figure 1.3: Conceptual framework for sand exchange across the beach.

arrow 1). Situation B, is composed of two processes, which are not
necessarily simultaneous. Firstly, hydrodynamic processes (Figure 1.3 arrow
2), carry sand from the nearshore onto the intertidal beach (Figure 1.4).
Secondly, aeolian processes (Figure 1.3 arrow 3), transports sand to the
dunes depending on different characteristics and conditions of the intertidal
beach.

Figure 1.4: Cross-sectional sketch of nearshore zone, intertidal beach and dune.
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1.2.1

Quantifying aeolian sand transport on process-scale

For aeolian processes, the available equations have been initially
developed in desert areas and laboratories and have been modified for beach
environments (Sherman et al., 1998). These equations require input on wind
speed, sediment grain size, beach slope, fetch effect, and surface moisture
content, which can vary over small temporal and spatial scales (Sherman
et al., 2013). The rates of sediment transport estimated using these models
may differ approximately in one order of magnitude (Sherman et al., 1998).
Sherman et al. (2013) showed that predicted transport rates may exceed
measured sand transport rates by a factor of about two or more, for transport
rates less than 5 g m−1 s−1 .
For a given wind speed, shear velocity can vary with surface
roughness (Sherman, 1992; Sherman and Farrell, 2008), and the threshold
shear velocity can vary with the surface moisture content (Bauer and
Davidson-Arnott, 2003; Delgado-Fernandez, 2010; Namikas and Sherman,
1995). On beaches, both these factors -roughness and moisture- have a
large variability over space and time (Bauer et al., 2009; Davidson-Arnott
and Bauer, 2009; Smit et al., 2018; Udo et al., 2008).
Dong et al. (2002) conducted several laboratory experiments that allowed
them to include the moisture content in the threshold shear velocity. In
addition they determined that the maximum moisture content, at which sand
transport could be initiated, was 4.5% for sands between 45µm–54µm, and
1.29% for 400µm–500µm sands and mainly decreasing when the grain size
increase. For both cases, the shear velocity of moistened sand corresponded
to 0.9m/s.
The available aeolian transport equations do not consider the large
spatio-temporal variability inherent to this type of transport on beaches.
Therefore, due to these spatio-temporal variabilities a transport equation
that performs well at one location may therefore perform poorly at another
(Sherman et al., 1998).
Another spatio-temporal variability is the critical fetch length, or
the distance requiered to obtain a fully developed transport which is
mainly depending on the wind direction and beach surface characteristics
(Bauer and Davidson-Arnott, 2003; Davidson-Arnott et al., 2005;
Delgado-Fernandez, 2010; Jackson and Cooper, 1999).
In transport
equations, the adaptation for fetch length, wind direction and beach
8
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width have been implemented (Bauer and Davidson-Arnott, 2003;
Delgado-Fernandez, 2010), but it is still unclear how to deal with the
spatio-temporal variability in surface roughness and moisture content for
application of transport equation for long term sand supply to the dunes.
To validate the predicted amount of aeolian transport, in situ field
measurements are needed, combined with the knowledge on how to interpret
point measurements in this spatio-temporal varying transport field (Barchyn
et al., 2014b). Various instruments are available to measure rates of sand
transport, typical instruments used include sand traps (Arens and van der
Lee, 1995; Hilton et al., 2017; Leatherman, 1978; Sherman et al., 2014),
impact detectors (Miniphone, Buzzer disc, Safire, Sensit) (Baas, 2004; Ellis
et al., 2009b; de Winter et al., 2018) and optical sensors (Etyemezian et al.,
2017; Hugenholtz and Barchyn, 2011b). Despite the various instruments
available and techniques to convert measurements to sand fluxes, there is
no consensus about which trapping device, saltation or optical sensor is
the optimal one for aeolian sand transport studies. Often, the results of
deployments with electronic sensors (optical and impact sensors) and sand
traps are not similar (Sherman et al., 2011).
In the latest years, the use of optical sensors to quantify aeolian
sand fluxes have increased, the most common is the Wenglor sensor,
which has been used in various studies to obtain rates of aeolian sand
transport in the beach-dune environment (Bauer and Davidson-Arnott,
2014; Davidson-Arnott et al., 2012; Delgado-Fernandez et al., 2012;
Hugenholtz and Barchyn, 2011b; Sherman et al., 2011). This sensor has
been developed for industrial applications, such as: sorting extremely small
parts; recognising slots, holes and notches; and supply control. In search of
better aeolian transport sensors these are now being used in sand transport
measurements. These are off-the-shelf sensors, not tested by the vendor
for such applications. However, the sensors have been tested in wind
tunnels (Barchyn et al., 2014a), resulting in positive conclusions regarding
its suitability to record aeolian sand transport. Also field applications of
the sensor reported in the literature seemed to provide realistic results.
However, in a transport sensor comparison in the field reported by Sherman
et al. (2011) the Wenglor strongly underestimated the transport compared
to other sensors. Subsequently, it was reported that during these field
experiences the Wenglor was used in Normal Teach-in mode which is the
9
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least sensitive mode of the Wenglor for detecting particles (Hugenholtz and
Barchyn, 2011a; Li et al., 2011).

1.2.2

Quantifying
aeolian
aggregated-scale

sand

transport

on

In order to apply the process-based formulas in the calculation of annual
supply of sand from the beach towards the dunes, usually we shall rely on
existing monitoring data on wind and beach surface conditions. Different
beach conditions regulate the aeolian transport rates. However, often the
detailed input is not available, therefore, the long-term quantification of
aeolian sand transport on beaches cannot be explained with this approach.
Another approach used for modeling of long-term sand supply, is
behaviour-oriented modeling, in which empirical relations are included. For
example, Hanson et al. (2010), proposed a model to estimate the volume of
dune change in response to cross-shore and long-shore processes, by linking
the amount of aeolian transport directly to the beach width and dune height.
A limitation of this type of model is that its development is based on the
correlation of variables and not necessarily the causes of the phenomenon.
New techniques such as Argus Video images (Holman and Stanley, 2007)
may help to improve these models with remote sensing. The Argus system
consists of a set of cameras mounted on a high structure, providing a clean
and wide view of the beach (Hage et al., 2018). With this system it is possible
to have snapshot of the beach -normally- during daylight on a semi-hourly
basis.
To obtain more insights in the causation, Delgado-Fernandez et al.
(2009) used video images, similar to Argus system, to measure instantaneous
processes that affect the evolution of coastal dunes at different temporal
and spatial scales. With these video images it is possible to obtain different
variables, such as surface moisture content or fetch length, or to determine
when the aeolian sand transport occurs or to detect aeolian streamers or
sand strip characteristics (Delgado-Fernandez and Davidson-Arnott, 2011;
Hage et al., 2018; Williams et al., 2018).
Delgado-Fernandez and Davidson-Arnott (2011) presented in situ
measurements of wind speed and direction, sand flux measurements by using
impact sensors—Safires (Baas, 2004)—and video imagery to qualify aeolian
sand transport events, over nine months period. Though overprediction of
10
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transport by using Hsu model (Hsu, 1974) and comparing to the actual
volume of sediment deposited along to the foredune during the same period,
the method shows improvements in the correspondence between observed
and predicted transport. An important point is the need to incorporate
supply limiting factor into long-term sediment transport rates.

1.2.3

Knowledge gaps for quantifying aeolian sand supply to
the dunes at annual scale

A knowlegde gap exists in the link between process based models
of aeolian sand transport and long term morphological evolution of the
dune-beach system. To validate process based models in long term, it
is necessary to obtain data with a high temporal resolution and large
spatial scale for a long time, which is a very time consuming and expensive
process. Therefore it becomes necessary to aggregate or simplify the way to
quantify the long term transport. Additionally, to validate—for upscaling
purpose—process based models (seconds to hours) it is important to have
good quality ground truth data. New laser particle counters have to be tested
to determine their applicability in aeolian sand transport measurements.

1.3

Objective and research questions

This thesis addresses two aspects of the identified knowledge gap, viz: to
know the suitability of Wenglor sensor for measuring the aeolian sediment
flux and to know how to improve process-based models to quantify the
annual onshore sediment supply—by wind—from the intertidal zone towards
the dunes.
This research has three research questions (RQ) in order to achieve the
objective:
1. To what extent does the Wenglor sensor detect sand grains of different
diameters?
2. What is the suitability of the Wenglor sensor for measuring aeolian
sediment flux in field conditions?
11
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3. How can we adapt process-based aeolian sand transport models for
quantifying the annual scale onshore sediment supply—by wind—from
the intertidal zone towards the dunes?

1.4

Methodology

To answer the research questions of this PhD thesis, the research will be
divided in 3 steps:
Firstly, it is necessary to understand the functionality and reliability of
a laser particle counter, the Wenglor sensor; instrument that has been used
in several field deployments to measure aeolian sand fluxes. By developing
laboratory experiments we will test the ability of the Wenglor sensor to
count individual sand particles.
The second step leads us to the quantification of aeolian sand transport
in a event or hourly time scale. In this step we present the results of
field experiments with the aim to compare and quantify the saltation fluxes
of aeolian sand transport, using co-located vertical arrays of laser particle
counter (Wenglor) and vertically stacked mesh sand traps. Additionally, a
simulation model has been developed to help in the interpretation of the
count data and to know how saturation of the Wenglor could influence the
results.
In the third step, using an existing transport formula, we explore an
approach for annual scale transport prediction, in which we aggregate the
surface conditions of the intertidal beach, in particular moisture content and
roughness, and we use monitoring data that includes hourly mean and gust
wind speed, hourly precipitation and water levels to determine the annual
onshore aeolian sand transport. The volume increase of the dunes area
over the inspected year, will be obtained from topography data and will
be compared with the calculated one from the transport formula. From this
comparison we will obtain a characteristic surface moisture for the intertidal
beach that could explain the volume increase. The approach will be
demonstrated for Egmond beach (The Netherlands) in which the transport
will be calculated by using the proposed approach by using characteristics
values for the intertidal beach conditions and hourly monitoring data on
wind speed and wind direction, precipitation, water levels and Argus video
imagery.
12
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1.5

Thesis outline

The thesis is organized into five sections. The introduction is followed
by Chapter 2 which presents a validation of a laser particle counter to better
understand the potential use of the instrument for aeolian sand transport
measurements. Chapter 3 deals with the collection of ground thruth data
at Koksijde Beach (Belgium) by using sand traps and Wenglor sensors, and
simulations that help to understand the behaviour of the Wenglor sensor
under various sand fluxes, sand concentrations, particle speeds and grain
sizes. In the Chapter 4, a quantification method is developed for the
aeolian sand transport amount—on annual scale—at Egmond aan Zee (The
Netherlands), using a proposed aggregated scale sand transport fomula.
Finally a general discussion, final conclusions and recommendations are
provided in Chapter 5.

13
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Chapter 2

Laser particle counter
validation for aeolian sand
transport measurements using
a highspeed camera

Published as: Leonardo Duarte Campos, Kathelijne M. Wijnberg, Loreto Oyarte Gálvez
and Suzanne J.M.H. Hulscher, 2017. Laser particle counter validation for aeolian sand
transport measurements using a highspeed camera, Aeolian Research. 25, 37–44.

LASER PARTICLE COUNTER VALIDATION FOR AEOLIAN SAND
TRANSPORT MEASUREMENTS USING A HIGHSPEED CAMERA

Measuring aeolian sand transport rates in the field has been

a long-standing challenge. In this Chapter, we present the
results of a laboratory experiment to test the ability of a
laser particle counter sensor (Wenglor ) to accurately count
sand grains of various grain size classes and stainless steel
beads. We compared the count data collected by the Wenglor
with images from a Highspeed camera which revealed the
actual number of grains passing the laser beam. A Silicon
photodiode was used to record the laser intensity reduction
induced by the sand grain passage through the laser beam to
derive the minimal necessary reduction for the Wenglor to
count grains.
For the two possible settings of the Wenglor, i.e., Minimal
Teach-in or Normal Teach-in, a minimum of 18% and 78%
blocking of the laser beam was required for recording a
count. This implies that the minimum grain size that can
be observed by the Wenglor is 210 ± 3µm and 495 ± 10µm for
the two settings respectively, which is considerably coarser
than previously assumed. Due to the non-uniform power
distribution of the laser sensor intensity, at the detection limit
of 210µm, only grains passing through the centre of the beam
will be counted.

16
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2.1

Introduction

Quantitative prediction of aeolian transport rates on beaches remains
difficult. To validate new approaches to calculate aeolian transport, in
situ field measurements are needed. Various instruments are available
to measure rates of sand transport and every instrument has its own
limitations (Hugenholtz and Barchyn, 2011b; Sherman et al., 2011). Typical
instruments used include sand traps, impact detectors (Miniphone, Buzzer
disc, Safire, Sensit) and optical sensors (Wenglor fork sensor).
Over the last decade, the Wenglor sensor has been used in various
studies to obtain rates of aeolian sand transport in the beach-dune
environment (Bauer and Davidson-Arnott, 2014; Davidson-Arnott et al.,
2012; Delgado-Fernandez et al., 2012; Hugenholtz and Barchyn, 2011b;
Sherman et al., 2011). This sensor has been developed for industrial
applications, such as: sorting extremely small parts; recognising slots, holes
and notches; and supply control. In search of better aeolian transport
sensors these are now being used in sand transport measurements. These
are off-the-shelf sensors, not tested by the vendor for such applications.
However, the sensors have been tested in wind tunnels (Barchyn et al.,
2014a), resulting in positive conclusions regarding its suitability to record
aeolian sand transport. Also field applications of the sensor reported in
the literature seemed to provide realistic results. However, in a transport
sensor comparison in the field reported by Sherman et al. (2011) the
Wenglor strongly underestimated the transport compared to other sensors.
Subsequently, it was reported that during these field experiences the Wenglor
was used in Normal Teach-in mode which is the least sensitive mode of the
Wenglor for detecting particles (Hugenholtz and Barchyn, 2011a; Li et al.,
2011).
The basic principle of this optical sensor is that a grain is counted
when it blocks a sufficient area of a 0.6mm diameter laser beam. This
principle suggests that a sensitivity to grain size exists. The Wenglor has
two possible switching settings, i.e. Normal Teach-in and Minimal Teach-in.
It is assumed that Normal Teach-in requires 50% blocking and Minimal
Teach-in requires 10% blocking (Hugenholtz and Barchyn, 2011b). Barchyn
et al. (2014a) and Hugenholtz and Barchyn (2011b) assumed (stated in
manufacturer’s data sheet) that the minimum possible grain size in the case
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of sand grain is 40µm.
Leonard et al. (2012), Bellot et al. (2013) and Naaim-Bouvet et al. (2014)
show the potential use of Wenglor sensor in drifting snow measurements
when that sensor is compared with a Snow particle counter (SPC). In these
studies, they found that the minimal snowflakes particles size that it is
possible to count or see with the Wenglor (threshold for Minimal Teach-in)
is 224µm, 213µm and 206µm respectively. However these are snowflakes,
which are not necessarily comparable to sand grains. It remains unclear
how shape, opacity and diffraction around natural sand grains may affect
the visibility of sand grains crossing the laser beam.
The goal of this Chapter is to assess the ability of the Wenglor sensor
to detect sand grains of differing diameters using laboratory experiments,
including the use of a Highspeed camera.
This Chapter is organised as follows. In section 2.2, the experimental
methods and materials are detailed. In section 2.3, the main results of the
data collected are presented and its corresponding discussion appears in
section 2.4. Finally, in section 2.5 a summary and the main conclusions of
this study are presented.

2.2

Instrumentation,
processing

data

acquisition

and

To test the ability of the Wenglor sensor to count sand particles, we set
up a simple experiment in the laboratory as shown in Figure 2.1(a). The
experimental setup is as follows. A funnel is filled with polydisperse sand
grains or monodisperse stainless steel beads. The grains dropped through
the sensor and simultaneously a high-speed camera is used to capture images
of the laser beam area. At the same time, we directly measure the reduction
of the laser intensity—using a photodiode—to obtain the exact value of this
reduction while a particle is crossing the laser beam of the Wenglor.
In the following sub-sections, we describe the granulometry of the
particles used in the experiments, and the configuration of the three data
acquisition instruments: Wenglor, highspeed camera and photodiode.
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(a)

(b)

Funnel

Figure 2.1: A sketch (a) and a picture (b) of the experimental setup in the
laboratory.

2.2.1

Particle size distribution

Sand grains and stainless steel beads were used during the experiments.
The sand grains correspond to typical sand from aeolian sand transport and
were collected in sand traps at Egmond aan Zee (The Netherlands) during
autumn 2015. The granulometric curve of this sample is shown in Figure
2.2 and the D50 of the sample is 260µm. The monodisperse stainless steel
beads used in the experiments have a diameter of d = 500µm.
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Figure 2.2: The granulometric curve of the sand sample that was collected using a
sand trap.

The sand sample was divided into five groups using a shaker and new
stainless steel sieves of mesh apertures 125, 180, 250, 450 and 500µm.
Figure 2.3 shows the granulometric curve for all the groups of sand obtained
using the sieves, that is, 125µm≤ d1 < 180µm, 180µm≤ d2 < 250µm,
250µm≤ d3 < 450µm, 450µm≤ d4 < 500µm and d5 ≥ 500µm. These
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granulometric curves were obtained using a Mastersizer 2000 according to
the Fraunhofer diffraction principle (de Boer et al., 1987).
From the granulometry (Figure 2.3) it is possible to see that the D50
for the classes is 160, 210, 240, 450 and 500µm. These granulometries are
not fully inside the expected range after the division by sieving but this is
normal due to the fact that dry sieving segregates the particles by the length
of the smallest and intermediate grain axes (Sahu, 1965). Rodriguez and
Uriarte (2009) state that when using dry sieving, non-spherical particles can
correspond to a lesser or greater size than spherical particles with an equal
volume, and the difference between the sieving and Multisizer or Mastersizer
increases when the sphericity of the particles decreases. Figure 2.4 presents
pictures of the various sand grains used in the experiments, from which the
non-sphericity of the particles is clearly visible.
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Figure 2.3: Granulometry of five sieving classes of sand grain samples used in the
experiments.
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(a)

(b)

(d)

(c)

(e)

Figure 2.4: Sand grain images for all the groups used in the experiments: (a)
125–180µm . (b) 180–250µm . (c) 250–450µm . (d) 450–500µm . (e) 500µm and
larger.

2.2.2

Wenglor configuration

The Wenglor YH08PCT8 optical fork sensor consists of a laser beam
travelling from a transmitter to a receiver, as shown in Figure 3.2(a). The
Wenglor has two possible settings, namely Minimal teach-in (MT) and
Normal teach-in (NT), which determine the minimal obstruction of the laser
beam needed to achieve a count. The teach-in process is explained in depth
in Hugenholtz and Barchyn (2011b). They state that the case of MT requires
at least a 10% obstruction and in case of NT the obstruction has to be greater
than 50%.
The Wenglor gives a digital output signal: 0 volts when the light beam
is obstructed or 12 volts when is not (or vice versa, depending on whether
it is configured as Normally Open or Normally Closed). A typical output
signal (Normally Open) is shown in Figure 3.2(b). To determine a count,
we define a threshold at 6 volts; therefore when the signal crosses-down and
then crosses-up this threshold, a count is considered to have occurred. The
same Wenglor (Wenglor1 ) was used during all the experiments conducted
and a second sensor was collocated (Wenglor2 ) below the main Wenglor to
compare the number of counts between both sensors. In all the cases the
values obtained were similar, considering that the differences (counts per
second) between Wenglor1 and Wenglor2 are related to the spreading of the
particles when they fall and therefore a particle counted by Wenglor1 might
21
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Figure 2.5: (a) Sketch of the Wenglor is shown. (b) The output signal for normally
open setting is plotted, the 6 volts threshold necessary to get a count is marked by
a grey line.

be missed by Wenglor2 or vice versa.
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Figure 2.6: The normalised cross sectional power distribution of the Wenglor laser
beam.

An important characteristic of the laser beam of the Wenglor sensor
is that the laser intensity is not uniform over the cross-section. No laser
is entirely uniform and in the case of this sensor the intensity is associated
with a semi-gaussian shape. The spatial power distribution of the laser beam
was measured using a Thorlab Scanning slit optical beam profiler. Figure 2.6
shows the measured intensity normalised by dividing it by its maximum
value. The implication of the spatial power distribution in the ability to
measure certain particle sizes will be discussed in section 2.4.
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2.2.3

Highspeed camera configuration

To capture the images for our experiment, we used a Photron Fastcam
SA1 highspeed camera. The acquisition rate is 10000 fps (frames per
second), which corresponds to the acquisition rate of the Wenglor. The
resolution of our images was approximately 9 pixels per millimetre (0.112
mm/pixel) and under this condition we were able to record approximately
for two minutes in greyscale.

(a)

0 ms

Normalised Intensity

(b)
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Figure 2.7: (a) A sequence of images showing a single particle crossing the laser
beam. The particles fall due the effect of gravity, with a constant acceleration
~g =9.8m/s2 . (b) An example of the signal obtained after the pixel intensity analysis.
The red shaded area corresponds to the falling grain shown in (a).

The camera is pointing to the Wenglor receptor, as shown in Figure 2.1.
When a particle crosses through the laser, it is illuminated by the laser light.
A sequence of images in Figure 2.7(a) shows this process for a single particle.
The receptor is marked by a red dashed line. The receptor is visible because
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a small proportion of the laser beam reflects from the receptor. When a grain
passes through the laser beam it blocks a portion of the laser and hence the
receptor reflects proportionally less light. Note that the grain appears to be
lit when it has already passed the sensor/receptor, but this is a distortion
due to the viewing angle of the Highspeed camera, namely from above.
For the image analysis, we consider the area of the image just below
the receptor and we calculate the total average intensity of this area. If
no particle is crossing the sensor, this area is almost black and the average
intensity is almost zero. Then, a particle enters the laser beam, and this
area increments its average intensity because the white particle appears on
it. Next we can obtain an intensity signal as shown in Figure 2.7(b), where
the red shaded area corresponds to the falling grain shown in Figure 2.7(a).
This method allows the counting of particles crossing through the laser beam;
however, using this method we cannot measure the portion of the laser which
is blocked when the grain passes the laser beam. For example, if two particles
with the same diameter cross the laser at the same transverse position but in
different longitudinal positions with respect to the laser, one of the particles
appears larger than the other because it is closer to the camera. For this
reason, the total average intensity will also be larger. Therefore, from the
image analysis we cannot obtain the direct relation to the laser obstruction.
That is why we decided in our experimental setup to include a photodiode
capable of measuring directly the intensity of the laser. Its configuration is
described and the data analysis is presented in subsection 2.2.4 below.

2.2.4

Photodiode configuration

Both the transmitter and the receptor of the Wenglor have a thin glass
protection, to make the Wenglor hermetically sealed. However, because the
glass is not completely flat and smooth, part of the laser is reflected. We
use a planar diffused Silicon Photodiode Pin-5D to measure the reflected
intensity. As this intensity is proportional to the intensity of the original
laser beam, it will also be proportional to the intensity reduction in the
receptor when a particle passes through the sensor.
The photodiode measures the intensity of the reflected laser and the
output is sent to a DHPCA-100 amplifier, which amplifies the voltage output
106 times. The accuracy of this measurement is 3% over the total power of
the laser signal, this value includes the precision of the instrument and the
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(a)

Oscilloscope
Figure 2.8: (a) Laser reflection capture and its transformation, from the photodiode
to the oscilloscope. (b) A sketch of the instrumentation connected to the
photodiode.

external noise (e.g. electrical noise). Finally, the signal from the amplifier
is sent to the oscilloscope which allows the observation of the intensity
reduction at the same time as the particles are crossing the laser, and this
intensity reduction is saved in the computer. The acquisition rate of the
oscilloscope is 1.25MHz, and because of the large amount of data we are
only able to record for 4 seconds. However, this time is long enough to
count hundreds of particles and by repeating the experiment we can obtain
the statistics necessary to analyse the intensity reduction when a particle
is crossing the laser beam. Figure 2.8 shows the instrumentation used to
transform the measurement from the photodiode into an intensity reduction
signal.
Both the laser signal and the reflected signal are sinusoidal, and the
signal oscillates between zero and approximately 0.35 volts, as shown in
Figure 2.9(a) (light blue line). When a particle crosses through the laser
beam, a reduction in the reflected laser amplitude is observed, reaching zero
amplitude when the laser is fully blocked. To obtain the intensity reduction,
we computed the envelope of the signal and then normalised that by the
maximum amplitude ∼0.35 volts, as shown in Figure 2.9 (green line). With
this analysis we can determine the portion of the receptor that is blocked
by the particles.
The various experiments run with different grain sizes classes are
summarised in Table 2.1.
During the experiments, light inside the room was turned off, despite we
measured and corroborated that the room light has a negligible effect in the
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Normalised I. reduction %
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Wenglor sensitivity. This negligible effect was also analysed by Etyemezian
et al. (2017) in a similar optical sensor.
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Figure 2.9: (a) Reflected laser signal and its envelope. (b) Laser intensity reduction,
derived from the envelope of the reflected signal normalised by the maximum
amplitude.

2.3

Experimental Results

In the comparison of the count signal from the Wenglor with the image
derived count signal, three types of grain counts can be distinguished:
Correct Count, Missed Count and Saturated Count, as shown in Figure
2.10. The first case occurs when the images show an individual particle
crossing and the Wenglor sensor shows one count. Missed Count, indicates
that the image derived signal shows one or more particles and the Wenglor
does not count any particle. Finally, Saturated Count corresponds to the
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Table 2.1: Overview of conducted experiments.

Particles

Teach In

Diameter µm

Sand
Sand
Sand
Sand
Sand
Sand
Beads

MT
MT
MT
MT
MT
NT
MT

125-180
180-250
250-450
450-500
500 and more
500 and more
500

Number of captures
Wenglor Camera Photodiode
3
3
3
3
3
2
3
3
3
3
3
3
4
4
3
3
3
3
2
2
2

case when the image signal shows more than one particle crossing the laser
beam but the Wenglor counts only one particle.
In this Chapter, our purpose is to determine the ability of the Wenglor
sensor to count individual sand grains. Therefore, we considered the
information obtained from two of the three cases: Correct Count and Missed
Count.
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Figure 2.10: Examples of Saturated Count, Correct Count and Missed Count.

To know how the proportion of Correct Count and Missed Count changes
with the particle diameter (φ), we calculated the percentage of ‘Correctly
counted grains’ (CCG) defined as the ratio of Correct Count to total Count,
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as shown in Equation 2.1 below.
CCG(φ) =

Σ Correct Count
· 100%
Σ(Correct Count+Missed Count)

(2.1)

The CCG is plotted in Figure 2.11. Every point in the plot corresponds
to an individual experiment and the symbols represent the grain size class.
We observe that the CCG increases with the grain size, as expected, because
when a particle is larger the area of the laser beam obstruction increases,
hence the probability of a count also increases. The reason that the CCG
is not 100% for the bigger class of diameter may be because the grains only
partially passed the laser beam. When the diameter decreases, the ability of
the Wenglor to measure a single particle drops dramatically, counting only
∼20% for the smallest class of grains.
As this observation is most likely explained by grains passing the laser
beam only partially, we compared the intensity reduction for Correct Counts
or a Missed Counts. Since the photodiode time series lasted only 4 seconds,
the comparison with count data only covers a small subset of the data shown
in Figure 2.11.
100

CCG %

80
60
40
20
0

100

200

300

400

500

600

Figure 2.11: Correctly counted grains for different class of particle diameters.

The intensity reduction associated with Correct Counts and Missed
Counts for each grain size class is plotted in a histogram and is shown in
28

2.4. DISCUSSION
Figure 2.12. The first six histograms represent the experiments in Minimal
Teach-in (MT) and although these represent only a small subset of the count
data, show the same trend as in Figure 2.11: the number of Correct Counts
increases with the grain size. From the histograms in MT it can be seen that
a minimum intensity reduction of 18% is required to obtain a count, which is
considerably higher than the 10% suggested in the literature. The histogram
for the NT experiments shows that the intensity reduction necessary to
achieve a count is higher than the 50% expected and is 78%. The actual
minimum values found from the raw data were 18.23% and 77.67%.

2.4

Discussion

To understand the meaning of this intensity reduction in terms of grain
diameter (µm) we have to return to the laser beam characteristics of the
Wenglor. As shown in section 2.2.2, the intensity distribution of the laser
beam is not uniform in the cross-section and, because of this, when a particle
passes through the centre of the beam will reduce more in intensity than
when it passes off centre (but still completely inside the laser beam) of
the Wenglor. Based on the measurements using the Thorlab Scanning slit
optical beam profiler, we fitted a second degree polynomial to the laser beam
intensity distribution to obtain a direct relation between grain size diameter
and laser intensity reduction. Figure 2.13 shows the maximum intensity
reduction associated with spherical particles and wires (cylinder) of various
diameters crossing through the centre of the laser beam.
As shown in Figure 2.13, in order to achieve an ∼18% intensity reduction
(MT threshold) it is necessary to have a spherical particle with a diameter
d = 210 ± 3µm crossing through the centre of the Wenglor laser beam. If we
consider a wire shaped element (of more than 600µm in length), its diameter
has to be 75µm.
The diameter assumed by Barchyn et al. (2014a) and Hugenholtz and
Barchyn (2011b), is in fact not for a spherical particle, but applies to a wire
or rod, because with such a shape it is possible to achieve a 10% intensity
reduction that corresponds to the reduction intensity previously assumed to
lead to a count (manufacturer’s data sheet).
The derived detection limit of 210µm diameter grains may seem in
contradiction with the results in Figure 2.12(a), for the group of particles
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Figure 2.12: Histograms with the normalised intensity reduction for Missed
Counts and Correct Counts. (a)-(f) Experiments in Minimal Teach-in (MT), (g)
Experiments in Normal Teach-in (NT).
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Figure 2.13: Maximum laser intensity reduction according to the particle diameter
(wires and spherical particles).

125µm≤ d < 180µm, which shows that some Correct Counts were measured.
This can be explained by the non-spherical shape of the sand grains (Figure
2.3(a) and Figure 2.4(a)). Some grains are more elongated than others and
may have a longest axis larger than 180µm, such that its blockage of the
laser is larger than a 210µm diameter sphere.
Another phenomenon appearing in Figure 2.12, is the histogram overlap
where a certain intensity reduction may lead both to a Correct Count or a
Missed Count. We analysed the duration that every particle resides in the
laser and the conclusion is that there is no difference between Missed and
Correct Counts and for all the particles this duration it was bigger than the
time response of the Wenglor, i.e., 50µs. In the histograms (Figure 2.12(d)
and Figure 2.12(f)), the results obtained for laser intensity reduction for
stainless steel beads (500µm) are similar to the results obtained for sand
grains between 450–500µm, that tell to us that even though opacity, shape,
colour or diffraction can affect the response of the sensor, these parameter
are not major problem for our experiments and therefore they are not the
main reason of this overlapping phenomenon.
We related the overlap of the histograms to the error factor in the internal
circuit of the Wenglor when the signal is converted from analog to digital,
information that not appears in the sensor data sheet. Unfortunately it is
not possible to open and know the internal circuit without damaging cables
and other components of the circuit, due to the full encapsulation of the
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Figure 2.14: (a) Effective detection width (EDW) of the laser beam, for spherical
particles, to achieve a count. (b) A sketch that shows the EDW according to the
particle diameter. The cyan circle represents the cross-section of the laser beam,
the grey circle represents a particle and the dashed line is the area with diameter
corresponding to EDW.

sensor in some sort of casting resin.
The sand grains or particles that pass through the laser beam of the
Wenglor do not always pass through the centre of the beam. The laser
intensity decreases outwards, this implies that the effective detection width
(EDW) of the laser beam is smaller for fine grains than it is for coarse grains.
Figure 2.14 shows the EDW, for spherical particles, which corresponds to
the diameter of the area in which the centre of the particle can move through
the laser beam to result in a count. For example, a grain diameter of 600µm
is detected in 410µm radius, hence effectively a 820µm beam diameter, while
a 250µm grain is detected only in 170µm radius, hence effectively a 340µm
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beam diameter. At the detection limit of 210µm, only grains passing through
the centre of the beam will be counted.
The effective detection width (EDW) helps to understand that the area
where the particle crosses the beam sensor is important to achieve a count.
A model to translate counts to flux, such as presented in Barchyn et al.
(2014a), would thus need to include this effective area according to the
particle diameter. However, the detection limit of 210µm grain diameter
may impose a more severe problem, as a considerable portion of beach sand
transported by wind will be smaller than the detection limit. Figure 2.14(a)
shows a comparison between the EDW derived from this study and the
EDW assumed by Barchyn et al. (2014a). Both definitions use the centroid
of the particle to define the EDW, where Barchyn et al. (2014a) define as
the diameter of the laser plus the grain diameter. This improved definition
of the EDW implies that the sampling area (A = F ork width · EDW ) is
smaller than previously assumed, hence fluxes have been underestimated.
When deploying a Wenglor in the field, it is important to consider that
sensor saturation might be a count limiting factor during high concentration
transport. In this case the sensor will count particles but two or more grains
may cross the laser beam at the same time and the Wenglor will count only
one particle. In the opposite case, in low concentration transport the limiting
factor is that finer grains will not be counted by the Wenglor because they
are not big enough to cause a 18% intensity reduction of the laser beam.
Finally, the detection limitations of the laser particle counter presented
in this Chapter are specific for the Wenglor fork sensor. The documented
characteristics are the combined product of the Wenglor -specific internal
electronic components and the (undisclosed) teach-in procedure that
translates the internal photoelectric current into the output voltage (0V
or 12V) of the Wenglor sensor. Ways forward to improve the applicability
of such a sensor in field applications may be found for instance in developing
correction factors for translating counts to sand flux as a function of local
sediment characteristics. With respect to the possibilities to technically
improve this type of particle count sensors, Etyemezian et al. (2017) provide
an insightful discussion on how the ‘family of optical gate devices’ might
be developed further to be more useful to the aeolian sediment transport
research community.
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2.5

Conclusions

1. The experiments showed that ∼18% of laser beam obstruction for MT
setting and ∼78% in NT are required to obtain a grain count by the
Wenglor sensor. The values provided by the vendor, namely 10% signal
obstruction at MT and 50% in NT, appear to be underestimations for
applications involving sand grains.
2. Wenglor observable grains are at least 210 ± 3µm in diameter (in the
MT setting), which is quite coarse compared to the sizes of typical
grains transported by the wind on beaches. In the case of NT, the
grain size has to be at least 495 ± 10µm.
3. Due to a non-uniform intensity distribution in the laser beam
cross-section, the effective detection width is smaller than the
previously assumed and the smallest observable grains can only be
detected when they pass exactly through the centre of the laser beam.
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FIELD TEST OF EFFICIENCY OF LASER PARTICLE COUNTER TO
MEASURE SEDIMENT FLUX

In this Chapter, experiments to analyse the behaviour of

Wenglor laser particle counter in the field were carried out at
Koksijde beach (Belgium). Rates of aeolian sand transport
were recorded using the Wenglor sensor at 5 elevations.
Simultaneously, co-located vertically stacked mesh sand traps
were used to collect sand transported by wind at various
elevations. The results show a large variability between fluxes
calculated with the sand traps and those derived from the
Wenglor counts at the corresponding elevation. A simulation
model of the Wenglor counting process was developed to
look into the role of sediment concentration, sediment fluxes,
particle speed and grain size in the mismatch. The efficiency
of the Wenglor sensor, i.e. the ability to count individual
particles, decreases if the flux increases. However, the
simulation model shows that saturation of the sensor could
start to occur for fluxes larger than ∼0.3kg/m2 s, which did
not occur during the experiments. Therefore, saturation due
to flux does not explain the differences between Wenglor and
sand traps. According to the fluxes simulated, the maximum
number of counts per second that can be measured by a
Wenglor sensor range between ∼1200 to ∼3000, for particles
of 220µm passing through the laser beam of the Wenglor at
speeds of 2 to 16m/s respectively; and between ∼600 and
∼2400 for particles of 470µm.
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3.1

Introduction

Aeolian sand transport is being measured for quite some time now. The
first experiments and results were presented by Bagnold (1936). Later in
1938, he introduced his trap (Bagnold, 1938) as the first attemp to measure
and quantify aeolian sand transport by using a special device. During the
last 80 years several instruments have been developed, trying to improve
the efficiency of the measurements. The instruments or devices to measure
aeolian sand transport can be described, according to the measurement
principles, in three main groups: Sand traps (Arens and van der Lee,
1995; Hilton et al., 2017; Leatherman, 1978; Sherman et al., 2014), Impact
sensors (Baas, 2004; Ellis et al., 2009b; de Winter et al., 2018) and Optical
sensors (Duarte Campos et al., 2017; Etyemezian et al., 2017; Hugenholtz
and Barchyn, 2011b). Several studies have compared the different kinds
of instruments of a same group (van Pelt et al., 2009; Poortinga et al.,
2015b). Other studies have combined devices from different groups to
measure aeolian sand transport and also to compare or calibrate these
instruments that work according different principles (Davidson-Arnott et al.,
2009; Goossens et al., 2018, 2000; Sherman et al., 2011; Yurk et al., 2013).
Despite the various instruments available and techniques to convert
measurements to sand fluxes, there is no consensus about which trapping
device, saltation or optical sensor is the optimal one for aeolian sand
transport studies. Often, the results of deployments with electronic sensors
(optical and impact sensors) and sand traps are not similar (Sherman et al.,
2011). Electronic sensors may underestimate transport due to (temporary)
sensor saturation (Hugenholtz and Barchyn, 2011b), but also the presence
of sand grains under the detection limit of the sensor may pose a problem,
as demonstrated for an optical sensor (Duarte Campos et al., 2017).
Each instrument or sensor has its strengths and weaknesses. For
instance, an optical sensor, like the Wenglor (Delgado-Fernandez et al., 2012;
Hugenholtz and Barchyn, 2011b; Sherman et al., 2011), can give us detailed
data in terms of transport variations in a time scale of seconds, but by using
this optical sensor we will know only the number of sand grains that cross the
laser beam. If the goal is to obtain data on fluxes of aeolian sand tranport,
the Wenglor data needs to be enriched with information about the grain size
distribution of the sand that crosses the Wenglor beam area (Barchyn et al.,
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2014a; Duarte Campos et al., 2017). Alternatively, by using sand traps it is
possible to know the average flux over a specific period of time of minutes
to hours, as well as the particle size distribution of the grains transported
by the wind, but we lose all the information on temporal variability of the
transport during the sand collection period.
One of the unsolved issues is how to improve and correctly interpret
quantitatively count data as sand flux from optical sensors measurements.
Barchyn et al. (2014a), presented a wind tunnel experiment with the aim
to transform grain counts from a Wenglor sensor into fluxes by comparing
Wenglor data and Guelph-Trent type trap (Nickling and McKenna Neuman,
1997) measurements. A calibration factor was proposed, but they did not
consider that Wenglor sensors only recognize particles larger than 210µm
(Duarte Campos et al., 2017). Martin et al. (2018) proposed a methodology
to calibrate high-frequency particle counts (Wenglor sensor measurements)
with low-frequency sandflux data derived from saltation traps. The results
show that the calibration factors vary by one order of magnitude depending
on the elevation of the sensor, wind speed, study site, among others.
In this Chapter we address three main questions:
1. How suitable Wenglor sensor is for measuring aeolian sediment flux
in field conditions, considering that the sensor only can detect grains
larger than 210µm?
2. To what extent does sensor saturation influenced the results?
3. What is the maximum number of grains that can be detected by the
Wenglor sensor?
To answer the questions, we present the results of field experiments in
which we compare and quantify the saltation fluxes of aeolian sand transport,
using co-located vertical arrays of a laser particle counter (Wenglor) and
vertically stacked mesh sand traps. We will also investigate to what extent
saturation of the Wenglor influenced the results. Hereto we develop a
simulation model of the particle counting process of the Wenglor to help
in the interpretation of the count data, and with the aim to understand the
Wenglor behaviour under various sand fluxes, sand concentrations, particle
speeds and grain sizes. This model is based on the effective detection width
concept, EDW, proposed by Duarte Campos et al. (2017).
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This Chapter is organized as follows. In section 3.2, the study area is
described. In section 3.3 the instrumentation used at the field is presented.
Section 3.4 shows the conducted experiments and in Section 3.5 the model
is described. Section 3.6 includes the results from the field deployments and
the simulation model. In section 3.7, the general discussion is presented.
Finally, in section 3.8 a summary and the main conclusions of this study are
presented.

3.2

Study area

Field experiments of aeolian sand transport were conducted at Koksijde
beach (Belgium), located on the southwest Belgian coast (Figure 3.1),
close to the French border.
Koksijde beach is a natural sandy
beach (D50 ∼220µm) and is located in a (ultra) dissipative macrotidal
environment, with a South West - North East orientation (Speybroeck et al.,
2008). The intertidal zone has a slope ∼1% and is characterized by ridge
and runnels topography (Speybroeck et al., 2008; Voulgaris et al., 1998).
Tides in this area are semi-diurnal with a large neap to spring variation,
3.5 to 5m respectively (Haerens et al., 2012). During neap low tide, the
sand bank Broersbank is visible and acts as a natural island in front of
the coastline (Strypsteen et al., 2017). The intertidal beach width ranges
between 250–500m (Voulgaris et al., 1998). Wind and waves direction are
mainly from the South West to North West and the typical wave height is
about 0.5–1m (Haerens et al., 2012). The dominant southwesterly winds
also induces a north-eastern aeolian drift (Speybroeck et al., 2008). The
supratidal beach is ∼30m wide. The experiments were carried out at the
transition of the intertidal beach with the upper beach, in a zone free of
groins where dunes are the upper boundary of the beach. The experiments
were conducted on November 24, 2016.

3.3
3.3.1

Instrumentation
Laser particle counter Wenglor

Saltating grains were counted using Wenglor photoelectronic sensors at
five elevations (see Table 3.2). This sensor has a laser beam travelling from
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Figure 3.1: Study area and its location in the belgian coast.

a transmiter to a receiver (Figure 3.2) and has been used in several aeolian
sand transport studies, both in the field and in wind tunnel experiments and
its characteristics are well known (Hugenholtz and Barchyn, 2011b; Sherman
et al., 2011). Duarte Campos et al. (2017) show and explain that a Wenglor
sensor can detect particles larger than 210µm, as a minimum blockage of
the laser beam signal is required to register a count. Also, Duarte Campos
et al. (2017) showed that the laser beam cross-section is gaussian on its
intensity distribution. Therefore, the area in which the particle crosses the
laser beam is very important to achieve a count. For example, two identical
particles that cross the laser beam one through the center and the other
through a different zone, will be reported as two different laser intensity
reductions. Therefore the response from the Wenglor can be different, the
one that crosses through the center will be a count and the other particle
might not be a count. This leads to an effective detection width, EDW, that
differs per particle, according to its diameter (See Chapter 2, Figure 2.14).
This width represents the zone in which the particle can be detected by the
laser to achieve a count.
Another characteristic of this sensor is that, if the particle is big enough
to be detected this particle must remain inside the laser detection area at
least for a period of 50µs, which correspond to the response time of the
Wenglor. That is the time that the sensor needs to realize that a particle
is crossing the laser beam (Bauer et al., 2018). During this period any
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additional particle that enters the laser beam area will not be detected
individually, resulting in a saturated count. The 50µs response time implies
a maximum possible count of 10000 particles per second in case of equally
spaced particles.
We use Wenglor sensors with a fork width of 8cm (YH08PCT8), which
from now on will be referred to as Wenglor sensor. During the measurements,
Wenglor sensors were set on Normally Open and Minimal teach-in setting.
Digital output signal
Transmitter

Receiver
Laser

Figure 3.2: Laser particle counter, also known as Wenglor.

3.3.2

Sand traps

Simultaneous to the Wenglor count measurements, co-located vertically
stacked mesh sand traps (Figure 3.3) were used to collect sand over fixed
time intervals at various elevations. The array consists of 6 traps that in
total cover 30cm in height. Trap frames were fabricated from aluminium
following the design proposed by Sherman et al. (2014). Each trap frame is
10cm wide, 25cm long, 5cm high and the edges are 2mm thick. To allow the
sand collection each trap frame was covered with a bag made from "nylon
mono filament" with openings of 50µm. The nylon bags were longer than
the trap frame, that means that the sand grains can pass through the frame
and then accumulated outside of the frame. For the bottom trap a bag of
75cm long (including the frame) was used and for all the other the bag was
50cm long. Bags were closed using binder clips, and the traps array was
stacked with bracket of threaded rod. Figure 3.3(c) shows a deployment of
the vertical array of traps at the beach surface. As can be seen, the sand
has accumulated at the end of the nylon bag, out of the trap frame.
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(a)

~100cm

30cm
5cm
25cm
8cm

(b)

10cm

(c)

Figure 3.3: (a) Sketch of the vertical array of Wenglor sensors and sand traps, with
their main dimensions. (b) and (c) Wenglor sensor array and sand traps deployed
at the beach surface.

3.4

Field Experiments

Given the new insights on grain sizes that the Wenglor sensor can
actually detect (Duarte Campos et al., 2017), a next step is to validate
the performance of the sensor during field deployments with respect to
recording fluxes of sand grains above the detection limit. For this purpose,
we co-located a vertical array of optical sensors (Wenglors) and vertical
stacked sand traps on the beach. As the information from traps and optical
sensor are complementary to some extent, and assuming that the sand trap
is the truthful data, fluxes obtained from sand traps measurements will
be used as representative for further comparison with the fluxes obtained
from Wenglor measurements. This is in accordance with the calibration
methodology proposed by Martin et al. (2018).
The sand collection using sand traps was carried out nine times. The
duration of each deployment (run) of the trap array varied as presented in
Table 3.1. At the end of each run, the array of sand traps was removed
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and a new, i.e. sand-free, trap array was located in the same position to
start a new sand collection experiment. The wenglor sensors were connected
to a Hobo Energy Logger, to record the counts (1Hz acquisition rate) that
the sand grains produce when they cross through the laser beam. The data
collection period covered aproximately 5 hours, from 11:00 AM till the end of
the deployments at 4:00 PM. Then the data was split in 9 subsets according
to the sand collection interval of the sand traps. The teach-in procedure
(minimal teach-in) of the sensor was applied once, before the start of the
runs.
The average wind speed, measured with a cup anemometer at 0.50m
above the surface, ranged between 7.2 and 9.2m/s from the beginning
until the end of the deployments (Table 3.1)(Glenn Strypsteen, personal
communication, December 13, 2016; and Strypsteen et al. (2017)).
Table 3.1: Duration of conducted runs in seconds and average wind speed at 0.5m
above the ground.

Run
Duration (s)
WS (m/s)

1
2200
7.2

2
2040
8.5

3
960
8.4

4
1051
8.7

5
1440
9.2

6
1080
9.2

7
1440
9.1

8
1320
9.2

9
2249
9.2

As explained in section 3.3.1, the Wenglor sensor can detect only
individual particles larger than 210µm. Hence, for every sand sample all
the grains under this limit must be removed leading to a new sample mass:
M >210 . Because the Wenglor sensor array only observed saltation transport
(Table 3.2), a fair comparisson to the trap data should exclude the bottom
trap data, due to the fact that this trap catches sand grains from saltation
and reptation or creep modes. Mainly the latter mode will not be detected
by the Wenglor sensor located at 4cm above the surface causing a probable
mismatch between sand trap and Wenglor.
Table 3.2: Wenglor sensor elevations in meters.

Height (m)

Wenglor 1
0.04

Wenglor 2
0.09

Wenglor 3
0.15

Wenglor 4
0.20

Wenglor 5
0.26

The mass collected by each trap (M >210 ) has to be converted to flux
using the effective trap area (A = width × height) equal to 46×96×10−6 m2
and its respective experiment duration, presented in Table 3.1. Then, the
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flux obtained must be associated to a representative elevation to characterize
the vertical distribution and therefore, to allow the comparisson with the
count measurements from the Wenglor sensors at different elevations. Ellis
et al. (2009a) state that the geometric mean elevation is physically more
representative of the non-linear distribution of flux above the bed.
The vertical mass flux distribution can be obtained
p by fitting an
exponential decay curve (q(z)=α exp(β z)), where z =
htop × hbottom
corresponds to the geometric mean elevation of the respective trap (Ellis
et al., 2009a; Rotnicka, 2013). Table 3.3 presents the geometric mean
(elevation in meters) of each trap.
Table 3.3: Geometric mean elevation (z =
are expressed in meters.

Geometric Mean (m)

Trap 2
0.07

p

htop × hbottom ) for each Trap. Values

Trap 3
0.12

Trap 4
0.17

Trap 5
0.22

Trap 6
0.27

Once the vertical flux distribution for the sand trap measurements is
obtained, the next step is to transform the Wenglor count data into fluxes
as well. For this, we use the equation proposed by Barchyn et al. (2014a),
but modified according to the EDW concept (Duarte Campos et al., 2017).
Including the EDW the equation is:
qwenglor
nwenglor


X
=
j

−1

(EDWj + Dj + EDWj+1 + Dj+1 ) 
2
ρπ (Dj + Dj+1 )
48γj lfork

3

(kg/m2 s)

(3.1)

Where qwenglor is the mass flux
for each Wenglor, nwenglor
correspond to the counts/s gathered with the Wenglor sensor, Dj and Dj+1
the boundaries of the grain size class considered with its respective mass
proportion (γj ) obtained in the grain size analysis; lfork is the fork width
of the sensor (0.080m), EDWj correspond to the effective detection width
of a particle with diameter Dj , and ρ is the sand density equivalent to
2650kg/m3 .
Additionally, assuming that D50 is the representative diameter of a
particular sand sample, Equation 3.1 is converted to Equation 3.2 by using
>210
>210
D50
instead of the complete granulometry distribution. Where D50
corresponds to the median grain diameter of the sample with grains larger
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than 210µm (M >210 ) and EDWD>210 is the respective detection width for
50
the median grain size of the sample M >210 .

qwenglorD>210 = nwenglor
50


−1
6lfork
>210
D
+
EDW
>210
50
D50
>210 3
ρπ(D50
)

(3.2)

For all samples, so for each trap and deployment, the grain size
distribution was determined using a Mastersizer 2000 according to the
Fraunhofer diffraction principle (de Boer et al., 1987).

3.5

Particle Counting Model to Interpret Wenglor
Count Data

Modeling the counting process of the Wenglor sensor can help to
understand the role of sediment fluxes, sediment concentration, particle
speed and particle size on the counting accuracy of the Wenglor.
Duarte Campos et al. (2017) presented a new insigth in the counting
process of the Wenglor sensor, specifically the effective detection width
(EDW). Knowing the EDW and the response time of the sensor, we can
model the way that the Wenglor detects a grain passing through the laser
beam.
If a particle is big enough to be detected (d>210µm) this particle must
remain inside the laser detection area at least for a period of 50µs, which
correspond to the Response Time of the Wenglor; or the time that the
sensor needs to realize that a particle is crossing the laser beam. During
this period any additional particles that enter to the laser area will not be
detected individually, resulting in a saturated count.
Each particle has an effective area in which it can be detected and
counted once the particle remains at least for a period larger than the
response time. This area directly depends on the particle diameter. As we
discussed earlier, small particles will be detected only if they pass through
the center of the laser beam and if they reduce at least 18% of the laser
intensity.
The model considers that there is a minimum distance between particles,
that must be respected to avoid saturation. This distance corresponds to
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the sum of two components. The first component is related to the EDW and
means that only one particle can be inside of the area in which the particle
is detectable, if they are crossing the laser beam (lgate in Figure 3.4). The
cross section of the area in which a particle can be detected is:
lgate (D) = EDW(D) + D

(3.3)

With D the corresponding particle diameter and EDW(D) the effective
detection width of a particle with a diameter D to achieve 18% laser intensity
reduction.
The second component of the required distance is the reaction distance,
that corresponds to the distance due to the particle speed when the grains
are crossing the laser beam. This distance is related to the time response of
the Wenglor or the time needed for the switch to close/open in the electronic
circuit of the sensor (Bauer et al., 2018). The distance is obtained from:
dt = Response Time × Particle Speed.

(3.4)

Finally the required distance required to assure non saturation in the
simulations is:
dres = lgate (D) + dt
(3.5)
Figure 3.4 shows the meaning of saturation due to EDW effect (a), due
to time response (b) and the ideal case of non saturated count (c).

Figure 3.4: Sketch that shows the three cases that may happen in our simulation
model. (a) Saturation due to EDW effect; (b) Saturation due to Time response
distance; and (c) Ideal case in which particles are counted individually.
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To model the counting process, we filled a certain percentage of a
pre-defined volume, with particles of the same grain size (NParticles), and
distribute them randomly in the volume (Figure 3.5). This volume is
obtained with Equation 3.6.
Volume = height × width × length = lgate × lfork × L

(3.6)

Figure 3.5: Sketch of the random distribution of particles inside of the determined
volume.

The amount of particles (NParticles) that we distributed in the volume
allows to us to determine the volumetric concentration of particles (kg/m3 )
that cross the laser beam. Knowing the concentration (kg/m3 ), fluxes (in
kg/m2 s) will be determined from Equation 3.7, providing the input flux that
should be recovered from the Wenglor counts.
Flux = Concentration × Horizontal Particle Speed

(3.7)

After that the random distribution has occurred, the particles cross
through the laser beam, considering a constant particle speed. Then, this
particle speed will give to us the response distance (Equation 3.4).
The spacing of consecutive particles, at the moment when they pass
through the laser beam must be greater than the restriction distance
(Equation 3.5). This distance is obtained as the Euclidean distance in two
dimensions. These two dimensions correspond to the gate direction (Z )
and the cross beam direction (X ) that are the directions in which the laser
intensity in not uniform. Therefore, the position in the fork direction (Y ) is
not considered for our calculations. The spacing of two subsequent particles
is calculated with Equation 3.8, with i and i+1 the center of the grain in the
respective gate and cross beam direction of the subsequent particles, and R
the particle radius.
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d=

p
(xi − xi+1 )2 + (zi − zi+1 )2 − 2R

(3.8)

Once the distance between particles is obtained (Equation 3.8), this
value is compared with the restriction distance (3.5) and the particles are
qualified as Individual Count or Saturated Count. Individual Count is the
case in which the distance between the particles is greater than the restriction
distance. Saturated Count is the case if the distance between two continuous
particles is less than the restriction distance.
Adding all Individual Counts and all Saturated Counts, we can obtain
Total Counts, which corresponds to the total amount of counts that the
Wenglor sensor will report at the end of the simulation.
A Saturated Count can include 2 or more particles. As we know
the amount of particles that participate in the simulation (NParticles),
the amount of grains, called Saturated Particles, that participate in the
Saturation can be determined from Equation 3.9.
Saturated Particles = NParticles - Individual Counts.

3.6
3.6.1

(3.9)

Results
Field Experiments

An important goal of this Chapter is to compare fluxes of aeolian sand
transport derived from the measurements with the Wenglor and with the
sand traps. To achieve this goal several experiments were conducted. The
mass collected in each sand trap during the experiments, is shown in Table
3.4 and the mass related to the grains larger than 210µm, M >210 , is shown
in Table 3.5.
The calculated fluxes of detectables particles (grains larger than 210µm),
are shown in Table 3.6. Figure 3.6 shows a comparisson between Total flux
and fluxes associated to the grains larger than 210µm for each individual
sand trap for the several runs. As we can see a linear relationship exists
between the total flux and the flux values associated with grains larger
than 210µm. If the Wenglor sensor turns out to be capable of adequately
measuring the flux of detectable grain sizes (qwenglor ) in field conditions,
this linear relationship demonstrates that the total flux can in principle be
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Table 3.4: Mass (g) captured by each individual trap during every run. For the case
of Run2 − T rap1, the sand sample was not considered due to sand losses during
removal process of the mesh bag from the aluminium trap. The numbers below
“Trap”, in the heading, indicate the bottom and top elevation, in meters, for every
sand trap. The duration of each run is presented in Table 3.1.

Run
Run
Run
Run
Run
Run
Run
Run
Run

1
2
3
4
5
6
7
8
9

Trap 1

Trap 2

Trap 3

Trap 4

Trap 5

Trap 6

0–0.05

0.05–0.10

0.10–0.15

0.15–0.20

0.20–0.25

0.25–0.30

1968.0
–
1498.4
1508.0
2938.4
2178.6
2686.8
2439.2
3528.6

654.9
804.9
448.4
559.6
906.9
692.9
604.7
730.1
1045.1

145.0
216.9
133.2
169.4
301.2
226.1
185.7
247.5
352.4

40.1
76.0
45.1
61.2
106.4
91.8
68.4
101.0
139.5

13.8
30.0
17.3
26.3
45.2
38.5
30.0
45.1
60.5

4.2
14.6
9.1
12.5
22.3
18.2
16.0
20.1
31.9

Table 3.5: Mass(g) of grains larger than 210µm, obtained from the granulometry
of each individual trap.

Run
Run
Run
Run
Run
Run
Run
Run
Run

1
2
3
4
5
6
7
8
9

Trap 2
328.3
416.6
236.3
290.8
500.4
383.6
306.8
411.5
522.7

Trap 3
71.6
120.5
73.2
90.6
163.1
123.3
103.0
141.6
191.9

Trap 4
21.1
46.1
26.4
35.6
63.2
53.4
39.3
61.0
75.0

Trap 5
7.5
18.5
10.5
15.1
26.8
22.7
17.5
27.3
31.4

Trap 6
2.6
8.8
5.4
7.2
13.9
10.6
9.1
12.7
16.4

inferred from qwenglor , provided the grain size distribution of transported
sediment is known. The latter is needed because it will provide the
information about the proportion of the weight that is in the undetectable
grain size range.
Once the fluxes were obtained, an exponential decreasing curve was fitted
for every run. Table 3.7 shows the exponential fit regression coefficients, for
each of the nine runs. For all the fits the regression coefficient R2 is larger
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Table 3.6: Sand transport rates (×10−3 kg/m2 s) derived from trap data,
considering the proportion of sand with a diameter larger than 210µm.

Run
Run
Run
Run
Run
Run
Run
Run
Run

1
2
3
4
5
6
7
8
9

Trap 2
33.48
46.24
55.73
62.66
78.69
80.42
48.25
70.59
52.63

Trap 3
7.30
13.37
17.27
19.52
25.65
25.85
16.19
24.29
19.32

Trap 4
2.15
5.12
6.23
7.67
9.94
11.19
6.17
10.46
7.55

Trap 5
0.77
2.05
2.48
3.25
4.22
4.76
2.75
4.69
3.16

Trap 6
0.26
0.98
1.27
1.56
2.19
2.23
1.42
2.17
1.65

than 0.99 which is consistent with the statement that the exponential fit is
the best way to estimate the vertical flux distribution, as it was shown by
Ellis et al. (2009a). As it was presented by Ellis et al. (2009a), the regression
coefficients, i.e. intercept (α) and slope (β) increase with increasing wind
speed (see Table 3.1) indicating that more sand is transported at higher
elevations above the bed.
>210
Figure 3.7 shows the D50
of each sample presented in Table 3.5. The
values ranged between 252µm and 282µm, with an average value of 268µm
and are plotted against the geometric mean (Table 3.3) of the respective
sand trap. As we can see, not only occurs a slight increase in size upwards,
which is consistent with the conclusions presented by Farrell et al. (2012),
but also as the wind speed increases, the median grain size becomes coarser,
being consistent with observations by Cheng et al. (2015) and Tan et al.
(2014).
The total counts, measured with the Wenglors, at five elevations for every
experiment are shown in Table 3.8. As expected, the total counts decrease
as the height of the sensor increases, starting with more than hundreds of
thousands, close to the surface, to a few thousand counts at 0.26m above
the surface. Table 3.9 shows the respective nwenglor (counts/s) associated to
each individual Wenglor for the several runs.
To calculate the Wenglor fluxes, we considered the granulometry of the
sand trap closest to the height of the Wenglor sensor, that is, Wenglor 1
was associated to sand trap 2, Wenglor 2 with sand trap 3 and so on.
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Figure 3.6: Total Flux vs Flux from detectables particles (grains larger than
210µm), for each individual trap during the different runs and the respective
regression line.

Figure 3.8 shows the fluxes, qwenglor and qwenglorD>210 , obtained according
50

>210
,
to Equations 3.1 and 3.2 respectively. The median grain diameters D50
for every sand trap and run, are the values presented in Figure 3.7.
Additionally, Figure 3.8 also includes the fluxes derived from the traps and
>210
their respective exponential fit regression. Using the D50
instead of the
complete granulometry distribution (i.e. for particles larger than 210µm),
the values for qWenglorD>210 do not differ from those from the complete
50

granulometry. Therefore, flux calculations can safely be simplified by using
>210
D50
.

Figure 3.9 shows a comparison between fluxes derived from sand traps
and fluxes calculated from the Wenglor count data for each individual run.
The values presented for the sand traps, correspond to the flux obtained from
the fitted curve at the elevation of the respective Wenglor. In the first two
runs, the fluxes calculated from the upper three Wenglors are considerably
larger than the sand trap fluxes (Wenglor 3, Wenglor 4 and Wenglor 5) as
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Table 3.7: Exponential fit regression coefficients (intercept (α), slope (β), coefficient
of determination (R2 ) and error sum of squares (SSE)) associated to the vertical
mass fluxes for each individual run in Table 3.6. All the values are related to the
geometric center of the traps.

Run
Run
Run
Run
Run
Run
Run
Run
Run

1
2
3
4
5
6
7
8
9

α
0.21
0.23
0.26
0.28
0.34
0.34
0.20
0.28
0.20

β
-24.82
-20.82
-20.12
-19.84
-19.67
-18.37
-19.46
-17.97
-17.76

SSE
1.96E-06
1.80E-06
1.17E-06
3.11E-06
3.65E-06
8.26E-06
1.20E-06
4.73E-06
6.19E-07

R2
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

300
280
260

Run
Run
Run
Run
Run
Run
Run
Run
Run

240
220
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Figure 3.7: Mass median particle diameter (D50
), of the detectable part (grains
larger than 210µm), for each sample collected during the different runs.

is the second run for Wenglor 1.
In particular (Figure 3.9), the subplot for Wenglor 1 with sand trap 2
shows a good comparison except during run 2. Wenglors 2 and 3, show a
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Table 3.8: Total amount of particles counted by each individual Wenglor sensor
during the nine runs. The elevations of the center of the laser beam are also
included.
Wenglor 1 Wenglor 2 Wenglor 3 Wenglor 4 Wenglor 5
0.04m
0.09m
0.15m
0.20m
0.26m

Run
Run
Run
Run
Run
Run
Run
Run
Run

1
2
3
4
5
6
7
8
9

364032
974079
235901
285018
496352
339563
360155
358578
407382

54527
109352
21572
22615
42745
28071
24251
24518
30064

56273
127403
13111
10880
20078
11716
9146
9246
10679

26103
63631
12316
9452
12592
7414
7608
6534
6857

4520
14144
3149
3028
6180
4023
3470
3313
3745

Table 3.9: Time averaged counts/second gathered by each individual Wenglor
sensor during the nine runs. The elevations of the center of the laser beam are
also included.
Wenglor 1 Wenglor 2 Wenglor 3 Wenglor 4 Wenglor 5
0.04m
0.09m
0.15m
0.20m
0.26m

Run
Run
Run
Run
Run
Run
Run
Run
Run

1
2
3
4
5
6
7
8
9

164
478
246
271
345
314
250
272
181

25
54
22
22
30
26
17
19
13

25
62
14
10
14
11
6
7
5

12
31
13
9
9
7
5
5
3

2
7
3
3
4
4
2
3
2
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Figure 3.8: Vertical distribution of sand transport fluxes for the nine runs. Each
subplot includes the fluxes calculated from the trap data, with the exponential
regression fit for the vertical array and the fluxes derived from the Wenglor count
data, considering the granulometry distribution of grains larger than 210µm and
>210
the D50
associated to each individual trap during different runs.

very similar pattern of deviation from their respectives trap data, except for
run 2. For the Wenglor 4 and 5, both sensors show similar deviation pattern
with respect to the trap data, but with two matches during run 4 and run
7. For all the runs, if sand trap flux increases the flux measured with the
Wenglor does not necessarilly increase in the same proportion (Figure 3.10
and Figure 3.11). These results are in concordance with those obtained by
Martin et al. (2018), in which each Wenglor in every experiment needs an
specific calibration factor to bring the count data to the measured fluxes
with sand traps.
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Figure 3.9: Sand trap and Wenglor derived fluxes for the nine runs at different
elevations. In the bottom subplot, the average wind speed during each run, at
0.5m, is shown.

Figure 3.10 presents the ratio between the flux obtained from the sand
trap fitted curve at the elevation of the respective Wenglor and the derived
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Figure 3.10: Ratio between Sand trap and Wenglor derived fluxes for the different
runs conducted at the beach.

Wenglor flux, for each run and for each Wenglor elevation. The results show
that the closest match between the fluxes (sand traps and Wenglors) occured
for the sensor 1 and 5, but still with some differences. For all the sensors,
the ratio increases over time. This may be related with an increasing dust
build-up on the lens of the Wenglor sensor, which increases the probability
of saturation or not detection of grains (Barchyn et al., 2014a; Hugenholtz
and Barchyn, 2011b).
Even though dust build-up on the lens might explain some of the
differences between the results from Wenglor and sand traps over time, it is
still unclear why there are differences in performance between the Wenglor
sensors. In particular, in run 2 a large overestimation for Wenglors 1, 3, 4
and 5 is found (see Figure 3.9).

3.6.2

Particles Counting Model Results

Several simulations were conducted, starting from 10 till 20000 particles
filling the volume previously described. Also, the simulations were conducted
for different particle speeds (2, 4, 8 and 16m/s), and spherical particles with
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Figure 3.11: Comparison between sand trap fluxes and Wenglor fluxes for all the
sensors and runs. As in the preceding case, trap fluxes correspond to the values
of the fitted curve at the same elevation of the respective Wenglor sensor.The
dashed-dotted line corresponds to a 1-1 relation and serves as a guide to the eye.

diameters 220, 270, 320, 370, 420 and 470µm. Each simulation has uniform
grains, i.e, only one diameter.
Figure 3.12 and Figure 3.13 show Total Counts / NParticles and
Individual Counts/ NParticles, in percentage, obtained for each simulated
Flux and four different Particle Speeds.
The curves represent the
effectiveness of the Wenglor to count the particles that cross through the
laser beam, for both types of ratio an exponential decrease with the flux is
observed. A flux increment, is related to an increase in number of particles
per unit volume, the grain size and the particle speed.
For a given grain size and a single particle speed, larger flux implies
larger concentration. Therefore, once the maximum saturation is achieved
no Individual Counts occur anymore and Saturated Count will involve 2 or
more particles at the same time. This effect can be seen in Figure 3.14, when
the flux increases, the percentage of Particles involved in saturation rise up
to 100% for all the particle diameters and speeds simulated.
The number of Counts per second is shown in Figure 3.15. For a single
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Figure 3.12: Relation between Flux and Total Counts/NParticles for the different
particle speeds simulated (vp ), considering an 18% laser intensity reduction and
particles larger than 220µm.

particle speed, smaller particles show larger values of counts per second for
smaller fluxes, but as the flux increases the counts of smaller particles are
the first to be affected by saturation, because for a given flux (kg/m2 s)
and particle speed, a higher number of particles per unit volume is required
for smaller particles. If particle speed increases the maximum number of
counts per second also increases. Smaller particles have a smaller restriction
distance due to the EDW effect (lgate ) and therefore for a single time response
distance (dt ) the chance to obtain more counts is larger than for larger
diameters, but when flux increases, often the restriction distance (d > dres )
is not met leading to a reduction in the Counts per second. It is important
to emphasise that the same flux for different particle diameters does not
mean the same amount of particles, and therefore larger particles will show
the same flux for less particles when is compared with the same amount of
smaller particles.
An important plot is presented in Figure 3.16, which compares the
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Figure 3.13: Relation between Flux and Individual counts/NParticles for the
different particle speeds simulated (vp ), considering an 18% laser intensity reduction
and particles larger than 220µm.

imposed fluxes with the fluxes derived from the simulated Wenglor count
data. This figure shows, for small fluxes, an approximately linear ratio
between simulated and derived flux, in which large particles will reproduce
large fluxes, but the saturation of the sensor will happen, in some moment,
for all the particle diameters.
Hugenholtz and Barchyn (2011b) conducted a laboratory experiment in
which sand grains dropped in a vertical gravity flume and crossed the laser
beam of a Wenglor of 3cm fork width and the mass that passed through of the
sensor was scaled in a fast response digital balance. After several runs they
built a plot that related the Counts per second, recorded by the Wenglor,
and the mass flux (figure 5 in Hugenholtz and Barchyn (2011b)). Then, to
convert the mass flux (kg/m2 s) into Concentration (kg/m3 ) they assumed a
terminal fall velocity equal to 1.4m/s. To validate our simulations results,
we have simulated the particle counting process of a 3cm fork width sensor
using similar particle speeds and grains larger than 210µm. The results are
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Figure 3.14: Relation between Flux and Saturated particles/NParticles for the
different particle speeds simulated (vp ), considering an 18% laser intensity reduction
and grains larger than 220µm.

shown in Figure 3.17 and Figure 3.18. For a particle speed equal to 1.4m/s
the maximun count rate is around 1300counts/s for a flux of ∼5kg/m2 s and
a corresponding Concentration ∼3.5kg/m3 .
The values obtained in our simulations are consistent with those
presented by Hugenholtz and Barchyn (2011b), they obtained a maximum
counting rate of 1250counts/s for a flux of ∼3kg/m2 s and a corresponding
concentration ∼2kg/m3 . The differences in the counting rate can be
explained by the fact that in our simulations, all the particles crossed the
EDW section associated to their diameter, therefore a missed count never
happened, fact that can happen during field or laboratory experiments
(Duarte Campos et al., 2017). Another assumption in our model is that
the particles are spherical and each simulation only considers one particle
size. These assumptions could increase the number of counts obtained in
our simulations. The curves obtained in the simulations for particle speeds
of 1.2, 1.4, 1.6 and 1.8m/s, show the same linear rising limb, the saturated
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Figure 3.15: Relation between Flux and Counts×s−1 for the different particle
speeds simulated (vp ), considering an 18% laser intensity reduction and grains
larger than 220µm.

non linear region and the falling limb explained by Hugenholtz and Barchyn
(2011b).

3.7

Discussion

Even though the fluxes derived from Wenglors and sand traps are in
the same order of magnitude and sometimes they are quite similar, and
considering only particles above the detection limit (210µm), still there are
significant differences. These differences can be related to sensor saturation
or sensor internal processes, as it was discused in Duarte Campos et al.
(2017).
The comparison shown in Figure 3.16 could help to explain the
differences between the fluxes derived from sand traps and the fluxes derived
from Wenglors deployed in the field. The fluxes obtained in our field
experiments are around 0.15kg/m2 s for the sand trap located between
5–10cm which was compared with the Wenglor 1. Martin et al. (2018)
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Figure 3.16: Flux simulated (kg/m2 s) vs Wenglor derived flux (kg/m2 s) for several
particle speeds (vp ), considering an 18% laser intensity reduction and grains larger
than 220µm.

presented similar flux values, for coarser sediment samples collected at 10cm
above the surface. These fluxes correspond to the first part of the curves in
Figure 3.16 (almost in the bottom part of the plots). This area is shown in
Figure 3.19, in which the saturation effect is negligible, and we should expect
a 1 to 1 relation between sand trap fluxes and derived Wenglor fluxes. In
our field experiments results, the differences might be related to the fact
that we are not considering the mass associated to particles smaller than
210µm. Smaller or finer grains may be grouped resulting in saturated counts,
that can increase the number of total counts observed by the Wenglor, but
during low concentrations deployments or at higuer elevations likely not
many counts will be added.
Another important point is that flux does not represent concentration
and therefore, low fluxes values could be related to a high concentration
and low wind speed (Hugenholtz and Barchyn, 2011b). But, according
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Figure 3.17: Simulation of Flux (kg/m2 s) vs Counts×s−1 for particles speeds
between 1.2 and 1.8m/s, considering an 18% laser intensity reduction and grains
larger than 220µm. The simulation considered a sensor of 3cm fork width.

to our experiments, it seems that the lower sensor—exposed to larger
concentrations—has more accuracy if it is compared with the sand transport
measured with the sand trap (Figure 3.9 and Figure 3.11). In this case,
Wenglor 1 gives slighty larger fluxes, but this can be explained by the fact
that we are ignoring the mass associated to sand grains smaller than 210µm,
which can be grouped and form saturated count from invisible grains, as it
was explained above. For the other Wenglors and sand traps, the mismatch
between fluxes can be explained mainly because of a low concentration at
elevations more than 10cm above the surface. The effective area of the
sand trap is almost hundred times the Wenglor area and therefore during
low particles concentration deployment the Wenglor must be deployed for
a longer period of time to have the same chance to be compared with the
samples collected by the sand traps. But, the sand trap cannot be deployed
for a longer period without losing efficiency.
Figure 3.20 shows the input flux (a) at which the maximum number of
counts per second were obtained (b) and the respective maximum Wenglor
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Figure 3.18: Simulation of Counts×s−1 vs Concentration (kg/m3 ) for particles
speeds between 1.2 and 1.8m/s, considering an 18% laser intensity reduction and
grains larger than 220µm. The simulation considered a sensor of 3cm fork width.

derived fluxes—from the maximum counts per second—(c) for each particle
speed and particle size simulated. As we can see, for particles of 220µm the
maximum number of counts per second that can be reached, ranged between
∼1200 to ∼3000, for particle speeds between 2 and 16m/s and fluxes around
1.5 to 4kg/m2 s. If these counts are converted to Wenglor derived fluxes these
fluxes ranged between 0.5 to 1.5kg/m2 s. For the case of particles of 470µm
the maximum counts per second obtained ranged between ∼600 and ∼2400
for fluxes between 2.5 to 10kg/m2 s, but the Wenglor derived fluxes for these
counts and particle size fluctuate between 1 to 3.5kg/m2 s. By dividing the
fluxes by the respective particle speed we obtain the concentration associated
to the maximum counts per second. According to the particle speed, the
concentration values ranged between 0.7 to 0.2kg/m3 for particles of 220µm
and between 1.3 to 0.6kg/m3 for particles of 470µm.
Martin et al. (2018) presented a methodology to calibrate Wenglors with
sand traps, but their calibration parameters show a high variation between
sensors, the study area and elevation of the sensor. The difficulties to
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Figure 3.19: Flux simulated (kg/m2 s) vs Wenglor derived flux (kg/m2 s) for several
particle speeds, considering an 18% laser intensity reduction and grains larger than
220µm.The dashed-dotted line correspond.s to a 1-1 relation and serves as a guide
to the eye.

calibrate the sensor measurements are related to the fact that the particle
sizes are too close to the lower limit detection of the sensor. In our case,
Figure 3.11 shows that calibrate all the measurements in only one curve
is not possible. As we can see, the closest match occurs between Wenglor
1 and sand trap 2, but during the second run a still not fully understood
large overestimation in the derived Wenglor fluxes occurred. Due to the
large increase in the average wind speed between the first and second run,
Wenglor sensors were more exposed to the occurrence of sediment flurries
(Bauer and Davidson-Arnott, 2014), which could potentially have increased
the number of saturated counts from invisible particles, but is unclear why
this did not affect Wenglor 2.
One of the sensor internal processes that may affect to the results or the
transformation from counts to fluxes is the signal transformation from analog
to digital. While it is true that minimum intensity reduction to achieve a
count is 18% a band exists in which the sensor actually can give a count or
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Figure 3.20: (a) Input Flux (kg/m2 s) at which the maximum number of counts
was obtained, for each particle size and particle speed simulated. (b) Maximum
number of counts per second obtained in the simulation for a given particle speed
and particle size. (c) Maximum Wenglor derived flux (kg/m2 s) for each particle
size and particle speed simulated.

not. This band covers between 18% and 45% in intensity reduction. These
values can be observed in the histograms presented by Duarte Campos et al.
(2017), that show the normalised intensity reduction when a particle passes
through the laser beam. A larger minimum intensity reduction leads to a
smaller EDW, i.e. the area in which the particle is detectable will be smaller.
For instance, a particle of 345µm has an EDW ∼510µm when we use a 18%
intensity reduction, but if the intensity reduction is 45% the EDW is ∼25µm
and more importantly a larger minimum intensity reduction means that the
minimum detectable grain size will be larger.
In this study, grain size dependency was accounted for in the grain count
to flux conversion, both considering the minimum detectable grain size as
well the grain size varying EDW. Still, the quality of the Wenglor derived
sediment flux values varied by sensor as well as over time for a single sensor
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including both under and overestimation of the actual flux values. This
makes it a difficult problem to be solved by a calibration approach. Possibly,
time varying grain size composition e.g. in flurries may also play a role. This
would support the recommendation by Martin et al. (2018) to technically
improve laser particle counters, such as the Wenglor, to be able to detect
detect airbone particle size distributions at the same time that the sensor
counts the particles.

3.8

Conclusions

We have presented the results of field experiments to asses the suitability
of the Wenglor sensor (YH08PCT8 - 8cm fork width) for measuring the
aeolian sediment flux. Additionally, a simulation model was presented to
look into the potential causes of the differences in the fluxes derived from the
instruments. The main conclusions and outlooks derived from the presented
results and discussion are:
1. The fact that the Wenglor detects only the coarser portion of the
sediment in transport (D>210µm) does not seem to be a problem.
The total flux scaled linearly with the detectable part of the flux,
therefore the real challenges are in the correctness of quantifying the
detectable part of the sediment flux by the Wenglor. These appeared to
be of variable quality, varying between sensors as well as for a single
sensor over time. Both over and underestimation of the actual flux
values occurred in a manner that seems to be difficult to be solved by
calibration.
2. Regarding the part of the sediment flux that is detectable by the
Wenglor, model simulations of the sensor counting process showed
that saturated counts start to occur for fluxes larger than about
∼0.3kg/m2 s. This value did not occur during the experiments,
therefore saturation due to flux does not explain the differences
between Wenglor and sand traps. The actual flux values at which
saturated counts start to occur in specific conditions may be somewhat
different depending on particle speed, sediment concentration and
grain size.
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3. Fluxes simulated show that the maximum value of counts per second
that can be produced by a Wenglor sensor ranges between ∼1200 to
∼3000, for particles of 220µm at speeds of 2 to 16m/s respectively. For
particles of 470µm the number of counts per second ranged between
∼600 and ∼2400 for identical particle speeds. This shows that in field
conditions, with varying grain sizes and particle speeds, and unequally
spaced particles, the maximum possible count of 10000 counts per
second will far from be achieved.
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aeolian sand supply from the
intertidal beach using an
aggregated-scale transport
formula
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ESTIMATING ANNUAL ONSHORE AEOLIAN SAND SUPPLY

In this study we explore an approach for annual scale

transport prediction from the intertidal beach, in which we
aggregate the surface conditions of the intertidal beach, in
particular moisture content and roughness, and use hourly
monitoring data of wind speed and wind direction. For
our case study area (Egmond Beach - The Netherlands), we
include Argus video imagery in our analysis to assess the
occurrence of aeolian sand transport. With the approach
described to determine a characteristic moisture content
value for aeolian transport, we obtained surface moisture
values of 1.2% to 3.2% for wind average and wind gust
respectively, implying that we need a quite dry beach. This
indicates that the main area for aeolian transport corresponds
to the upper part of the intertidal source, most likely the
region between mean high tide line and spring high tide line.
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4.1

Introduction

Wind and waves can contribute to build the coastal dunes (Cohn et al.,
2018), however, aeolian sand transport remains the main mechanism for
natural sand supply from the beach towards the dunes. During storm
surge events, coastal dunes act as a natural flood defence that protects
the hinterland. The erosion process, during storm surges, has been well
described (Roelvink et al., 2009), but quantitative prediction of recovery
and dune growth due to aeolian sand supply is still a difficult task
(Davidson-Arnott and Bauer, 2009).
The transfer of sediment from the marine domain to the terrestrial
domain has to occur in the zone where both hydrodynamic and aeolian
processes can act: the intertidal zone. Here waves can deposit sediments
that can be picked up by wind to be transported further to the upper beach
and dunes. The sand supply from the intertidal beach towards the upper
beach and dunes depends on several properties of this zone combined with
meteorological conditions. Therefore, the proportion of the sand that travels
from the nearshore zone towards onshore is highly related with the state of
the intertidal beach, for example surface moisture and roughness. Figure
4.1 shows a conceptualization of the accretion process at the beach, starting
with the input of sand from the nearshore zone into the intertidal zone, later
the sand maybe picked up by wind towards the upper beach and the dunes.
Whether aeolian transport occurs, and if so at which rate, depends on the
wind speed and direction, and the different properties of the intertidal zone
as roughness, surface moisture, grain size or topography.
To model the long-term evolution of beach-dune systems, it is necessary
to quantify the long-term aeolian sand transport to the dunes and often
empirical formulae are used. For example, Hanson et al. (2010), proposed a
model to estimate the change of dune volume in response to cross-shore and
long-shore processes, by linking the amount of aeolian transport directly
to the berm width, defined as the distance between the dune toe and
the upper limit of the swash zone. A limitation of this type of model
is that its development is based on the correlation of variables and not
necessarily the causes of the phenomenon. To obtain more insights in the
causation, Delgado-Fernandez et al. (2009) used video images to measure
instantaneous beach state conditions that affect the evolution of coastal
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dunes at different temporal and spatial scales. With these video images it is
possible to obtain various variables, such as moisture content or fetch, and
to determine when aeolian sand transport is occurring (Delgado-Fernandez
and Davidson-Arnott, 2011).

Figure 4.1: Conceptual model for Aeolian (red arrows) and Hydrodynamics (blue
arrows) sand exchange across a beach.

The available equations to quantify aeolian sand transport have been
initially developed in desert areas and laboratories and have been modified
for beach environments (Sherman et al., 1998). These equations require
input on e.g. wind speed, sediment grain sizes, beach slope, surface moisture
content, surface roughness, which can vary over small temporal and spatial
scales (Sherman et al., 2013). The rates of sediment transport estimated
using these models may differ between them in one order of magnitude
(Sherman et al., 1998). In order to apply the process-scale formulas in
the calculation of annual supply of sand from the intertidal beach towards
the dunes, usually we shall rely on existing high frequency monitoring data
on wind and beach surface conditions. However, often the detailed input
on especially surface conditions is not available. Therefore, in general,
the long-term prediction of aeolian sand transport on beaches has serious
limitations to be quantified with this approach.
Hence, a knowlegde gap exists in how to use process scale models
of aeolian sand transport and their application in modelling long term
morphological evolution of the dune-beach system. To overcome the need
for detailed input in transport formulations on surface conditions in the
intertidal zone we explore an alternative approach in which single aggregated
values are used. Analogously to using a characteristic grain size in transport
calculations we propose a procedure to obtain a site specific characteristic
moisture content. The rationale for using a single characteristic moisture
content of the intertidal beach, is that regular wetting-drying cycle of this
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zone due to the tide, combined with site specific typical grain size and beach
slope may also lead to typical conditions regarding surface moisture.
The objective of this study is to demonstrate an aggregated-scale
approach to use process-based transport formulations in quantifying the
annual onshore sediment supply by wind from the intertidal zone towards
the dunes. In this approach we aggregate the surface conditions of the
intertidal beach, in particular grain size, moisture content and roughness,
and use monitoring data on wind speed, wind direction, rain and water
levels to calculate the annual onshore aeolian sand transport. To obtain the
aggregated value for moisture content we will compare calculated transport
for various moisture content values to the volume increase of the dune area
obtained from topography.
This Chapter is organised as follows. In section 4.2, the methodology,
the study case area and data available are detailed. In section 4.3, the main
results are presented and its corresponding discussion appears in section 4.4.
Finally, in section 4.5 a summary and the main conclusions of this study are
presented.

4.2
4.2.1

Methods
Process-based formula to quantify the aeolian sand
transport

During almost a century, various studies have proposed different
equations to quantify the aeolian sand flux (Bagnold, 1941; Durán et al.,
2011; Kawamura, 1951; Lettau and Lettau, 1977; Owen, 1964). In general,
the models consider that the mass flux (Q), due to the saltation mode,
corresponds to the horizontal wind momentum flux τp , available to accelerate
the sand grains, multiplied by the mass flux q generated by a unit momentum
flux p (Kok et al., 2012)
This general equation can be expressed as:
Q = τp

q
2 L
= ρa (U∗2 − U∗t
)
p
∆v

(4.1)

Where U∗ correspond to shear velocity, U∗t to threshold shear velocity,
ρa is the density of the air, L is the particle’s hop length and ∆v is the
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difference between the impact speed and the take off speed of a particle.
Bagnold (1941) proposed that L/∆v ∼ U∗ , an assumption that was followed
by Hsu (1974); Kawamura (1951); Lettau and Lettau (1977); Owen (1964) in
their equations, with some differences between them, but when U∗ >> U∗t
all the equations show the same pattern as Bagnold (1941).
In this study, we selected the equation proposed by Kawamura (1951) to
quantify the amount of sand that travels from the intertidal zone towards
the dunes. Equation 4.2 is based on the same basic assumptions as the one
of Bagnold (1941), but does not follow the assumption U∗ >> U∗t . Hence
Kawamura’s equation includes both shear velocity (U∗ ) and the threshold
shear velocity (U∗t ) in his equation.
Q = CK

ρa
(U∗ − U∗tm ) (U∗ + U∗tm )2
g

(4.2)

In the Equation 4.2, ρa =1.225kg/m3 and g correspond to acceleration
due to gravity with a value of 9.8m/s2 . Kawamura suggested the constant
CK =2.78. U∗tm is defined as the threshold shear velocity including moisture
influences.
U∗ =

U (z) K
ln( zz0 )

(4.3)

The shear velocity (Equation 4.3), is derived directly from the “Law of
the wall” of von Kármán. In which the constant K = 0.4, z is the elevation
(m) at which the wind speed was measured. The surface roughness of the
intertidal beach is represented by z0 = 2 × D50 /30 and corresponds to the
expression proposed by Sherman (1992), to better represent the roughness
from mixed grains populations. We assumed a constant surface roughness,
across the intertidal beach, because this zone is mostly smooth due to the
tidal flooding cycles.
The surface moisture plays an important role as a transport limitation
(Bauer et al., 2009; Delgado-Fernandez et al., 2012; Nield, 2011; Smit et al.,
2018; Udo et al., 2008), increasing the threshold velocity to entrain the sand
grains at the surface. The threshold shear velocity term is very relevant,
because it determines the intermittence or steady state of the sand transport
(Davidson-Arnott and Bauer, 2009). To take into account the moisture effect
in the threshold shear velocity (U∗tm ), several authors have shown different
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Table 4.1: Constant C from Dong et al. (2002) that relates threshold shear velocity
and moisture content according to the mean grain size.
Grain size (µm)

C

45-54
54-77
77-90
90-100
100-135
135-150
150-200
200-250
250-400
400-500

1.59
1.85
2.46
1.66
2.51
2.05
2.75
1.59
1.87
2.15

ways to include this effect (Belly, 1964; Dong et al., 2002; Hotta et al.,
1984). In this Chapter, we follow the equation proposed by Dong et al.
(2002) (Equation 4.4).
r
U∗tm = A

g D50

ρs
(1 + C × M )
ρa

(4.4)

The Equation 4.4, described by Dong et al. (2002), was derived from
the expression proposed by Bagnold (1941) in which the threshold drag
or friction velocity depends on the mean grain diameter or D50 , the
gravitational acceleration g, the density of the sand grains ρs =2650kg/m3 ,
the density of the air ρa =1.225kg/m3 and an empirical coefficient equal to
A = 0.1 at the beginning of the motion and decreasing to 0.085—assumed
in this Chapter—once active saltation starts (Bagnold, 1941). Dong et al.
(2002) included also a constant C according to the mean grain diameter (see
Table 4.1) and the moisture content M in percentage.
Finally, to obtain the sand transport during the periods in which
transport was observed towards the dunes, that is cross-shore component
of the transport, we have to consider the effect of the wind direction
in the calculations, this effect is described as the cosine effect by Bauer
and Davidson-Arnott (2003) and is presented in Equation 4.5, where α
corresponds to the angle formed by the wind direction and the perpendicular
projection from the dune foot to the shoreline (see Figure 4.2).
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(4.5)

Qcs = Qtotal × cos(α)
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Figure 4.2: Effect of the wind direction in the transport, or cosine effect, explained
in an Argus image. Where α is the angle formed by the wind direction and the
perpendicular projection from the dune foot to the shoreline.

4.2.2

Aggregated scale transport formula

We include Argus video imagery in our analysis (Holman and Stanley,
2007), to assess the occurrence of aeolian transport. Originally, video
imagery systems, such as Argus, were developed to study the morphology
and the hydrodynamics of the nearshore zone. However during the last years
video imagery systems have been used not only for hydrodynamics studies
(Quartel et al., 2008; Revollo et al., 2016; Smit et al., 2007), but also to
analyse the aeolian activity at the coast (Delgado-Fernandez et al., 2009;
van der Weerd and Wijnberg, 2016; Williams et al., 2018). In this study,
Argus images (Figure 4.7) were utilized to visually determine when aeolian
sand transport occurred, on a basis of 8 hours per day, between 8:00 and
16:00 hours.
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Having the dune volume variation during a certain period of time without
storm surge erosion, obtained from topographical surveys, and comparing
this quantity with the values obtained from applying the Equations 4.2, 4.3,
4.4 and 4.5 for the same period, using either hourly average wind speed or
gust wind speed, we will obtain two values of moisture content (M) leading to
the best fit, one for each kind of wind speed (average or gust) that matches
the volume increases of the dune area. To transfer transport rates from
kg/m to m3 /m a density of loose dry sand of 1602 kg/m3 was assumed.
To asses the amount of annual sediment supply, we assumed that on
an annual basis, transport during unsampled times, in the evening and at
night (16:00–8:00 hour), occurred equally often and with equal magnitude as
during day time. Such that amount of transport missed was proportional to
amount of unsampled hours, therefore, day time transport will be multiplied
by the proportionality factor P = 3 to account for the unsampled times to
arrive at estimates of total annual transport.
To corroborate the quantification of the annual transport that used the
Argus images, to asses the transport occurrence, and the proportionality
factor P to account for transport occurrence during non-sampled hours, we
will calculate the transport during the same period but only using the wind
data and additionally data of precipitation and water levels. Precipitation
and water level will be included in the Kawamura equation (Equation 4.2 ) as
dummy variables, XW L and XRain respectively (Equation 4.6). Therefore,
XW L =0 and XRain =0 during periods with rain higher than 0.05mm/hour
(or rainfall duration larger than 0 hour) or when the water level is higher
than the spring high tide and otherwise XW L =1 and XRain =1. We have
assumed that a water level higher than the spring high tide will lead to a
submerged intertidal beach situation hence, no aeolian sand transport from
the intertidal beach.
Hence the aggregated scale formula tested is:
Q = P CK

ρa
(U∗ − U∗tm ) (U∗ + U∗tm )2 XW L XRain
g

(4.6)

In which U∗tm is based on a single characteristic values for D50 and
moisture content M.
77

ESTIMATING ANNUAL ONSHORE AEOLIAN SAND SUPPLY

4.2.3

Case study area

Egmond beach is a well studied sandy beach (Bakker et al., 2012; van
Rijn et al., 2003; Smit et al., 2018; Uunk et al., 2010; de Winter et al., 2015),
located in the province of Noord Holland, central part of the west coast of
The Netherlands (Figure 4.3). The beach has a roughly N-S orientation (8◦
to N), its average width is ∼100m during low tide, with an average slope
of 1:40 (Uunk et al., 2010) and the mean grain size is around D50 ∼300µm
(de Winter et al., 2015). The nearshore zone includes two nearshore bars
and the foredune runs parallel to the beach, with a height of ∼25m and is
densely covered by European marram grass (Ammophila arenaria). The tide
on Egmond beach is semi-diurnal, having a range between 1.4m (neap) and
2m (spring), where mean spring high tide level reaches 1.2m+NAP (where
NAP ∼ MSL). Regarding the wave height, the yearly average is around
1.2m. The main wind direction is from the South-West (Hage et al., 2018).

Figure 4.3: Study area and its location in the Dutch coast.

The fetch distance can play an important role as a limitation factor to
achieve a fully developed aeolian sand transport. Critical fetch lenght over
dry sand is ∼10m (Lynch et al., 2016). In the case of a wet beach the
critical fetch is longer, reducing transport from the intertidal beach due to
moisture content. In this case study we considered the spring high tide line
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(SHTL=1.2m) as the upper limit of the intertidal beach, and the mean high
tide line (MHTL) is 0.9m, so uppermost part is often dry for long time. The
difference between the SHTL and MHTL is 0.3m, therefore uppermost part
corresponds to a zone of around 12m wide. Additionally, at Egmond beach
the main wind direction is from South-west, leading the transport mainly in
an oblique direction with respect to the dune toe. Therefore, for our case
study site the critical fetch is not expected to be a major limiting factor in
comparison to moisture.

4.2.4

Argus video data

The beach was monitored during daylight on a semi-hourly basis by
Argus video image collection (Holman and Stanley, 2007), from 5 cameras
located at 45 meters above the surface (Hage et al., 2018), as shown in Figure
4.4. The five cameras cover the beach in a view of 180◦ , covering dune front,
upper beach, intertidal beach and nearshore zone. The images are available
for the period 1998–2015.

Figure 4.4: Argus station—Coast3D tower–at Egmond Beach.

We have selected Argus video images from the period March 2009 79
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March 2010 to analyse the occurrence of aeolian sand transport, because
during the same period the dune was not affected by storm surges. As the
maximum water level reached was 1.92m above NAP and the dune foot
is located approximately at 3m+NAP, therefore, the volume change in the
dunes area is related to aeolian sand transport only. Additionally, this period
must coincide with the topography data (see section 4.2.5) available for the
period 19th of March 2009 until 11th of March 2010.

4.2.5

Airbone Laser Scanner (Lidar)

Since 1996, annual survey of the topography of the Dutch coast is
obtained by using Airbone Laser Scanner (Lidar) (Bochev-van der Burgh
et al., 2011; Ruessink et al., 2018). The data is collected once a year and
the exact date of the flight varies. For this reason, the Argus images that
we have analysed correspond to the period between the dates in which the
Lidar data was collected during 2009 and 2010, that is March 18th 2009 and
March 11th 2010 respectively.
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Figure 4.5: Annual dune volume variation above 3m+NAP at Egmond Beach. The
red dot represents the volume increase during the year 2009 (March 2009 - March
2010). For the years 2000 and 2002 there are no data available and therefore, no
volume change is plotted for the years that depend on these measurements, i.e.
1999, 2000, 2001 and 2002.

Over the period 2009-2010, the dune volume increase in the area close
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to the Argus tower (Egmond beach) was 11.2m3 /m (red dot in Figure 4.5).
This volume corresponds to the average dune volume increase over a 2 km
long stretch of coast landward of the 3m+NAP contour with a landward
boundary approximately 50m land inward. For this year, elevation data was
available at a grid of 5m×5m. In average the data point density for the
Lidar measurement is ∼1.5 points/m2 (Rijkswaterstaat, 2012), therefore for
a 5m×5m grid the average elevation value was obtained from ∼40 points,
which is adequate for volume calculation purposes.
For our purpose, the volume variation in the year 2009 was obtained
from the difference between measured volumes in the years 2010 (March
11th) and 2009 (March 18th). This volume was obtained from an area of
2000 meters length (Figure 4.6). Figure 4.6 shows the variation in elevation
between the years 2010 (March 18th) and 2009 (March 11th). Above the
contour 3m+NAP, elevations generally increased, which is consistent with
our statement that during the period analysed the foredune was not affected
by erosion processes due to storm surges. The Argus Tower location is
represented by the cross in Figure 4.6. The boundaries north and south
of the Figure, were chosen as the alongshore boundaries for the volume
calculation with the Lidar data. This observed dune volume increase at
Egmond Beach will be used to obtain a representative surface moisture M
that explains this increase. Given the straight coastline, we have assumed no
gradient between the amount of sand that flows into and out of the domain,
in the longshore direction, during the period in which the respective volume
is calculated. Additionally, during offshore wind conditions we do not expect
aeolian dune erosion to occur, because of the vegetated crest. Depending
on the lee-side slope of the dune as well the wind direction, flow separation
at the crest with a recirculation eddy occupying the lee-side slope might
happen (Bauer et al., 2015; Nordstrom and Jackson, 2017).

4.2.6

Image analysis procedure

In order to recognize the transport events throughout one year, the image
data from the Argus system (camera 1, looking towards north) installed
at the Egmond Beach was analysed for the period 19th of March 2009 –
11th of March 2010. The images were used to determine, visually, the time
frames when an aeolian active beach was present. This activity is determined
by comparison of two consecutive Argus images, and is indicated by the
81

ESTIMATING ANNUAL ONSHORE AEOLIAN SAND SUPPLY

Figure 4.6: Change in elevation (m) at the beach and dunes area around the Coast
3D tower, between the years 2010 and 2009, obtained from the Lidar data. The
black line represents the contour line at 3m+NAP and the gray line is the contour
for 0m+NAP. The location of the Argus Tower is represented by a black cross.

appearance and movement of aeolian bed-forms and presence of streamers
in the intertidal zone. Figure 4.7 shows an example of 6 chronological
snapshots, in which transport was observed. The movement was best
identified when lighter coloured dry sand moved over more moist beach
surface as bedforms and/or streamers. Special care was taken that local
drying of sand was not mistaken for aeolian sand transport. Bad weather
conditions for visually detection of transport, i.e. fog or mist, happened less
than 1% of the analysed period. Besides, wind speeds are low when mist or
fog occurs.
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Figure 4.7: Aeolian sand transport observed from 6 chronological snapshots at
Egmond Beach (Argus Images, October 19th, 2009. 9:00 hrs (1) – 10:00 hrs (2) –
11:00 hrs (3) - 12:00 hrs (4) - 13:00 hrs (5) - 14:00 hrs (6)). The red-dashed line
represents the spring high tide line and the enclosed white-dashed area serves as a
guide to observe the transport in the images. The average wind speed during these
hours ranged between 9 and 12 m/s, and the wind direction varied between 190◦
and 220◦ , being alongshore at 9:00 hrs and southwest wind at 14:00 hrs. No rain
was measured during this period.
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We follow the approach of Reim (2013), as we use her data set between
19th March – 31 December 2009 and expanded it to 11th March 2010 to
match the survey dates of topography. Reim (2013) developed this image
categorization as Transport or No Transport using the images taken at
8:00, 9:00, 10:00, 11:00, 12:00, 13:00, 14:00, 15:00 and 16:00 hour. The
categorization was executed based on the occurrence of streamers and/or
the observation of moving bedforms between two consecutive images (1
hour time frame) and therefore we have assumed that in case of transport
observation, active saltation will be considered for this full hour.
For each day, our start point is the photo taken at 8:00 AM. Therefore,
we have compared this image with the image of 9:00 AM, looking to the main
changes due to aeolian activity (patterns showed in the white rectangular
area in Figure 4.7) in the intertidal zone and upper beach, later the image
of 9:00 with the image at 10:00 and so on. This comparison is developed
for every hourly image between 8:00 until 16:00 hour. For instance, if the
comparison between the images at 8:00 and 9:00 hour shows the occurrence
of transport during this period, we categorize the image at 9:00 AM as
Transport.
In case that this visual qualification was uncertain, additional analyses
were performed using a pixel intensity method in order to make a decision
about transport occurrences. This method is based on the idea that pixel
intensity in an image changes at locations where movement takes places (Kim
et al., 2013). The method was extended by transforming all the images of
the day (semi-hourly) to a grayscale, then a representative pixel zone is
selected to analyse the aeolian activity over time in this zone. Figure 4.8,
shows the pixel intensity plot of the same area in each image for the day
October 19th, 2009, between 8:00 to 16:00 hours (same day of Figure 4.7).
By doing this plot, it is possible to recognize the aeolian activity at the beach,
which started between 9:00–10:00 and finished around 14:00, when transport
stopped. Then the high tide flooded the intertidal zone, between 14:30 until
15:30 hours. In this example, we have categorized 9:00 as No Transport and
the images of 10:00, 11:00, 12:00, 13:00 and 14:00 as Transport ocurrence.
The pixel area shown in the intensity plot corresponds to the line at pixel
1200 in the horizontal axis, and between pixels 600 to 1000 in the vertical
axis, which is located inside of the white rectangular area, in the grayscale
image (Figure 4.8(b)).
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Figure 4.8: Color (a) and grayscale (b) Argus image of October 19, 2009 at 10:00
AM. (c) Pixel Intensity plot of grayscale images of a whole day (8:00 to 16:00
h) to detect aeolian sand transport. The pixel area shown in the intensity plot
corresponds to the line at pixel 1200 in the horizontal axis, and between pixels 600
to 1000 in the vertical axis, which is located inside of the white rectangular area,
in the grayscale image (b).

For the period described above (358 days), a total of 2864 comparisons
between consecutive images, were categorized as Transport or No Transport.
Including 9 images per day, one at the begining and one at the end of each
hour from 8:00 until 16:00. The number of pictures analysed per day is
constant to have a consistent sampling over the year, since during winter
there are less day light hours, and hence less images available.

4.2.7

Meteorological data

Monitoring data of wind conditions is necessary to quantify the aeolian
sand transport. Wind data obtained at the IJmuiden station (z=10m
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above NAP), located 18 km south of Egmond Beach, was used as input for
transport quantification. The data consist of: one-hour average wind speed
and gust wind speed, which is the maximum wind speed measured during
the previous hour. These quantities lead to differences in the transport
calculation because of the non-linear dependence on wind speed (Q ∼ U 3 )
(Bagnold, 1936; Bauer et al., 2012; Owen, 1964). Additionally, hourly
average wind direction data will be used to obtain the total cross-shore
transport, i.e. the sand that travels towards the upper beach and dunes.
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Figure 4.9: Hourly-average wind direction distribution and frequency (red
numbers) during the period March 2009 - March 2010.

Figure 4.9 shows the direction and frequency of the wind during the
period analysed. As can be observed the predominant wind direction
correspond mainly (around 40% of the time) to south-west (180◦ – 270◦ to
shoreline orientation). The range of average wind speed observed during the
same period analysed is shown in Figure 4.10. In the quadrant South-West
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not only occurs the more recurrent wind direction, but this quadrant also
shows the largest hourly-average wind speed values. The average wind speed
threshold, or the minimum hourly wind speed value at which transport was
observed in the images corresponds to 5m/s.
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Figure 4.10: Hourly average wind speed values during the period March
2009–March 2010 according their wind direction, for wind speeds larger than the
observed wind speed threshold. (a) 180◦ –240◦ , (b) 240◦ –300◦ and (c) 300◦ –360◦ .

The most fetch restrictive cross-shore directions correspond to those
ranged between 240◦ − 300◦ , or the cases in which the transport is within
30◦ of shorenormal. These cases correspond to ∼20% of the cases in which
onshore transport was observed in the images and during ∼30% of the cases
in which the wind average was larger than the 5m/s wind speed threshold
therefore, as it was commented previously, we can assume that the critical
fetch ∼10m (Lynch et al., 2016), is reached most of the time.
The water level at Egmond aan Zee is obtained as the average between
IJmuiden and Petten Zuid and the precipitation data corresponds to the
hourly rain data (precipitation amount and duration during the hourly
division) from Wijk aan zee, located 10km south of Egmond Beach.
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4.3
4.3.1

Results
Obtaining aggregated scale moisture content

From the categorization of 2864 pairs of consecutive images, as Transport
or No Transport, a total of 728 cases show aeolian sand transport activity,
these 728 cases will be categorized as hours in which transport was observed.
The Equations 4.2, 4.3, 4.4, 4.5 and the proportionality factor (P = 3),
were used to quantify the annual onshore sediment supply—by wind—from
the intertidal zone towards the dunes for the hours in which aeolian sand
transport was observed in the images.
Figure 4.11 shows the Total and Cross-Shore volume change m3 /m, due
to aeolian sand transport, for several moisture values at Egmond Beach
for the period analysed between March 2009 and March 2010. The total
volume transported corresponds to the sand transport in which the wind
direction was not considered, that is for all the cases in which transport was
observed in the images but neglecting if the transport was onshore, offshore
or alongshore. As it was expected, scenarios in which the surface moisture
is close to zero, correspond to the larger values of volumes and for moisture
contents larger than 3.8% the transported volume dropped to zero. This is
consistent with the values observed by Azizov (1977), who concluded that
no transport occurs above 4% due to the increasing in the threshold shear
velocity.
Knowing the actual volume change in the dunes area, we can derive a
characteristic moisture value that matches the volume change obtained from
the quantification using the Kawamura and Dong equations (Equation 4.2
and Equation 4.4 respectively), either for using hourly average or the gust
wind speed. This comparison is shown in Figure 4.12, in which the values of
moisture required to match the observed volume variation are MW M =1.2%
and MW G =3.2%, for hourly mean and wind gust respectively.

4.3.2

Assessing the aggregated scale transport formula with
the characteristic moisture value

Figure 4.13 shows the annual transport quantification (dune volume
increase) for various surface moisture content values, based on hourly mean
wind speed and gust wind speed. The red triangles represent the transport
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Figure 4.11: Predicted Total (a) and Cross-Shore (b) transported volume of sand
(m3 /m), due to aeolian sand transport from the intertidal beach at Egmond Beach
for the period March 2009 - March 2010, for several surface moisture contents
values. We calculated the transport using the Kawamura equation (Equation 4.2)
and considering the moisture effect in the threshold shear velocity (U∗tm ) (Equation
4.4). The input data correspond to the hourly mean wind speed and gust wind
speed, for the time in which sand transport was observed and the proportionality
factor to obtain annual amounts.

quantified using Equation 4.2 for hours in which transport occurrence was
identified on the images and using the proportionality factor (P ) to obtain
the annual transport amount. The blue circles represent the transport
quantification using Equation 4.2, but without considering the transport
information from the images, i.e. the equation input corresponds to the
available wind speed data only, these data were hourly measured between
9:00 and 16:00 hours and for every day between 19th of March 2009 and
11th of March 2010. The three other curves show the quantification of
the transport by using Equation 4.6, i.e. the modified Kawamura equation
including rain and water levels, in which no image data was considered. The
transport was calculated considering wind and water levels (red squares);
wind and rain (yellow crosses); and wind, rain and water levels (purple stars).
All the quantifications considered the proportionality factor to obtain the
annual transport amount.
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Figure 4.12: Calculated cross-shore sand transport from the intertidal beach as
a function of moisture content (M), for the period March 18, 2009 – March 11,
2010. Moisture values MW M and MW G correspond to the moisture values for
which calculated transport matches observed dune volume change (during the same
period) for hourly wind mean and hourly wind gust respectively.

Considering that the transport quantification using the images is the
correct one, Figure 4.13 shows that the rain plays the more important role,
compared to the water level, in the calculated volume. That is because the
number of hours in which the water level was higher than spring high tide
limit (>1.2m) occurs only 16 hours over a total of 2864 hours. During 2009,
the aeolian transport quantification by using Equation 4.6, was stopped 271
times due to the occurrence of rain, even though the average wind speed was
above the threshold (5m/s) on these occasions.
Table 4.2, shows a comparison between hours in which Transport or No
Transport was observed in the images with the presence or absence of rain
during the same hour at Wijk aan Zee. A total of 337 hours with presence
of rain while U > UThreshold were recorded, and during 113 hours in which
rain was recorded also transport was observed, that means that 66% of the
time in which rain was recorded and U > UThreshold , aeolian transport was
not observed. Also, from the 728 hours in which transport was observed, the
occurrence of transport without rain is 5 times larger than the ocurrence of
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Figure 4.13: Transport quantification (dune volume increase) for various surface
moisture content, for hourly mean (a) and gust wind speed (b). Volume was
calculated using: 1) Equation 4.2, considering images, i.e. hours of transport
occurrence and wind speed (red triangles) and wind speed data (blue circles);
2) Equation 4.6, considering wind and water levels (red squares); wind and rain
(yellow crosses); and wind, rain and water levels (purple stars). The red triangles
for hourly mean and gust wind speed correspond to the blue diamonds and red
circles in Figure 4.12 respectively.

transport during periods with rain.
Additionally, the proportionality factor P = 3, to asses the amount of
annual sediment supply when no pictures are available or analysed seems
realistic. To corroborate this value, we have calculated the annual volume
transported for several moisture values, with the data of wind speed, wind
direction, rain and water levels for both daytime hours and for the entire day,
for all the period March 2009-March 2010 and the results are shown in Figure
4.14. It can be seen that daylight data multiplied by the proportionality
factor (P = 3) tend to slighty overestimate respect to the whole day data. A
linear regression analysis was developed to capture the relationship between
both results and we obtained that Daylight data=1.11×Full day data, with
a coefficient of determination R2 =0.99, showing that daylight data are
representative of the occurrence of transport throughout the day.
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Table 4.2: Amount of hours in which transport or no transport was observed in
the images, when U > UThreshold , and its relation with the presence or absence of
rain during the same hour. Where UThreshold =5m/s corresponds to the minimum
hourly wind speed at which transport was observed in the images.
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Figure 4.14: Comparison of volumes for different moisture values, obtained from
the full wind data set and during daylight data (8:00–16:00), for the period 18
March 2009 – 11 March 2010.

4.4

Discussion

The values of moisture obtained as yearly aggregated representive
moisture content, i.e. 1.2% (hourly mean wind speed) to 3.2% (hourly wind
gust), are in the order of magnitude with the values of Davidson-Arnott
et al. (2009), measured during experiments with obliquely onshore winds
for a period of ten hours, in which the moisture content at the upper
beach ranged between 2–4%. Also, Davidson-Arnott et al. (2008) measured
moisture content values between 0.5–3.5% at the upper beach during their
experiments to understand the moisture effect on the threshold velocity.
The obtained characteristic moisture values (MW M and MW G ), for
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Table 4.3: Years in which the aggregated transport formula was evaluated with
their respectives Lidar survey dates and the maximum water level per period.
Year

Lidar survey dates

Max Water Level

2008
2009
2010
2012

April 9, 2008 - March 18, 2009
March 18, 2009 - March 11, 2010
March 11, 2010 - January 27, 2011
February 1, 2012 - January 14, 2013

1.85m
1.92m
1.79m
1.71m

Table 4.4: Volume change during years in which maximum water level was lower
than 2.0m. The volumes correspond to those obtained from Lidar data and to the
calculated ones with the Equation 4.6, considering hourly average wind speed data
and a representative moisture content equal to 1.2%, except for the last column
in which moisture was not considered and hourly average wind speed is the only
data considered. The heading of each column represents the data considered to
calculate the respective volume. Volumes in m3 /m.
Year

Lidar

Wind

Wind+Rain

Wind+WLevel

Wind+Rain+WLevel

Wind (0%)

2008
2009
2010
2012

18.8
11.2
12.6
15.6

14.2
18.0
11.5
15.1

6.3
11.1
8.0
9.9

13.4
17.8
9.6
15.1

6.3
11.0
6.2
9.9

57.6
63.4
44.4
60.0

the hourly averaged and gust wind speeds of 2009, i.e. 1.2% and 3.2%
respectively, were tested for other years in which the maximum water level
reached was lower than 2.0m+NAP (see Table 4.3). The years evaluated
and their respectives volumes are presented in Table 4.4 and Table 4.5. The
volumes were calculated considering the hourly average or gust wind speed,
for daylight data, and using the proportionality factor (P = 3) to bring
the volumes to a yearly basis. For both cases, i.e. hourly average or gust
wind speed the results show a similar pattern of over or underestimation,
with respect to the Lidar measurements, according to the different scenarios
analysed.
Figure 4.15(a) shows the calculated volumes using the Equation 4.6. The
red dots show the potential transport if no moisture (M=0%) is assumed
and without considering rain and water level. The blue dots represent
the volumes calculated for the representative moisture content (M=1.2%),
hourly average wind speed, rain and water levels. Additionally, when
moisture, rain and water levels are not included in the Equation 4.6 a
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Table 4.5: Volume change during years in which maximum water level was lower
than 2.0m. The volumes correspond to those obtained from Lidar data and to the
calculated ones with the Equation 4.6, considering hourly maximum wind speed
(gust) data and a representative moisture content equal to 3.2%, except for the
last column in which moisture was not considered and wind gust is the only data
considered. The heading of each column represents the data considered to calculate
the respective volume. Volumes in m3 /m.
Year

Lidar

Gust

Gust+Rain

Gust+WLevel

Gust+Rain+WLevel

Gust (0%)

2008
2009
2010
2012

18.8
11.2
12.6
15.6

14.7
18.8
8.6
19.3

4.7
10.0
5.2
11.4

12.8
18.8
6.2
19.3

4.7
9.9
2.8
11.4

131.1
146.9
103.6
149.6

huge overestimation occurs, showing that the approach proposed is a good
start point to the long term aeolian sand transport quantification. As
we can see in Figure 4.15(b), the representative moisture content seems
to be an overestimation for the years 2008, 2010 and 2012. To have a
perfect match between the volume from Lidar and the calculated volume
considering the wind, rain and water levels, the surface moisture content
must be 0.6%, 0.7% and 0.9% respectively, this means an error with respect
to the characteristic moisture of 50%, 42% and 25%. It is important to
remark that the proposed model (Equation 4.6) does not consider transport
occurrence during hours in which rain was measured and therefore this can
be a reason for underestimation of transport as well. As previously explained
in Table 4.2, for the period March 2009 - March 2010, aeolian sand transport
was observed during 34% of the hours in which rain was measured (also
U > UThreshold ), this gives an idea that the volumes calculated for 2008,
2010 and 2012 might be underestimated if we assume no transport during
all the hours with rain. The dash line represents the ideal case in which
observed Lidar volumes match with the calculated ones using Equation 4.6.
During 2408 hours, that is 84% of the period analysed (2864 hours),
the wind speed was larger than the lowest hourly wind speed for which
transport was observed on an image (5m/s). From this 84%, 30% of the
time transport was observed on the images. Note that 5m/s is the hourly
average wind speed. This implies that the sediment movement may well
have been caused by instantaneous wind speeds that were larger than 5m/s,
due to gustiness and variation in wind speed throughout the hour.
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Figure 4.15: a) Comparison of volume increase (calculated and measured) for years
without storm surges, 2008, 2009, 2010 and 2012. The maximum water level during
these years was lower than 2.0m. The blue dots represent the volume calculated
according Equation 4.6, considering hourly average wind speed data and a surface
moisture content (MW M ) equal to 1.2%. The red dots represent the volumes
transported during the same years, but the only data considered corresponds to
hourly average wind speed, i.e. M=0%. The dashed line represents a 1 to 1 slope
line. b) A zoom-in of the calculations using a moisture content of 1.2%. The error
bars represent the volumes obtained for moisture contents of 1.0% and 1.5% and
the error related to the Lidar measurements.

We are interested in the quantification of the transport from the
intertidal beach towards the dunes, therefore, only onshore directions are
relevant to transport calculation with respect to aeolian feeding of dunes
from the intertidal beach. When only onshore winds are considered (Table
4.6) the occurrence of transport increases to 45% and also the UThreshold
becomes UThreshold Onshore = 7m/s. Hage et al. (2018) determined this
threshold wind velocity as 8m/s by using data from the same wind station
(IJmuiden) and Argus images from Egmond beach for the period October
2011 and March 2012. A similar value is proposed by Williams et al. (2018)
for the occurrence of transport in the Sand Motor (Stive et al., 2013). If
UThreshold =8m/s is assumed, the observed occurrence of onshore transport
rise to 52% of the cases in which the mean wind speed is equal or above of
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Table 4.6: Amount of hours in which transport or no transport was observed
in the images, when U > UThreshold considering onshore wind conditions and
its relation with the presence or absence of rain during the same hour. Where
UThreshold Onshore =7m/s corresponds to the minimum hourly wind speed at which
transport was observed in the images.

Transport
Images

Yes
No

Rain
Yes No
84 422
93 524

Table 4.7: Average water level (m above NAP) in which transport or no transport
was observed in the images, when U > UThreshold considering onshore wind
conditions and its relation with the presence or absence of rain during the same
hour. Where UThreshold Onshore =7m/s corresponds to the minimum hourly wind
speed at which transport was observed in the images.

Transport
Images

Yes
No

Rain
Yes No
0.07 0.17
0.26 0.24

the new threshold (8m/s).
Table 4.6 shows that even though during onshore wind conditions with
wind speeds above 7m/s, still 55% of the time transport was not observed.
This can be related to water level variation which influences the groundwater
level and therefore, the moisture content of the surface (Montreuil et al.,
2018; Namikas et al., 2010; Poortinga et al., 2015a; Silva et al., 2018). Figure
4.16 presents the cumulative distribution of water levels and wind speeds for
the cases presented in Table 4.6. As we can see the cases in which transport
is observed tend to have lower water levels and larger wind speeds than the
cases in which transport is not observed in the images. Table 4.7 shows the
average water level in which Transport or No Transport was observed in the
images with the presence or absence of rain during the same hour.
The minimum hourly average wind speed at which onshore aeolian sand
transport can occur was observed in the images, to be 7m/s. The transport
calculations at the aggregated scale show that to have a shear velocity larger
than threshold shear velocity (U∗tm ) for moistened sand (M=1.2%), the
wind speed must exceed 13m/s. At those wind speeds occurrence of active
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Figure 4.16: a) Cumulative distribution of water levels and wind speeds during
hours in which transport or no transport was observed in the images, when U >
UThreshold =7m/s considering onshore wind conditions and its relation with the
presence or absence of rain during the same hour.

saltation throughout the full hour, as assumed in the model, is more likely
to occur than for 7m/s. This higher threshold at the aggregated scale seems
to imply that the majority of the transport, at Egmond beach, requires at
least moderate gale (Beaufort 7 or higher) conditions.
The dune volume changes, obtained from the Lidar data, are subject to
measurement error. An important source for errors in the derived volume
changes is the vertical offset of a complete elevation survey that occurs due
to the error in referencing the survey to the national vertical datum (NAP).
This error is around 2.8cm for the years analysed and is obtained from data
quality documents from Rijkswaterstaat (2015). This systematic error (i.e.
systematic for a single survey) could increase or reduce the volume change
(±∆V) calculated for our reference year (2009), the year that we have used as
a calibration year for moisture content. The ∆V is obtained by multiplying
the systematic error by the projected area of the dunes (Figure 4.6). This
error leads to a new volume increase for the year 2009 equal to 11.2 ±3m3 /m.
Therefore, the surface moisture content for the average wind speed ranges
between 1.0% to 1.5%. The volumes related to a moisture content of 1.0%
are shown in Table 4.8. This scenario represents the case in which the error
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Table 4.8: Volume change during years in which maximum water level was lower
than 2.0m. The volumes correspond to those obtained from Lidar data (based
on considerations about measurement error) and to the calculated ones with the
Equation 4.6, considering hourly average wind speed data and a representative
moisture content equal to 1%. The heading of each column represents the data
considered to calculate the respective volume. Volumes in m3 /m.
Year

Lidar

Wind

Wind+Rain

Wind+WLevel

Wind+Rain+WLevel

2008
2009
2010
2012

15.8
14.2
9.6
12.6 - 18.6

18.0
22.7
14.8
19.0

10.1
15.7
11.3
14.1

17.1
22.4
12.8
19.0

10.1
15.5
9.4
14.1

in the volume is assumed to be +3m3 /m for our reference year (2009) and
therefore, the Lidar derived volume changes for the year 2008 and 2010
have been reduced (as they share a survey with the reference year). As the
volume change for the year 2012 is not derived from surveys linked to the
volume change of the year 2009, the Lidar volume presented in Table 4.8 for
2012 ranges between 12.6 and 18.6 m3 /m. Therefore, the accuracy of the
topographic surveys is key to obtain a representative moisture content.
The current approach seems to hold promise for beaches with dominant
oblique winds and a wide zone between the MHTL and SHTL. This also
happens to be the zone where swash processes tend to form a berm (Jensen
et al., 2009) hence a deposition zone for wave/tide related transport processes
under accretionary conditions. Further studies could include use of a
characteristic intertidal beach width based on beach width values that can
be obtained from Argus-video images (Aarninkhof et al., 2003; Uunk et al.,
2010). Note that on a intertidal beach like Egmond characterized by ridge
and runnel topography, the intertidal beach width at a given time is not
trivial to define. Additionally, another improvement, linked to observations
in Table 4.2, could consider XRain not as a binary variable but a probability
of stopping the transport.

4.5

Conclusions

We have presented a method to quantify annual aeolian sand transport
on beaches. The main conclusions and outlooks derived from the previous
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results and discussion are:
1. The approach described to determine a characteristic surface-moisture
content value for aeolian transport from the intertidal beach performs
well and can be considered as a first step to obtain the long term
(annual-scale) quantification of aeolian sand transport towards the
dunes, using aggregated scale, but a process based formula and wind
data.
2. The representative moisture content values obtained (1.2% if hourly
mean wind speed are used and 3.2% if hourly wind gust are used as
input) imply that we need a quite dry beach surface indicating that
the main source area for aeolian transport corresponds to the upper
part of the intertidal beach, most likely the region between MHTL and
SHTL.
3. Due to the high dependency of the representative surface moisture
content value on observed dune volume change, the accuracy of the
topographic surveys is key to obtain a reliable and representative
moisture content.
4. The quantification needs the support of the images to detect the days
or hours in which transport occurs. Therefore, the availability of video
images is an important tool to corroborate the aeolian activity or
transport at the beach.
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Chapter 5

Discussion and Conclusions
Through error you come to the truth!
I am a man because I err! You never
reach any truth without making fourteen
mistakes and very likely a hundred and
fourteen.
Fyodor Dostoevsky
Crime and Punishment (1866)

DISCUSSION AND CONCLUSIONS

5.1

Discussion

Although aeolian sand transport quantification has been studied during
almost a century, it is still unclear which is the best instrument or approach
either to measure transport or to upscale to the long term.
Related to measurements, several kind of instruments are available, but
during the last decade optical sensors have been introduced with the aim to
have more information about the variability of the transport intensity and
with the purpose to quantify instantaneous transport. In this Thesis, an in
depth analysis has been performed of the functioning of one of the optical
sensor more commonly used in aeolian sand transport studies: the Wenglor
sensor.
In Chapter 2, from the in depth analysis of the technical characteristics
of the Wenglor sensor, the effective detection width concept (EDW) was
introduced. EDW takes into account that the location in which the particle
crosses the laser beam is very important to achieve a count from the Wenglor.
When deploying a Wenglor in the field, it is important to consider that
sensor saturation might be a count limiting factor during high concentration
transport. In this case the sensor will count particles but two or more grains
may cross the laser beam at the same time and the Wenglor will recognize
the group of grains as a only one particle, and therefore, the output will be
one count instead of the actual number of particles. Another limiting factor
is that finer grains will not be counted by the Wenglor because they are not
big enough to cause a 18% intensity reduction of the laser beam. The 18%
intensity reduction means that the minimum diameter to have a count is
coarser than the assumed so far, 210µm vs 40µm respectively.
Martin et al. (2018) presented a methodology to calibrate Wenglors
with sand traps, but their calibration parameters show a high variation
between sensors, grain sizes, the study area and elevation of the sensor.
These deficiencies or weaknesses of the Wenglor sensor do not limit the
use of the sensor for detection of occurrence of transport or to know the
transport intermittency over time. In this thesis, the grain size dependency
was accounted for in the grain count to flux conversion, both considering the
minimum detectable grain size as well the grain size varying EDW. Still, the
quality of the Wenglor derived sediment flux values varied by sensor as well
as over time for a single sensor including both under and overestimation of
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the actual flux values. This makes it a difficult problem to be solved by a
calibration approach.
The results of the field deployments tell to us that there are no identical
Wenglor sensors, even when they have been manufactured under the same
conditions. And the difficulty to calibrate the sensor measurements are
related to the fact that the particle sizes are too close to the lower limit of
detection of the sensor. The simulations presented in Chapter 3 show that
the average fluxes in the field, at which the sensor has been tested, are far
to be saturated conditions. Therefore, the differences between sand traps
and Wenglor measurements may be explained because of the flurries or high
concentrated periods that happen during field deployments.
In Chapter 4, to overcome the need for detailed input in transport
formulations on surface conditions in the intertidal zone we have explored an
alternative approach in which single aggregated values are used. Analogously
to using a characteristic grain size in transport calculations we propose
a procedure to obtain a site specific characteristic moisture content. The
rationale for using a single characteristic moisture content of the intertidal
beach, is that regular wetting-drying cycle of this zone due to the tide,
combined with site specific typical grain size and beach slope may also lead
to typical conditions regarding surface moisture.
We have neglected the fetch effect in our calculations, by assuming that
due to the wind climate and topography of Egmond beach the reach of a fully
developed transport occurs without restriction. This assumption may not
be realistic for others locations. The implications of this assumption is if the
critical fetch is not achieved, the moisture content calculated would decrease,
leading to a dryer beach condition, to match the dune volume variation
calculated with the Lidar data. The aggregated-scale transport formula
proposed shows that, when moisture, rain and water levels are excluded
from the calculations a huge overestimation occurs respect to the observed
dune volume change. In addition, the inclusion of rain and water levels in
the Kawamura equation as variables that limit the transport, showed that
the rain in its present form of inclusion would favour an underestimation of
the aeolian sand transport and the restriction assumed for water levels is
not a major limiting factor.
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5.2

Conclusions

5.2.1

Answers to the research questions

Q1. To what extent does the Wenglor sensor detect sand grains
of different diameters?
The results of laboratory experiments in Chapter 2 showed that
∼18% of laser beam obstruction for Minimal Teaching (MT) setting
and ∼78% in Normal Teaching (NT) are required to obtain a grain
count by the Wenglor sensor. The values provided by the vendor,
namely 10% signal obstruction at MT and 50% in NT, appear to be
underestimations for applications involving sand grains. From these
intensity reduction values, it was derived that observable grains are at
least 210 ± 3µm in diameter (in the MT setting), which is quite coarse
compared to the sizes of typical grains transported by the wind on
beaches. In the case of NT, the grain size has to be at least 495±10µm.
Due to a non-uniform intensity distribution in the laser beam
cross-section, the effective width detection is smaller than previously
assumed and the smallest observable grains can only be detected when
they pass exactly through the centre of the laser beam.
Q2. What is the suitability of the Wenglor sensor for measuring
aeolian sediment flux in field conditions?
In Chapter 3, I analysed the potential sensor limitations for quantifying
the flux of wind-blown sand.. The fact that the Wenglor detects only
the coarser portion of the sediment in transport (D>210µm) does not
seem to be a problem. The total flux scaled linearly with the detectable
part of the flux, therefore the real challenges are in the correctness of
quantifying the detectable part of the sediment flux by the Wenglor.
These appeared to be of variable quality, varying between sensors as
well as for a single sensor over time. Both over and underestimation of
the actual flux values occurred in a manner that seems to be difficult
to be solved by calibration.
Regarding the part of the sediment flux that is detectable by the
Wenglor, model simulations of the sensor counting process showed
that saturated counts start to occur for fluxes larger than about ∼
104

5.2. CONCLUSIONS
0.3kg/m2 s. This value did not occur during the experiments, therefore
saturation due to flux does not explain the differences between Wenglor
and sand traps. The actual flux values at which saturated counts start
to occur in specific conditions may be somewhat different depending
on particle speed, sediment concentration and grain size.
Fluxes simulated show that the maximum value of counts per second
that can be produced by a Wenglor sensor ranges between ∼1200 to
∼3000, for particles of 220µm at speeds of 2 to 16m/s respectively. For
particles of 470µm the number of counts per second ranged between
∼600 and ∼2400 for identical particle speeds. This shows that in field
conditions, with varying grain sizes and particle speeds, and unequally
spaced particles, the maximum possible count of 10000 counts per
second will far from be achieved.
Q3. How can we adapt process-based aeolian sand transport
models for quantifying the annual scale onshore sediment
supply - by wind - from the intertidal zone towards the dunes?
In Chapter 4, the approach described to determine a characteristic
surface moisture content value for aeolian transport from the intertidal
beach performs well and can be considered as a first step to obtain
the long term (annual-scale) quantification of aeolian sand transport
towards the dunes, using aggregated scale, but a process based formula
and wind data.
The representative moisture content values obtained (1.2% if hourly
mean wind speed are used and 3.2% if hourly wind gust are used as
input) imply that we need a quite dry beach surface indicating that
the main source area for aeolian transport corresponds to the upper
part of the intertidal beach, most likely the region between MHTL
(mean high tide level) and SHTL (spring high tide level). Due to the
high dependence of the inferred surface moisture content value on the
observed dune volume change, the accuracy of the topographic surveys
is key to obtain a reliable and representative moisture content.
The quantification proposed needs the support of the images to detect
the days or hours in which transport occurs. Therefore, the availability
of video images is an important tool to corroborate the aeolian activity
or transport at the beach.
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5.2.2

Reflection

The aim to go from procces scale equations towards long term
quantification is a long standing challenge in several areas of applied physics.
The main issue in nature is the non-linear behaviour of natural processes and
also, some processes that can be neglectable in small scales could become
important at large scales (de Vriend et al., 1993).
In this thesis, I have studied the long term sand transport quantification
on beaches by using an aggregated scale approach to determine a
representative surface moisture content. In addition, I have developed an in
depth analysis of one of most used sensors for field work deployments, the
Wenglor sensor.
The reason for studying these particular topics originated from the
identified knowledge gap in the link between process-scale models of aeolian
sand transport and the prediction of long term morphological evolution of
the dune-beach system. The central problem underlying this is the detailed
spatial-temporal input that is required to use process-scale transport
formula, which forms a problem in long-term applications. By developing
a new aggregated-scale aeolian transport formulation, I have shown the
potential to use a site specific characteristic moisture content to calculate a
long term—annual scale—aeolian sand transport.
The aggregated-scale quantification approach, seems to hold promise for
beaches with dominantly oblique winds and a wide zone between the MHTL
and SHTL. This also happens to be the zone were swash processes tend to
form a berm (Jensen et al., 2009) hence a deposition zone for wave/tide
related transport processes under accretionary conditions.
A closely related aspect is the suitability of the currently available
process-scale transport formula themselves to predict aeolian transport in
the beach environment. Field measurements of aeolian transport are needed
to validate process-scale transport equations. To that end, the increasingly
used Wenglor sensor was studied for its suitability to quantify aeolian
transport on the beach. The results show that the Wenglor sensor has
its limitations with respect to quantifying aeolian transport. Given the
reason of the shortcoming appearing from the study, the principle of optical
particle counting itself is considered still useful, because of the high frequency
and valuable data possible to obtain as presented in Chapter 2, when the
photodiode was utilized to collect the laser reduction at the laboratory. It
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seems that typical saturation problems that happens with Wenglor or impact
sensors can be solved with enhanced optical sensors as snow particle counters
(Leonard et al., 2012; Naaim-Bouvet et al., 2014) or Santri (Etyemezian
et al., 2017).

5.3

Recommendations

With respect to the possibilities to technically improve the optical
sensors, Etyemezian et al. (2017) provide an insightful discussion on how
the ‘family of optical gate devices’ might be developed further to be more
useful to the aeolian sediment transport research community. New optical
sensors should be developed that allow to extract and then analyse the raw
signal without any preprocessing inside of the instrument, as happens with
the Wenglor. As presented in this thesis, by using the collected data by the
photodiode, we were able to determine the exact laser intensity reduction and
therefore translate to the grain size that was crossing the laser beam. This
would support the recommendation by Martin et al. (2018) to technically
improve laser particle counters, such as the Wenglor, to be able to detect
detect airbone particle size distributions at the same time that the sensor
counts the particles.
To validate the aggregated-scale quantification approach, presented in
Chapter 4, in areas that lack of data availability, it is recommended to collect
data of wind speed and direction during a period of at least 12 months and
additionally install a camera to have images at least every hour, during
daylight. Delgado-Fernandez et al. (2009) presented several recomendations
for long term monitoring with video cameras, such as power supply and
data storage. Additionally, Williams et al. (2018) presented an important
progress in automated aeolian transport detection from images. Also it is
important to survey the topography of the dune areas in a regular basis that
can be monthly, but the most important here is that in case of storm surges,
the survey must be conducted inmediatelly after the erosion event, and as
explained before, the accuracy of the topographic surveys is key to obtain a
reliable and representative moisture content.
Further studies could also include use of a characteristic intertidal beach
width based on beach width values that can be obtained from Argus-video
images (Aarninkhof et al., 2003; Uunk et al., 2010). Note that on a
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intertidal beach like Egmond characterized by ridge and runnel topography,
the intertidal beach width at a given time is not trivial to define.
Additionally, the inclusion of rain and water levels play an important
role in the quantification of the transport, but can be improved by adding a
probability of stopping the transport instead the proposed binary variable.
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Summary
Quantitative prediction of aeolian sand transport rates on beaches is still
a difficult task, mainly due to the large spatio-temporal variability inherent
to this type of transport. In order to validate new approaches to calculate
aeolian transport, in situ field measurements are needed, combined with the
knowledge on how to interpret point measurements in this spatio-temporal
varying transport field. Despite the various instruments available and
techniques to convert measurements to sand fluxes, there is no consensus
about which trapping-device or sensor is the optimal one for aeolian sand
transport studies. Often, the results of deployments with electronic sensors
(optical and impact sensors) and sand traps are not similar.
During the last decade, laser particle counter sensors (Wenglor fork
sensors) have been used in various studies to obtain rates of aeolian sand
transport in the beach-dune environment. The sensor has been tested in
wind tunnels and generally seemed to record aeolian transport properly,
and field applications of the sensor reported in literature seemed to provide
realistic results. However, some strongly deviating results in our own
transport measurements by a co-located sand trap and Wenglor sensor array
urged us to further look into the detectability of various grain sizes by the
Wenglor sensor.
Chapter 2 presents the results of a laboratory experiment to test the
ability of the Wenglor sensor, to accurately count sand grains of various grain
size classes and stainless steel beads. We compared the count data collected
by the Wenglor with images from a Highspeed camera which revealed the
actual number of grains passing the laser beam. Also, a Silicon photodiode
was used to record the laser intensity reduction induced by the sand grain
passage through the laser beam to derive the minimal necessary reduction
for the Wenglor to count grains, and thereby the minimal detectable grain
size.
Chapter 3 shows the experiments developed to analyse the behaviour of
Wenglor laser particle counter in the field. Rates of aeolian sand transport
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were recorded using the Wenglor sensors and co-located vertically stacked
mesh sand traps collected sand transported at various elevations. The results
show a large variability between fluxes calculated with the sand traps and
those derived from the Wenglor counts at the corresponding elevation. We
also investigated the influence of the saturation of the Wenglor in the results.
A simulation model of the counting process is presented to look into the role
of sediment concentration, sediment fluxes, particle speed and grain size in
the mismatch. The simulation results show that saturation of the sensor
could start to occur for fluxes larger than ∼0.3kg/m2 s, which did not occur
during the experiments. Therefore, saturation due to flux does not explain
the differences between Wenglor and sand traps.
Finally, in Chapter 4 we explore an approach for annual scale transport
prediction from the intertidal beach, in which we aggregate the surface
conditions of the intertidal beach, in particular moisture content and
roughness, and use monitoring data on wind speed, wind direction, rain
and water levels to calculate the annual onshore aeolian sand transport. To
obtain the aggregated value for moisture content we compare calculated
transport for various moisture content values to the volume increase of
the dune area obtained from topography. The approach to determine a
characteristic moisture content value for aeolian transport gives surface
moisture values of 1.2% to 3.2% for wind average and wind gust respectively,
implying that to achieve the dune volume change a quite dry beach
is necessary. This indicates that the main area for aeolian transport
corresponds to the upper part of the intertidal source, most likely the region
between mean high tide line and spring high tide line.
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Samenvatting

Het kwantitatief voorspellen van de grootte van eolische zandtransport
op stranden is al lang een lastig probleem, met name vanwege de grote
spatio-temporele variabiliteit die inherent is aan dit soort transport.
Om nieuwe benaderingen voor het berekenen van eolisch transport
op het strand te kunnen valideren, zijn metingen in het veld nodig,
samen met de kennis om deze puntmetingen in het spatio-temporeel
variërende transportveld te kunnen interpreteren. Ondanks de verschillende
beschikbare instrumenten en technieken om zandfluxen te bepalen, bestaat
er geen consensus over welke zandvanger of sensor de optimale is voor
eolische zandtransportstudies. Vaak zijn de resultaten van elektronische
sensoren (optische en impactsensoren) en zandvangers niet vergelijkbaar.
In het afgelopen decennium is, in meerdere onderzoeken, een nieuw
type sensor gebruikt die op basis van laserdetectie zandkorrels telt
(Wenglor-sensor) om vervolgens de grootte van eolisch zandtransport in
de strand-duin omgeving te kunnen bepalen. De sensor is getest in
windtunnels en leek in het algemeen eolisch transport correct te registreren.
Ook in de literatuur vermelde veldtoepassingen van de sensor leken
realistische resultaten te geven. Echter, enkele sterk afwijkende resultaten
in eigen zandtransportmetingen met Wenglor sensors en een er direct naast
geplaatste zandvanger, vormden de aanleiding om verder onderzoek te gaan
doen naar de detecteerbaarheid van verschillende korrelgroottes door de
Wenglor-sensor.
Hoofdstuk 2 presenteert de resultaten van een laboratoriumexperiment
waarin we onderzocht hebben hoe goed de Wenglor-sensor in staat is
om vallende zandkorrels van verschillende korrelgrootteklassen te tellen en
vallende roestvrij stalen kogeltjes van uniforme grootte. We vergeleken de
telgegevens die door de Wenglor werden geproduceerd met opnamen van het
valexperiment door een Highspeed-camera die het werkelijke aantal korrels
dat de laserstraal passeerde toonde. Daarnaast werd, met behulp van een
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siliciumfotodiode, de afname in laserintensiteit gemeten aan de detectie zijde
van de sensor op het moment dat de zandkorrel de laserstraal passeerde.
Hiermee werd bepaald wat de minimale reductie in laserintensiteit is, die
nodig is om de Wenglor-sensor een korrel te laten detecteren en daarmee de
minimaal detecteerbare korrelgrootte vast te stellen.
Hoofdstuk 3 toont de experimenten die zijn ontwikkeld om het telgedrag
van de Wenglor-sensor tijdens veldcondities te analyseren.
Eolische
zandtransporten werden op verschillende hoogtes boven het strandoppervlak
geregistreerd met zowel een verticale rij Wenglor-sensoren als een er direct
naast geplaatste, verticaal gestapelde reeks zandvangers waarin zand werd
opgevangen in gazen, wind doorlatende zakjes. De resultaten laten een grote
variabiliteit zien in de relatie tussen fluxen berekend met de zandvangers
en die afgeleid van de Wenglor-tellingen op de overeenkomstige hoogte.
Om deze mismatch te kunnen begrijpen hebben we een simulatiemodel
van het telproces gemaakt, waarmee gekeken is naar de invloed van
sedimentconcentratie, sedimentflux, deeltjessnelheid en korrelgrootte op
het optreden van verzadiging van de Wenglor-sensor tijdens het telproces.
De simulatieresultaten laten zien dat verzadiging van de sensor kan
optreden voor fluxen die groter zijn dan ∼0.3kg/m2 s, hetgeen tijdens de
veldexperimenten niet is voorgekomen. Daarom verklaart sensorverzadiging
als gevolg van opgetreden fluxen niet de verschillen tussen Wenglor en
zandvangers.
Ten slotte verkennen we in Hoofdstuk 4 een nieuwe aanpak voor de
voorspelling van de omvang van jaarlijkse, landwaartse zandtransporten
vanaf het intergetijde strand door de wind. Hierbij combineren we
karakteristieke waarden voor de conditie van het strandoppervlak in de
intergetijde zone, met name wat betreft vochtgehalte en de ruwheid,
met monitoringgegevens van windsnelheid, windrichting, neerslag en
waterstanden om het jaarlijkse onshore eolische zandtransport te berekenen.
Om de karakteristieke waarde voor het vochtgehalte te vinden, vergeleken
we het berekende transport voor verschillende vochtgehaltes met de
waargenomen volumetoename van het duingebied verkregen uit metingen
van de topografie. Deze benadering geeft waarden voor het vochtgehalte van
1.2% tot 3.2% bij gebruik van respectievelijk uurgemiddelde windsnelheid
en windsnelheid van de hardste windvlaag in het uur, hetgeen impliceert
dat om het duinvolume te veranderen een behoorlijk droog intergetijde
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strand nodig is. Dit duidt er op dat het belangrijkste brongebied voor
landwaarts eolische transport vanaf het intergetijde strand overeenkomt met
het bovenste deel van deze zone, hoogstwaarschijnlijk het gebied tussen de
gemiddelde hoogwaterlijn en de springtij hoogwaterlijn.
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