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Chapter 1

Introduction

1.1 Societal relevance of aeolian research

Aeolian processes occur in a variety of environments, such as arid, semi-arid and coastal

areas, but also in cold regions and along the borders of rivers and lakes. Besides the

interest in the physical fundamentals of particle (sediment) and fluid (wind) interaction,

these processes are considered as being societal relevant. The role of aeolian sediment

transport is for example extensively studied in coastal areas, as dune morphology pro-

vides a natural defence against the destructive forces of the sea. In-depth knowledge

on the system dynamics that drive the morphological development of natural coasts

is important, as maintaining the natural dynamics in this system allows vegetation to

flourish in different successive stages [Buckley, 1987], while preserving an appealing area

for tourism and recreation, and naturally, not compromising the safety of the hinter-

land [Van Koningsveld and Mulder, 2004]. In agricultural areas, wind erosion is often

considered a threat [Lal et al., 1994, Pimentel, 2006, Pimentel and Kounang, 1998],

as the fertile soil is removed from the area, inducing food insecurity due to nutrient

loss and health hazards due to inhalation of very fine dust particles [Copeland et al.,

2009, de Longueville et al., 2009]. Moreover, young seedlings can be destroyed beyond

redeem by the impact of saltating particles. On the other hand, the deposition of dust,

transported from the source areas, is an important source of nutrients for vegetation in

1



Chapter 1. Introduction 2

the sink areas, but also, when deposited in the ocean, for algae, the primary food source

for many marine species at the base of the food chain [Gao et al., 2001, Mctainsh and

Strong, 2007].

1.2 Current aeolian research on wind-blown sand

In 1941 the book of Ralph Alger Bagnold ”The physics of blown sand and desert dunes”

was published [Bagnold, 1941]. This book became the standard work for the field of

aeolian research, as it describes the physics of aeolian sediment transport based on em-

pirical data and theoretical considerations. Since this early work, a large amount of

studies have been conducted, resulting in numerous new theories and concepts on the

physics of wind blown sand. The broad variety of different methods and approaches,

ranging from windtunnnel studies [e.g. Bauer et al., 2004, Burri et al., 2011, Butterfield,

1998, Goossens et al., 2000, Van Pelt et al., 2009, Youssef et al., 2012b], field measure-

ments at a variety of scales [e.g. Delgado-Fernandez and Davidson-Arnott, 2011a, Ellis

et al., 2012, Namikas, 2003, Riksen and Goossens, 2005, Visser et al., 2004b, Weaver

and Wiggs, 2011], but also model approaches on grain-to-grain interactions [e.g. Durán

et al., 2011, Mitha et al., 1986, Willetts and Rice, 1986] to large scale dust models [Gi-

noux et al., 2001, 2004, Shao et al., 1996] have resulted in a large variety of theories,

concepts and ideas. Methods developed in disciplinary fields, such as fluid dynamics,

environmental modelling and remote sensing have been used extensively, whereas the

results of these methods have found their application in other disciplines, such as land

degradation and coastal management. This makes the discipline of aeolian research

inherently an inter-disciplinary playground. However, there are currently no standard-

ized methods to obtain and process scientific data in the field of aeolian research, which

makes results from different studies difficult to compare [Barchyn et al., 2011].

Most studies use the positivist doctrine, where scientific knowledge is deduced from

empirical data. The positivist doctrine has very strong roots in the scientific code

of conduct of today. This doctrine dictates that a theory (or mathematical) model

to describe for example the natural dynamics of coastal fore-dune development in the

2
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Netherlands, or the impact of wind erosion on food (in)security in Burkina Faso should

satisfy two requirements: ”(1) it must accurately describe a large class of observations

on basis of a model that contains only a few arbitrary elements, and (2) it must make

accurate predictions about the results of future observation” [Hawking, 1996].

Advances in the field of erosion research are, seriously hampered due to the lack of

large amounts of high quality data [Stroosnijder, 2005] for a variety of spatio-temporal

scales. In an era where data abundance (big data) is seen as a constraint rather than

an advantage for aeolian research, there is a lack of resources to develop adequate tools

to develop and (extensively) test methods to obtain large datasets.

The complex non-linear behaviour of fluid flow, combined with the irregular com-

position of sediment and individual grains add an extra layer of complexity. As a

consequence, it is not (yet) possible to deduce a purely deterministic model to describe

the processes at a range of different spatial and temporal scales.

Due to this lack of data and inherent complexities in model development, a definite

answer on the nature and behaviour of aeolian sediment transport (at any scale) can not

be formulated. Results of a specific study should be generally interpreted as valid for

the specific space-time dimension under consideration. In fact, there is a strong analogy

with current issues in the field of physics, where quantum theory (the very small) is

inconsistent with the mathematical models of cosmology (the very big). However, in

the field of physics, there is a considerable amount of resources available to search for

the ”Theory of everything”, whereas resources in aeolian research are often limiting.

1.3 Scales in aeolian research

A main challenge in studying aeolian sediment transport (in coastal environments) is

the interpretation of the processes that occur through a range of scales [Sherman, 1995].

Figure 1.1 shows the processes of aeolian sand transport, dune development and coast-

line evolution in association with the spatial and temporal scale at which they occur.

It can be seen that aeolian sediment transport occurs mainly at the micro scale, in-

fluenced by wind unsteadiness, particle properties, meteorology and surface conditions.

3
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Dune development on the other hand, takes place over longer temporal and spatial

scales, and is influenced by seasonal climate, vegetation growth, but also by wave tide

and surge conditions. Coastline evolution is measured on the macro-scale and impacted

by climate, sea level and geology. While these scaling problems are common in geo-

morphological research, it inhibits the development of clear understanding of dune and

coastline evolution and overall system behaviour [Sherman, 1995].

Figure 1.1: The processes of aeolian sand transport, dune development and coastline
evolution act at different spatial and temporal scales. The natural controls associated with

the different scales are shown in the blue box.

The processes associated with aeolian sediment transport in a coastal environment

are shown in figure 1.2. Wind initiates the movement of sediment, resulting in erosion

of sediment from the source area and deposited in the sink area. Heavy particles role

and slide over the surface (creep) and the lighter particles are entrained by the wind and

jump over the surface (saltation). Whereas suspension, the process in which the smaller

particles are carried large distances plays an important role in arid environments, the

portion is often negligible in coastal environments [Illenberger and Rust, 1988]. Surface

moisture and fetch might limit the amount of sediment transported as well.

Figure 1.3 shows the processes, controls and effects of aeolian sediment transport

according to spatial and temporal scale. Creep and saltation occur at a small temporal

4



Chapter 1. Introduction 5

Figure 1.2: The processes of aeolian sediment transport in a coastal environment. Aeolian
sediment processes are shown in black, the controlling factors in red.

and spatial scale, whereas meteorology, as the primary driver behind the transport

has a larger range. Surface moisture varies from hours to days, but can also show a

considerable variation over relatively short distances. Sea level also plays an important

role, as it affects fetch distance at the short term, while an increase in sea level becomes

more important over larger temporal domains. Vegetation, morphology and climate are

important factors at the macro scale.

Figure 1.3: The processes, controls and effects of aeolian sediment transport according to
the spatial and temporal scales they act on.

5



Chapter 1. Introduction 6

1.4 Measurements of beach-sand dynamics

A wide variety of instruments are available to measure the processes and controlling

factors of aeolian sediment transport. An overview of the measurement technologies are

shown in figure 1.4. The colors of the boxes can be linked with the colors in figure 1.3. As

this thesis is mainly focused on the short-term transport processes, only these processes

and controls were incorporated. The background and evolution of these measurement

techniques are further described in the next sections.

Figure 1.4: The technologies used to measure aeolian sediment transport processes and
controls. The colors are linked with the processes and controls in figure 1.3) .

1.4.1 Wind

Wind is the most important driver behind aeolian processes as aeolian sand transport is a

response to fluid forces within the near boundary of the surface whenever shear velocities

exceed a certain threshold shear velocity (u?t). As wind is a fluid, the physical behaviour

of wind flow can be described by fluid mechanics, the discipline in physics that describes

fluid flows. The first mathematical descriptions of fluid dynamics were formulated by

Newton et al. [1833], followed by work of Leonhard Euler who derived two non-linear

partial differential equations by applying the basic formulations of Newton’s second law.

While the Euler equation includes conservation of mass, energy and momentum, friction

was not included. The Euler Equation was independently modified by Henry Navier

[Navier, 1823] and George Stokes [Stokes, 1851], in order to account for internal friction.

6



Chapter 1. Introduction 7

The resulting Navier–Stokes equations are now the standard mathematical description

of (incompressible) fluid flows.

Turbulence is a typical characteristic of wind flow and has been associated with

the initiation of sediment movement [Walker, 2005]. Turbulence is a chaotic eddying

motion of a fluid with rapid variation in pressure and velocity in space and time. The

dimensionless Reynolds number [Reynolds, 1883] (eq 1.1), which can be obtained from

the Navier-Stokes equation, is often used to describe the ratio of inertial forces (UL)

to viscous forces (v). The kinematic viscosity (v; m2s−1), can be obtained from the

dynamic viscosity (µ; Pa · s) and the density of the fluid (kgm−3) by v = µρ−1. Low

Reynold numbers (< 2000; i.e. viscous forces are dominant) indicate a laminar flow,

whereas a high Reynold value characterizes a turbulent flow. Turbulence can also be

expressed in terms of Reynold stress, which is a second order closure method for the

Navier-Stokes equation to determine the mean force imposed on an area on the mean

flow by fluctuations in turbulence.

Re =
ρUL

η
=
UL

v
(1.1)

Since there is no closed-form solution for the Navier-Stokes equations, it is only

possible to approximate the behaviour of flow fields. These approximations are compu-

tational very demanding. For practical application, the ”boundary theory” developed

by Prandtl [1932] is often used, as this reduces the Navier-Stokes equation to a much

simpler one. Ludwig Prandtl recognized that a flow over a boundary can be divided

into two different regions: In a friction dominant thin boundary layer near the surface

and inviscid flow outside the boundary layer where friction is negligible. This concept

allows a closed form solution of the Navier-Stokes equations. With this simplification,

the shear stress on a surface can be obtained from the velocity gradient of the fluid.

In 1921, the ”law of the wall” (Eq. 1.2) was published [Kármán, 1921], which was

obtained by the integral of the boundary layer theory. This integral form has great

applicability, as the shear velocity (u?; also referred to as friction velocity) on a plane

7



Chapter 1. Introduction 8

can directly be obtained from the wind velocity (u) at height (z), the dimensionless Von

Kármán constant (k; approximately equal to 0.4), and roughness length (z0).

uz =
u?
κ
ln
z

z0
(1.2)

A precise estimation of the shear forces on the surface is imperative when aeolian sed-

iment transport dynamics are studied. These shear forces are typically determined from

wind velocity, measured with time-averaged equipment such as cup or vane anemome-

ters as well as high frequency equipment such as thermal anemometry (hot film or

wire thermal probes) and acoustic Doppler technologies. Cup or vane anemometers,

which consist of hemispherical cups or a propeller that rotate in proportion to the wind

speed, are used most frequently. Hot-wires or hot-films, applied in numerous studies of

e.g. Bauer et al. [2004, 1998], Burri et al. [2011], Butterfield [1998, 1999a], Castro and

Wiggs [1994], Goossens et al. [2000], Kang et al. [2008a,b], Lee [1987], Rasmussen and

Sørensen [1999], Wiggs et al. [2004a,b], detect changes in the resistance of a heated film

or wire when a fluid passes. Acoustic Doppler technologies, such as sonic anemometers

[Leenders et al., 2005a, Van Boxel et al., 2004, Walker, 2005], use the velocity of an ul-

trasonic sound signal in air to determine the wind velocity. The time between emission

and reception of an ultrasonic signal is used to determine the wind velocity, as wind

either supports or opposes the propagation of sound through the air, dependent of the

direction.

Thermal anemometry and acoustic Doppler are fast-response technologies to study

turbulence near the boundary. These techniques allow to measure in the three compo-

nents of wind speed simultaneously. Data of these technologies can be used to determine

the Reynold stress, defined as covariance between the horizontal and vertical wind speed

[Van Boxel et al., 2004]. For aeolian research, thermal anemometers are advantageous

because of their size and small volume, and, as such, minimize obstruction of wind flow.

However, they are also fragile and have to be calibrated for atmospheric conditions

[Kaimal and Finnigan, 1994]. Acoustic Doppler devices are more robust, do not require

field calibration, but cover a larger volume, possibly obstructing the natural wind-flow.

8
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Cup and vane anemometer come in all sizes and shapes and are often used to de-

termine shear velocity (eq. 1.2). As shear velocity is obtained from the log-linear

time-averaged wind profile, it is necessary to measure the wind velocity at different

heights. A minimum of three anemometers is required to determine the log-linear ve-

locity profile. However, a higher number is recommended for a higher accuracy and

error estimation. A detailed description of sources of uncertainty can be found in Bauer

et al. [1992]. Due to the design with rotating parts, cup and vane anemometers can not

be used to study turbulence and coherent flow structures. Response times in the order

of 0.2 to 0.5 s have been reported [Baas, 2008, Schubauer and Adams, 1954] for wind

velocities between 4 and 10 ms−1.

High resolution measurements have improved our understanding of turbulent wind

flow upon aeolian sediment transport. The work of e.g. Sterk et al. [1998] and Schonfeldt

and von Lowis [2003] shows there is no well-defined relation between instantaneous shear

stress and saltation flux. They state that, to estimate aeolian saltation fluxes, it is more

useful to also incorporate horizontal wind speed and its fluctuations. Furthermore,

instruments that measure wind velocity obtain only data on one specific point. Natural

conditions such as unsteady, multi-directional winds, flow modification, vegetation and

surface roughness modify the flow field. It is even suggested that secondary lee-side flow

patterns play a significant role in dune morphodynamics [Walker and Nickling, 2002].

Research on morphology induced flow modification [e.g. Hesp et al., 2005, Walker et al.,

2009] and the effect of vegetation on wind flow and sediment transport [e.g. Leenders

et al., 2007, Youssef et al., 2012b] are therefore also important.

1.4.2 Surface moisture

Surface moisture is widely recognized as an important transport limiting factor [Cornelis

et al., 2004b, Davidson-Arnott et al., 2008, Namikas and Sherman, 1996, Wiggs et al.,

2004b]. However, data on the spatial variability of the surface conditions is scarce,

whereas it is critical to account for quantification of aeolian sediment transport rates.

Moisture probes are frequently used to estimate surface moisture conditions, but often

9
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designed to measure the average moisture conditions over a column of sediment, whereas

the top layer is the area of specific interest for aeolian research. Moreover, they are

impractical for larger areas and require a proper calibration for salty or fresh water

conditions [Yang and Davidson-Arnott, 2005].

A method to acquire high spatio-temporal information on moisture conditions is

through a photographic methodology combined with regression analysis, developed by

McKenna Neuman and Langston [2006] and Darke et al. [2009]. This method links beach

surface moisture content to a corresponding normalized beach surface reflectance. The

relation is then applied to obtain temporal beach surface moisture maps. The method is

applicable with every common camera and provides a means to gather both temporally

and spatially dense information on the surface moisture conditions. A map with sur-

face moisture content would be ideal as an input parameter for temporal wet threshold

friction velocity estimations. A number of recent studies have used the method and

demonstrated the potential utility of a photographic approach to characterize spatio-

temporal patterns in surface moisture conditions. Studies of Delgado-Fernandez and

Davidson-Arnott [2011a] and Delgado-Fernandez et al. [2009] use the exponential rela-

tion between surface moisture and luminance from literature. Studies of Nield et al.

[2011] and Nield and Wiggs [2011] use a similar approach for a terrestrial laser scanner.

1.4.3 Saltation

Aeolian sediment transport can be categorized into three different modes: creep, salta-

tion and suspension. Finer particles (0.001 to 0.1 mm) are transported in suspension

over large distances and higher elevation, whereas larger particles roll (creep; 1 to 2

mm) or jump (saltation; 0.1 - 1.0 mm) over the surface over short distances [Fryrear

et al., 1991]. A variety of instruments is available to measure the volume, intensity and

composition of airborne particles. These methods can be divided in active and passive

measurements methods.

10
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1.4.3.1 Passive methods

Most measurements of aeolian sediment transport have been done by use of passive

sediment traps. There are a large number of passive sediment traps such as the vertically

integrated Leatherman/Rosen trap [Leatherman, 1978, Rosen, 1978], or traps consisting

of a number of compartments like the Modified Wilson and Cook [Sterk and Raats, 1996,

Wilson and Cooke, 1980a], Big Spring Number Eight [Fryrear, 1986], WITSEG [Dong

et al., 2004b], Basaran and Erpul Sediment Trap [Basaran et al., 2011], or mesh-type

trap [Sherman et al., 2014]. Vertically integrated traps involve a single chamber, thus

integrating the vertical flux into one measurement. Others comprise sets of different

compartments so that the flux profile can be measured. Typically, static traps are

deployed over periods of 1 to 30 minutes (or sometimes longer), sampling sediment

transport through openings (single or cumulative through several)with areas of the

order of 105 mm2 or greater.

To estimate the total amount of sediment transport, the sediment caught in the traps

over a known time period is dried and weighed. These results are used to calculate a

transport rate in units (typically) of kgm−1s−1 or gm−1s−1. When a trap array has

gaps in vertical coverage (such as the BSNE), the total transport rate can be estimated

by log-linear curve fitting for the segmented data and then by integration.

The total amount of sediment transport of a vertically integrated catcher can be

calculated directly, whereas log-linear curve fitting is required for compartment traps.

For each trap in the vertical array the total amount of sediment caught is multiplied by

the area of the inlet to get an amount in kgm−2. Then, regression analysis calculates

the vertical transport flux within the entire sediment transport layer. However, there is

disagreement in the literature as to how to best describe the vertical profile of sediment

transport [Ellis et al., 2009a, Panebianco et al., 2010]. Exponential functions (equation

1.3) as well as power functions (equation 1.4) have been used. The regression parameter

q0 is often associated with the portion of creep, whereas β represents the decay rate of

the saltation layer with height (z; m). Moreover, some software packages use these

formulae in a logarithmic form McCullough and Heiser [2008].

11
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q(z) = q0e
βz (1.3)

q(z) = q0z
β (1.4)

1.4.3.2 Active Methods

Field-deployable active sensors measure saltation at much greater temporal resolution

compared with passive traps. However, unlike the data obtained with passive sediment

traps, it is difficult to use the data acquired to quantify aeolian sediment transport with-

out extensive signal processing and calibration. Electronic saltation sensing instruments

or active methods operate from one of three bases: acoustic detection; piezoelectric de-

tection; or optical detection. These sensors have been reviewed and discussed extensively

in numerous studies [e.g. Barchyn and Hugenholtz, 2010, Davidson-Arnott et al., 2009,

Hugenholtz and Barchyn, 2011b, Sherman et al., 2011, Van Pelt et al., 2009].

The use of acoustic sensors for aeolian research started with Spaan and van den

Abeele [1991]. They designed and tested a microphone-based device and called it the

saltiphone. The microphone in the saltiphone responds to the impact of saltating grains

that compress its diaphragm. The generated signal is than recorded digitally. A large

number of studies have used this device in different environments such as beaches,

desserts and windtunnels. [e.g. Anthony et al., 2009, Arens, 1996b, Goossens et al.,

2000, Leenders et al., 2005a, Riksen and Goossens, 2007, Sterk et al., 2012, Van Pelt

et al., 2009, Visser et al., 2004b]. Other studies [Ellis et al., 2009b, Sherman et al., 2011,

Yurk et al., 2013] used a modified version of the saltiphone, that they called the ‘mini-

phone’ because of its small sensor area. Studies that used the output of microphone-

based systems, translated the output signal to grain-impact count to represent saltation

intensity, rather than total transport rates. Although acoustic sensors have been used

in numerous studies, the output can not be linked to coincidental measurements of

sediment transport [Ellis et al., 2009b, Goossens et al., 2000, Sherman et al., 2011].

12
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Impact sensors based on the piezoelectric principle were started with the develop-

ment of the piezoelectric-ring based sensit [Gillette and Stockton, 1986] the experiments

of Hardisty [1993] mounting a crystal on a phonograph needle. The principle of the Sen-

sit was also the basis for the development of the Safire [Baas, 2004]. Both sensors have

been used in numerous studies [e.g. Fryrear et al., 1991, Gillette et al., 1997, 1996, Lar-

ney et al., 1995, Stout and Zobeck, 1997, Stout, 2004, Stout and Zobeck, 1996, Wiggs

et al., 2004b]. However, both devices were found difficult to calibrate for a wide range of

conditions, partly because of the curved sensing surface. The output signal from piezo-

electric sensors also requires some degree of signal processing. However, some of the

instruments have an internal circuitry for signal processing and produce impact counts

directly. Innovations for the piezoelectric devices have not stopped, as a new device, the

FP5 Flat Plate Movement Sensor (Sensit company, 2013, [Sensit, 2013]) has evolved.

Lasers have also been used for a number of decades to detect and measure saltation.

Perhaps the first use was in a wind-tunnel experiment of Nickling and Ecclestone [1981]

where the beam was used to detect the initiation of motion. Later, Butterfield [1999b]

used a laser system and thermal anemometry in a wind-tunnel to study saltation pro-

files. The next technological advances came with the development of a laser particle

counter that could also size the grains [Mikami et al., 2005]. More recent studies used

a commercial fork-sensor particle counter (produced by Wenglor Sensoric Gmbh) in

field studies of aeolian sediment transport [e.g. Chapman et al., 2013, Davidson-Arnott

et al., 2009, Hugenholtz and Barchyn, 2011b, Martin et al., 2013]. These studies use

the grain count output from the circuitry without subsequent signal processing. While

this output is an advantage in terms of usability, the output was found to relate poorly

to actual sediment transport rates [Hugenholtz and Barchyn, 2011b]. However, the re-

cent manuscript of Barchyn et al. [2014a] demonstrates that the Wenglor is suitable for

measuring aeolian sediment transport at high temporal and spatial resolution. In order

to quantify aeolian mass fluxes, they suggest to apply the wenglors in co-located pairs

and collect sediment simultaneously using a sediment trap. This allows to identify the

periods when one instrument ceases to operate properly and convert counts to flux.
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The different studies that explore the efficiency and behaviour of electronic saltation

sensing instruments found low fidelity for active sensors. This is partly caused by the

often harsh operating conditions such as varying wind speed, temperature, saltation

intensity, and grain size [Ridge et al., 2011]. However, particular designs and signal

processing protocols also play important roles here. Radial variance in sensitivity is

for example a problem for the omnidirectional Sensit and Safires [Baas, 2004, Van Pelt

et al., 2009], whereas the fragility and implicit cut-off boundary, i.e. the translation from

a voltage to a count, impede the use of laser particle counters. While sensor degradation

might be a severe drawback for some of the acoustic sensors [Ellis et al., 2009b], they

have a limited effect in terms of flow distortion.

1.4.4 Erosion and deposition patterns

Data on wind induced erosion and deposition patterns are important when evaluating

the geomorphological impact of wind erosion. Several methods are available to ac-

quire high resolution data on surface elevation or to reconstruct erosion and deposition

patterns from the past. Optically stimulated luminescence (OSL) dating is for example

used to study aeolian processes on the time-scale of centuries to decades [Ballarini et al.,

2003, Madsen and Murray, 2009, Murray and Clemmensen, 2001, Yang et al., 2006].

Another method used to study erosion and deposition patterns on the decadal timescale

is analysing the redistribution of Cesium-137, which was released into the atmosphere

with the testing of nuclear weapons during 1950s and 1960s. As Cesium-137 is strongly

bound onto soil particles, all redistribution occurs to soil erosion processes. Studies of

e.g. Chappell [1999], Chappell et al. [1998], Ritchie and McHenry [1990] describe the

method, results and uncertainties of this approach.

Erosion and deposition patterns can also be determined by comparing surface eleva-

tion models of different moments in time. Methods to measure elevations have under-

gone fast improvements over the last decades. For example, annual elevation profiles of

the Dutch coasts were measured by levelling until 1977, by aerial photography from 1978

to 1995 and by laser altimetry thereafter [Bochev-Van der Burgh et al., 2011, van der
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Wal, 2004], with continuously improved measurement accuracies [De Graaf et al., 2003,

Oosterwijk and Ettema, 1987, Sallenger Jr et al., 2003]. However, these methods are

either labour intensive or require a substantial amount of financial resources. Digital

terrain models obtained from satellite data is freely and widely available nowadays, how-

ever, mainly suitable for large scale studies due to the rather coarse spatial resolution

and limited accuracy. For studies with a smaller spatio-temporal scale, erosion pins have

frequently been used to estimate erosion and deposition patterns (e.g. De Ploey and

Gabriels [1980], Delgado-Fernandez and Davidson-Arnott [2011a], Riksen and Goossens

[2007]). As the elevation from the top of the pin to the surface has to be measured at

given time intervals for each pin, it is relatively time demanding to cover a large spatial

domain or acquire data with a high spatial-temporal resolution. Moreover, erosion pins

obstruct the airflow causing sedimentations at the lee-side of the pin.

1.5 Modelling beach sand dynamics

1.5.1 Models

A wide variety of model approaches are available for a range of spatio-temporal scales to

estimate aeolian sediment transport rates, to simulate landscape evolution or to emulate

bed-form development. Current approaches include small-scale reductionist approaches,

large-scale self-organizing or statistical models and global scale empirical approaches.

Reductionist models have a strong physical basis, whereas statistical models aim to

describe a system or variable by means of a distribution or a range of predictions. Em-

pirical models are the so-called black-box models, and rely on a scientific relationship

between the input and output of the model. Some models aim to provide a qualitative

estimation or a prediction whereas other models are used to give quantitative informa-

tion on a system. Where the first generation of model operated on a point scale, more

recent approaches often operate on a gridded landscape. Despite considerable progress

in computational means and methods of operation, it remains challenging to obtain

reliable estimations of aeolian sediment transport processes. This is mainly caused by
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the inherent non-linear relation between wind forcing and sediment transport, but also

other environmental factors that affect aeolian sediment transport such as vegetation,

surface moisture, crop residues, wrack line materials etc.

Bagnold [1941] introduced the first point scale model to link aeolian sediment trans-

port with a forcing agent. Until now, the model (eq. 1.5) is the most widely used

to estimate aeolian sand transport rate q (kgm−1s−1), incorporating a dimensionless

parameter for surface sediments (C), the mean grain diameter (d; mm), a reference

diameter (D; mm), the shear velocity (u∗; ms
−1), and air density (ρ; kgm−3).

q = C

√
d

D

ρ

g
u∗

3 (1.5)

Numerous other studies, such as Hsu [1971], Kadib [1965], Kawamura [1951], Lettau

and Lettau [1978], Owen [1964], Sørensen [2004], Zingg [1953] have developed similar

empirical parametrizations, often incorporating the threshold shear velocity (eq. 1.6);

where u?t is the threshold shear velocity, A is a dimensionless constant (assumed to be

0.085 for the fluid threshold and 0.1 for the impact threshold), g is the gravitational

acceleration (ms−2), d is median (d50) grain size (m), ρs is the density of the sediment

(kgm−3) and ρ is the density of air (kgm−3). Unfortunately, there is not a strong

correspondence between the measured and predicted rates of transport using any of

these models [Sherman et al., 1998, Sherman and Li, 2012]. Sherman et al. [1998]

recognized that moisture content is a critical factor in model performance and that

none of the models is adequate for general applications to coastal-aeolian environments

where moisture content is an important regulating factor.

u?t = A

√
gd(

ρs − ρ
ρ

) (1.6)

The more recent approaches on wind erosion modelling can be divided into different

categories. The specific approach of these different schools is often connected to the

objective of the study. In the studies of e.g. Durán and Herrmann [2006], Herrmann

[2002], Kroy et al. [2002], Sauermann et al. [2001], Schwämmle and Herrmann [2005]
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the saltation flux and feedbacks with flow forcing and local topography are considered

in a continuum model of a transport layer of a developing profile, driven by a an airflow

model [Baas, 2012]. These studies are mainly interested in a physical derivation using

wind flow, to describe aeolian bed-form development qualitatively.

Point and transect models are a different category of models. A method to es-

timate aeolian sediment transport rates at a point scale was developed by Fryberger

and Dean [1979], and has since been used in numerous other studies (e.g. Al-Awadhi

et al. [2005], Arens et al. [2004], Kalma et al. [1988]). In this method, drift potential

is calculated using meteorological data based on an expression derived by Lettau and

Lettau [1978]. Another method that operates on the transact scale is the Simulation of

Aeolian Foredune Evolution (SAFE) model [Van Dijk et al., 1999]. This model uses the

flow model developed by Van Boxel et al. [1999] and the Kawamura [Kawamura, 1951]

sand transport model. Later work with this model included the effects of nourishments

[van der Wal, 2000b] and the effects of vegetation. Other approaches in wind angle,

beach geometry and fetch effects simulate sediment supply into the dunes [Bauer and

Davidson-Arnott, 2003, Delgado-Fernandez and Davidson-Arnott, 2011b]

Studies that focus on the agro-environmental impact of wind erosion often include a

quantitative evaluation of the model performances. The Revised Wind Erosion Equation

(RWEQ) [Fryrear et al., 2001, 1998] was developed to estimate event based soil and

nutrient loss. Similarly, the Wind Erosion Prediction System (WEPS) for wind-driven

soil erosion on agricultural fields [Hagen, 1991] was developed. Both models combine

empirical and process-based components obtained from windtunnel and field studies

and perform calculations on a gridded landscape. The models have been applied in

numerous studies [e.g. Buschiazzo and Zobeck, 2008, Funk et al., 2004, Visser et al.,

2005b, Youssef et al., 2012a, Zobeck et al., 2001]. They have been developed for field

scale application and require a large amount of spatial explicit input, such as crop

and soil parameters, but also time-series on shear velocity. These type of models were

developed to estimate soil loss quantities and do not predict qualitative indicators such

as bed-form and dune development.
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Cellular automata are a different branch of models. In cellular automata, physical

processes are represented as a set of simple rules of interactions between neighbouring

cells on a grid [Burks, 1970]. This set of simple rules result in a self-organizing process

which is qualitatively linked to the behaviour of a natural system. Bak et al. [1987]

introduced the concept to simulate self-emergent sand-pile formation. When grains are

randomly added to a sand-pile, represented by cells on a regular finite sized grid, the

slope angle increases. When the angle of repose is reached, every additional grain will

cause the structure to topple, resulting in avalanches of various sizes. The Werner dune

model uses a similar approach to simulate dune formation. The Werner dune model

[Werner, 1995] uses a grid containing a stack of slabs that represent the height of sand

in a specific cell. Aeolian bed-forms are simulated moving slaps over the grid under a

specific set of rules. The Discrete ECogeomorphic Aeolian Landscape model (DECAL)

for vegetated dunes [Baas and Nield, 2007, Baas, 2007, Baas and Nield, 2010, Nield

and Baas, 2008] relies on the Werner dune model, but also incorporates vegetation.

Current innovations of the model include quantitative dune development in an coastal

environment.

Cundall and Strack [1979] were the first to propose a methodology to calculate grain

interaction on a particles scale, called the Discrete Element Method (DEM). In this

model approach, the forces that act on each individual particle are calculated stepwise.

A contact force is calculcated using a contact model, which allows multi-body interac-

tions defined by the relative overlap between two particles. A large number of studies

of e.g Lee and Herrmann [1993], Li et al. [2005], Liffman et al. [2001], Luding [1997],

Matuttis et al. [2000], Smith and Tüzün [2002], Zhou et al. [1999, 2002, 2003] used the

DEM to study sandpile formation with a focus on the angle of repose, stress distribu-

tion and properties such as sliding friction and particle characteristics. However, these

studies used a small number of particles due to the large computational demand. Re-

cent advances on parallel computing techniques allow to run computational demanding

algorithms on the Graphical Processing Unit (GPU) rather than the Central Processing

Unit (CPU). Here, calculations are done parallel instead of serial. Despite the lower
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clock-speeds, speed-ups of e.g. 80 times [Shimokawabe et al., 2010] have been reported.

These more efficient implementations of the DEM on the GPU allow to realistically

simulate real world systems.

There are a number of other methodological issues that should be considered when

choosing a model strategy (see e.g. Malamud and Baas [2013]). It is important to keep

the number of parameters (model parsimony) if any additional parameters do not add

significantly to the explanatory or predictive nature of the model . Furthermore, the

model should preferably be calibrated and validated using empirical data. In general,

a dataset is often split into two parts, where the first part is used for calibration and

the second part for validation purposes. Calibration is required to optimize the empiri-

cal parameters for the environmental conditions under consideration. In the validation

stage, these parameters are kept constant to evaluate the model performance. Addition-

ally, the sensitivity and confidence levels of the model to specific parameters or processes

can be analysed in a sensitivity analysis and uncertainty assessment respectively.

1.6 The challenge

Research on aeolian transport processes has largely been done on the very small tem-

poral scale (seconds to minutes) and spatial scale (centimetres to meters). Dune de-

velopment on the other hand, is mainly studied at the larger spatio-temporal scale

(years and kilometres). While there have been substantial improvements in the ability

to measure near surface winds, equipment to measure aeolian sediment transport have

remained disproportional unsophisticated. Moreover, there is a fundamental mismatch

between empirical measurements and mathematical models that describe aeolian pro-

cess [Barchyn et al., 2014b]. Improvement in measurement equipment, methodologies

and models will narrow the gap between micro, meso and macro-scale studies and pro-

vide a better understanding of the processes and responses involved in aeolian sediment

transport.
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1.7 Aim of this study and research questions

The aim of this thesis is to explore, challenge and improve current technologies and

methodologies to measure, analyse and model beach sand dynamics through a range of

spatial and temporal scales. The following research questions were posed:

1. What are the current measurement techniques to measure aeolian saltation, how

reliable are they and can they be improved?

2. Is it possible to measure aeolian sediment transport in a coastal environment on

meso scale (weeks to months)?

3. What are the factors and processes regulating aeolian transport fluxes at different

spatio-temporal scales in a coastal environment?

4. What possibilities offer the recent advances in computational techniques for the

field of aeolian research?

1.8 Applied research approaches and thesis outline

Different research methodologies were used to formulate an answer to the research ques-

tions. The research consists of two field experiments, laboratory measurements, a wind

tunnel study and model development. Figure 1.5 provides an overview of the thesis

setup, the applied methods and the spatio-temporal scale under consideration. Three

other published studies by the author (with another lead author) are included in figure

1.5 (yellow), as they are closely related to the topic of this thesis.

This thesis contains 4 different laboratory experiments (Chapter 3, 4, 5 and 8).

The first laboratory experiment was done with a high-speed camera to study non-linear

behaviour of avalanches in sand-pile formation. This data was used for model validation.

A second experiment (Chapter 4) was performed in a wind tunnel to evaluate current

measurement techniques to measure aeolian saltation and propose better alternatives.

The third experiment (Chapter 5) was devised to measure the signal processing scheme
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Figure 1.5: The setup of the different Chapters with the research methodologies used.

at the circuit board of the saltiphone acoustic sensor using an oscilloscope. In the last

laboratory experiment (Chapter 8), a spectrometer (400 - 2500 nm) was used to measure

spectral reflectance of beach sand upon wetting.

The field experiments were conducted at the north-western end of Ameland (Chap-

ters 6 and 7), one of the Frisian barrier islands located in the northern part of the

Netherlands. During the field campaign, a meteorological stations, a comprehensive

grid of customized passive sediment traps, two acoustic sensing devices, groundwater

tubes and a camera were installed on the beach to evaluate the reliability of the mea-

surement equipment and measure aeolian sediment transport over a wide beach on an

event scale.

The last chapter of this thesis is a synthesis of all work conducted in this thesis.

This concluding chapter aims to integrate the findings of the different chapters and

formulates an answer to the research questions.

The data presented in this thesis was made available to an open access repository.

Furthermore, a conceivable amount of the Chapters was published in open access jour-

nal, so that the information is freely available to everyone.
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Chapter 2

Beneficial effects of wind erosion:

Concepts, measurements and

modeling

Poortinga, A., Visser, S. M., Riksen, M. J., & Stroosnijder, L. (2011). Beneficial effects

of wind erosion: Concepts, measurements and modeling. Aeolian Research, 3(2), 81-86.
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Beneficial effects of wind erosion: Concepts, measure-

ments and modeling

abstract

Aeolian research is still dominated by a technocentric worldview. With a focus on the negatives, it is believed

that all separate components should studied as detailed and possible, and combined, they explain the complete

system dynamics. This paper presents a new conceptualization of the benefits of wind erosion and argues to work

towards a more holocentric approach. Three examples show how aeolian process can be beneficial for biodiversity,

recreation, coastal defense and even for harvesting soil fertility. Current measurement techniques and modeling

approaches are contested. As data from lacking measurement techniques can not be used for extrapolation and

modeling purposes. Larger system dynamics are studied by simulating the small scale (reductionist) processes,

leading to a complex model structure based on weak empirical and physical considerations. A more holistic

approach suggest to monitor the greater systems dynamics and value the essential part of wind erosion in the

natural system dynamics.

2.1 Introduction

Though benefits do exist, the negative effects and dangers of soil erosion attract public

attention through media, research reports and from policymakers. It is widely known

that soil erosion by wind or water causes the fertile top layer to be removed, the soil

aggregates to break down, organic matter content to decline and the cultivable soil

layer to decline. As such, soil erosion is seen as the main cause for land degradation

with a focus on hill-slope water erosion processes and removal of soil particles by wind.

Alarming erosion rates inevitably lead to declining agricultural production and food

shortages. While requirements for food, fiber and other resources increase, soil erosion

by wind and water continues unabated [Pimentel, 2006].

Beside this main focus on the role of soil erosion processes as major cause of land

degradation, researchers have started to pay more attention to potential benefits of ero-

sion processes. Potential benefits of water erosion processes are widely known and used.
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Clear examples of land and water management practices that are based on this prin-

ciple are Zäı [Visser et al., 2003] and spate irrigation [Tesfai and Stroosnijder, 2001],

in which the fertile soil lost by erosion upstream, considerably increases downstream

onsite soil fertility and water holding capacity. Also in Kenya the process of erosion

and sedimentation is utilized through the construction of sand dams. The coarse sed-

iment collected behind the dams serves as an underground reservoir providing water

during the dry season [Lasage et al., 2008]. More recently, research projects have been

developed in which the economic benefits of water erosion are considered in benefit-

cost analyses [Firew, 2010]. These examples make contextuality an important concept

in water erosion research. With the statement: The perception of land degradation

often lies in the conceptualization and cannot be judged independently from only one

perspective, Warren [2002] made this contextual appraisal of erosion processes explicit.

Using Bawden [1997] four fundamental worldview types, the shift from a technocentric

attitude with respect to erosion processes towards a more holocentric attitude can be

made more explicit (Fig. 1). In a technocentric worldview it is believed that complex

systems can be explained by understanding the interactions between the smaller parts,

with only one truth (objectivism). Contrary, in the holocentric worldview, there is no

absolute truth (relativism), therefore the world cannot be explained by combining the

parts alone.

In wind erosion research, we can see a change from the common belief in the re-

ducible wholeness of nature (reductionism) towards a more holistic approach [e.g. Ravi

et al., 2010]. However, the technocentric worldview is still pronounced in measuring

and modeling approaches; small components and their interactions are often studied

in as much detail as possible [Best, 1993, Cornelis and Gabriels, 2003, Leenders et al.,

2005a]. This information subsequently cannot be used to simulate and predict larger-

scale geomorphological processes because models at the landscape scale validated with

traditional point-scale measurements are arguably inadequate for testing model accu-

racy over broad geographic extents [Webb and McGowan, 2009]. These point-scale

measurements often are not taken over a sufficiently long period, do not capture the
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large spatial variability and are not calibrated for specific field situations [Stroosnijder,

2005]. Furthermore, in many projects only erosion and transport are measured and

modeled [Van Donk and Skidmore, 2003, Youssef et al., 2012a]. When deposition is

considered, the focus is often on the qualification and quantification of the negative

effects [Huszar and Piper, 1986, Riksen and De Graaff, 2001]. However, Li et al. [2004]

demonstrate that dust deposition increases soil fertility.

The beneficial effects of wind erosion is based on a new conceptualization of wind

erosion processes, by moving towards a more holocentric world view. Discourses on

for example, the new ecology [Scoones, 1999] and political ecology [Blaikie et al., 1985]

have underlined the total complexity, broader context and dynamics of a system. More

recently, there is a trend to leave the hard engineering mindset behind in order to work

with nature. Warren et al. [2001] emphasize the benefits of soil erosion as part of a

natural system. Measurement and modeling methodologies are erosion measurement

techniques are not so accurate [Stroosnijder, 2005] and often do not cover the spatio-

temporal resolution for validation of model outcomes. Therefore, it is questionable if

current measurement and modeling methods are sufficient for studying soil erosion pro-

cesses in the context of a natural system. In this article we contribute to the discussion

on the new conceptualization of wind erosion processes by showing that erosion pro-

cesses can be managed such that the impact and consequences are beneficial at a variety

of spatial scales. We discuss three examples in which wind erosion can be used to main-

tain biodiversity, to improve coastal defense and to harvest soil fertility. In these three

cases also the limitations of existing measuring techniques and models are discussed.

2.2 Examples of beneficial wind erosion

Though less well known, wind erosion processes can be managed such that the impact

and consequences are beneficial. Three examples are presented hereafter.

25



Chapter 2. Beneficial effects of wind erosion: Concepts, measurements and
modeling....................................... 26

Figure 2.1: Four worldviews (after Bawden [1997]).

2.2.1 Wind erosion for maintaining biodiversity

Kootwijkerzand is one of the largest inland drift sands in the Netherlands and is a

good example of an ecosystem which strongly relies on geomorphological processes.

Wind erosion is the dominant process causing high temporal and spatial variation in

habitat conditions. In active inland drift-sand areas, wind erosion is an autonomous

process which maintains the open-sand habitat. The ecological value of the present

inland drift-sand areas in the Netherlands is in the unique combination of relatively

high erosion activity causing fine sandy soils low in nutrient and water availability,

along with vegetation and fauna species adapted to these poor conditions [Riksen and

Jungerius, 2010]. However under present high N-deposition rates, caused by intensive

livestock farming, industry and traffic, the drift-sand habitat tends to disappear due to

increased vegetation succession rate.

Kootwijkerzand is one of the largest inland drift sands in the Netherlands and is

a good example of an ecosystem which strongly relies on geomorphological processes.

Wind erosion is the dominant process causing high temporal and spatial variation in

habitat conditions. In active inland drift-sand areas, wind erosion is an autonomous

process which maintains the open-sand habitat. The ecological value of the present

inland drift-sand areas in the Netherlands is in the unique combination of relatively high

erosion activity causing fine sandy soils low in nutrient and water availability, along with

vegetation and fauna species adapted to these poor conditions [Riksen and Jungerius,
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2010]. However under present high N-deposition rates, caused by intensive livestock

farming, industry and traffic, the drift-sand habitat tends to disappear due to increased

vegetation succession rate. where mainly transport and deposition in combination with

vegetation development take place; and a regeneration zone, where vegetation succession

and soil formation are the dominant processes.

With regular erosion activity in the deflation zone, the conditions remain poor or

further degrade and vegetation and algae will not develop. In the transition zone the veg-

etation consists of pioneer species which are adapted to extreme conditions such as high

mobility of sand, low water-holding capacity, extreme micro-climate (high differences

in temperature between day and night) and low nutrient content of the soil. Pioneer

species are adjusted to flourishing in moving sands. Soil formation in the first succes-

sion stage is limited. The organic matter content in the topsoil increases slowly, which

creates favorable conditions for species that cannot bear the poor conditions and/or the

high sediment deposition rates found near an active deflation/transport zone. As more

sand is stabilized, plaques of green algae might develop followed by mosses (Fig. 2),

and some humus forms inside the top two centimetres of sand. The vegetation cover

in this zone displays strong fluctuation, which is related to the extent of sediment ac-

cumulation. Sometimes parts of this zone change back into a deflation zone as a result

of an extreme erosion event, but the long-term trend for these zones is to turn into a

regeneration zone. The rate at which bare sand can stabilize mainly depends on weather

conditions, but research has confirmed that the complete stabilization of the deflation

zone can be realized within 1.5 years [Ketner-Oostra and Riksen, 2005].

A certain level or erosion activity is needed preserve ecosystems, which is accom-

plished by suppressing vegetation development in the deflation zone. This allows wind

erosion to maintain the dynamic conditions in the transition zone needed for the devel-

opment of the pioneer vegetation and fauna species. Riksen and Goossens [2005] tested

different management approaches for their effect on wind-blown mass transport at a 4 m
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Figure 2.2: Drift-sand nature in the Netherlands. Top: the drift-sand area of Kootwi-
jkerzand, the Netherlands; bottom from left to right: Transition zone; Maintaining active

drift sand with a rotary cultivator; Sand earwig; Pioneer moss Polytrichum piliferum.

wide and 30 m long plot in Kootwijkerzand in the Netherlands, in order to find the opti-

mal vegetation suppressing technique. The impact of the management approaches was

also simulated with the Wind Erosion Prediction System (WEPS) rewritten in PCRas-

ter [Riksen and Visser, 2008], to exclude unwanted border effects causing an increase or

decrease of measured sediment transport.

WEPS is a process-based, computer model that predicts wind erosion for a rectangu-

lar simulation region on a daily time-step basis [Hagen, 1991]. Visser et al. [2005b] trans-

lated the erosion sub-model of WEPS in the environmental modeling language PCRas-

ter, for event based model simulations. Although the model output confirmed most

of the field observations, limitations remain in the applicability of WEPS in PCRaster

[Riksen and Visser, 2008]. Van Donk and Skidmore [2003] performed a field test of the

full WEPS at a field near Burlington, CO, USA. They found that WEPS is very sensitive

to small changes in standing biomass. They assumed that this sensitivity was caused by

the fact that the model was developed based on measurements in wind tunnels with uni-

form vegetation cover. A non-uniformly distributed vegetation cover, which is generally

the case with natural vegetation, cannot be described by a single, average input value

because its spatial distribution also affects the erodibility and/or protection of the soil.

Applying WEPS in PCRaster at the spatial scale of the complete nature reserve would
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require a temporal and precise input of the vegetation characteristics. Furthermore,

research by Feng and Sharratt [2005] concluded that soil moisture content is one of the

most sensitive parameters in the standalone erosion model of WEPS. The sensitivity

for soil water content is probably correct because the natural wind erosion process is

also very sensitive to this parameter. To enable running the model taking into account

the soil moisture content, accurate and timely measurements of soil moisture content

are necessary. Given the highly dynamic nature of driftsand ecosystems it is almost

impossible to obtain input parameters with the required spatial and temporal detail,

which makes it difficult to apply WEPS in PCRaster at larger spatial and temporal

scales.

Simulations of wind erosion are very important for the evaluation of different man-

agement scenarios. However, reductionistic models such as WEPS in PCRaster are

complex because the numerous processes such as climate, soil, vegetation, crusts and

wind direction have a direct impact on sediment transport. Knowledge about the pro-

cesses and all the interactions between those processes are of vital important to control

the model, keeping in mind that some processes rely on empirical or experiential con-

siderations that are not site-specific and do not represent the necessary spatial and

temporal variability. The optimum use of the wind erosion processes for environmental

management requires knowledge of the long-term and large-scale effects of the manage-

ment approaches used. Information is needed on the larger scale wind erosion processes

and the impact of windblown mass transport on vegetation development. This can be

realized through the long-term monitoring of a whole system after implementation of a

specific management approach. This is a time and resource-consuming approach. The

combination of the constraints in modeling and measuring shows the need to work to-

ward a more holistic model that simulates the larger scale landscape dynamics based

on simple physical and stochastic consideration, representing the inherent complexities.
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2.2.2 Wind erosion for coastal defense by dune formation

Coastal dunes play an important role as natural defense zones against flooding of the

hinterland. Dune formation is important to maintain or restore the natural defense

zone after coastal erosion from severe storm events. Coastal erosion, nourishments

and wind erosion (Fig. 3) determine the rate at which a system can transport and

fix sediment volumes, where storm events are very important. Houser and Hamilton

[2009] studied dune recovery after a hurricane. They found that for barrier islands the

alongshore variation in recovery is not only related to island width, but also to offshore

bathymetry, height of the pre-storm dunes and overwash. The level of impact during

subsequent storms and the ability of the island to recover will depend on the frequency

of storm events because this determines the time allowed for the return of vegetation

and the recovery of the dunes.

Figure 2.3: Wind erosion and coastal dune formation at the isle of Ameland in the
Netherlands. Top: aeolian streamers. Down from left to right: dunes as coastal protection;

nourishments and embryonic dunes.

New management approaches based on sand nourishments have generally resulted

in a positive sediment balance and the formation of new dunes [VanKoningsveld et al.,

2008]. These new dunes contribute to the role of dunes as a buffer against sea level rise
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and increasing storm frequency and intensity. A constant supply of new sediment leads

to landscape rejuvenation with an ecosystem at different succession stages. Wind erosion

plays an essential role in this system, as wind is the driving factor, transporting large

amounts of sediment from the beach to the dunes, as such wind erosion is important for

coastal protection and ecology. Despite the significant work of, for example Arens et al.

[2004], van der Wal [2000b], little is known about the effect of these nourishments on

dune formation processes. To estimate the effect of these nourishments, it is essential

to gain insight into the effects and interactions of vegetation, meteorological conditions

and soil properties on sediment transport and landscape evolution.

Lack of information is still the main constraint hampering the development of a the-

ory of spatial and temporal beach-dune interactions [Houser, 2009]. Erosion pins, GPS

and aerial photographs give insight into slope development, rates of processes, and a gen-

eral indication of geomorphic activity [Arens et al., 2004]. However, flux measurements

are needed to develop a thorough understanding of the coastal formation mechanisms.

But equipment for measuring aeolian mass fluxes are often calibrated in the wind tun-

nel, where some of the most important aspects of sediment transport dynamics cannot

be reproduced [Baas, 2008]. To capture the spatial resolution, Baas and Sherman [2006]

suggest that the measurements should be conducted with multiple sand traps or sen-

sors deployed over lateral distances similar to the height of the internal boundary layer.

Together with measurements of air flow, rainfall, humidity, evaporation, sea-water level

(fetch) and some accurate estimations of parameters, this can be used for the evaluation

of different transport equations, as suggested by [Arens, 1996b]. The effect of vegeta-

tion is also an important factor in sediment transport [Wolfe and Nickling, 1993]. Arens

et al. [2001] discovered that different densities of vegetation lead to differences in dune

morphology. However, doubts remain whether combining all the information and inter-

actions of the different components can explain the landscape evolution. This is part of

the wider geomorphologic methodological discussion whether ‘reductionist’ studies can

explain dune forms and patterns [Livingstone et al., 2007]. Where it is argued that that

reductionism breaks down because these are complex systems governed by nonlinear
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dynamics [Kocurek and Ewing, 2005].

Werner [1995] was the first to develop an algorithm simulating the evolution of dunes

based on stochastic considerations. Baas and Nield [2007] added a vegetation component

to this algorithm, in order to simulate the evolution of vegetated dunes with multiple

types of plant response in the environment. This approach is elegant in the sense that it

realistically simulates dune development using simple local rules in a self-organizing cel-

lular automaton algorithm. The problem with this holistic approach is that it does not

allow for the simulation of different physical properties such as wind regimes, soil mois-

ture or particle sizes, as numerical modeling results depend on parameter choice, and

not on physical considerations. On the other hand, it is questionable that ‘reductionist’

complex computational models, which in detail describe flow structures, soil properties

and other important parameters will lead to better scenario analysis regarding coastal

defense strategies. Therefore, it is necessary to find an integration where stochastic

models capture the complexities, but physical parameters determine the forms and pat-

terns. Clearly, wind erosion supports the natural system dynamics in drift-sands and

coastal dune systems.

2.2.3 Wind erosion for harvesting soil fertility in the Sahel

The African Sahel forms a transition zone from the arid Sahara in the north to the more

humid savanna in the South. The Sahelian climate is characterized by a dry season and

a short (3 months) wet season. Wind and water erosion processes are closely related

in the early rainy season [Visser et al., 2004a]. Rainfall is often preceded by strong

winds, causing severe wind erosion [Visser et al., 2003]. The events are usually short-

lived but may result in intense sediment transport, which is ended by intense rainfall

that often directly follows the wind erosion events. Sediment initially eroded from the

fields by wind may partly be returned by the sediment transport processes aligned with

water erosion. Another possibility is that the energy of the water erosion processes may

further enhance the erosion started by the forces of the wind. In the dry season, strong
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dry and dusty winds called Harmattan originate from the Sahara and transport large

amounts of fine sediments.

Numerous studies on wind erosion processes have been executed in the sahelian zone

[e.g. Gomes et al., 2000, Leenders et al., 2007, Sterk et al., 2004, Visser and Sterk, 2007].

Most studies conclude that the sahelian zone is subject to serious degradation through

nutrient and sediment losses by wind erosion. However, many studies use small datasets

and have a small spatial resolution. Upscaling the field measurements toward regional

statements of soil and nutrient losses has led to large overestimations of the negative

effects of wind erosion processes (Farge and Magid, 2004). For example, the sahelian

zone has long been characterized by a large outflow of dust [Prospero, 1999]. Other

studies on dust emission estimate a large exodus of the very small and fertile particles

by wind erosion [e.g. Stoorvogel et al., 1990, 1993]. However, dust is also an important

long-term continual nutrient renewal vector to the soils in this area [Drees et al., 1993,

Visser and Sterk, 2007]show that most of the dust entrapped outside the Harmattan

season originates from local sources whereas the Harmattan dust is considered a real

source of nutrient input.

The effect of nutrient dynamics by wind and water erosion at village scale (about 75

ha) were investigated by Visser and Sterk [2007]. They found that nutrient losses at the

village scale were considerably smaller than losses at the plot scale. Where sediment in

suspension can travel over distances up to thousands of kilometers, long-term nutrient

losses due to saltation on a village scale can be assumed to be nil, indicating that nutri-

ents are reallocated within the area. This is supported by Buerkert and Lamers [1999],

who found that most sediment transported during a wind erosion event is transported

over a small distance. Most erosion takes place on bare plots, but the sediment trans-

ported from those plots is subsequently deposited in a field, bush or mulch cover plot

nearby (Fig. 4). For local farmers, this is an important dynamic, which is used in order

to accommodate their food supply by capturing the sediment and mitigating the loss of

their soil fertility.
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Figure 2.4: From left to right: entrapment of sediment by vegetation in the Sahel; the
parkland system in the Sahel; Seedbed preparation to test the effect of size of sowing pits.

Source:Visser et al. [2010]

In northern Burkina Faso, some subsistence farmers use branches of trees to capture

sediment on their fields [Leenders et al., 2005b] to improve their soil’s fertility. The

layer of sediment often has a higher nutrient content than the underlying soil [Visser

et al., 2005b], diminishes the negative effects of crust formation [Visser et al., 2003],

enhances water infiltration, and increases soil faunal activity [Mando and Stroosnijder,

1999]. Farmers that harvested sediment on their fields claimed to obtain a higher yield in

the consecutive year. Furthermore, the interaction between wind and water erosion has

some clear benefits as well.Visser et al. [2010] studied the possibilities of making effective

use of soil crust in northern Burkina Faso. Larger sowing pits were created on fields that

were sensitive to crust formation. The crust develops under the combined processes of

wind and water erosion, where wind erosion removes the particles on top of the crust

developed by runoff [Valentin and Bresson, 1992, Visser et al., 2003]. It was found that

a larger sowing pit is positively related with a higher yield, especially on soils with a

well-developed erosion crust. Larger sowing pits increase the volume of water trapped in

the pit, that give higher infiltration and faster seedling development. Furthermore the

seedlings are stronger and more resistant to wind erosion. The crust around the sowing

pits remains intact, protects the soil against wind erosion, and reduces the chance that

seedlings are abraded by saltating grains. This example shows how farmers can make

use of a normally undesired effect of wind and water erosion and the soil crust to protect

the soil and vegetation against wind erosion and locally increase the soil fertility.
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Problems related to the large dust emissions from the Sahelian zone cannot be

denied. However, the above-mentioned options of actively utilizing the wind and water

erosion processes for mitigating total loss for agricultural production are promising.

But these examples are based on plot-sized experiments by individual researchers and

farmers. Since the application of these management approaches requires degradation

at one location before the benefits can be obtained, more insight into the large scale

potential of these management approaches is required. Regional-scale modeling of the

dynamics of the natural resources (water, nutrients and sediment) will provide these

insights. This holistic approach combines the positive view of ‘working with nature’

with a focus towards the whole system dynamics, and not only on the ‘negative’ outflow

of sediment from this region.

2.2.4 Discussion

In the three examples we have looked at the wind erosion process at system level. By

looking at the effects of wind erosion at system level the system and its stakeholders

determine whether the effects of a process are positive or negative. The reductionist

approach to study these processes can help to understand the basic principles of the

process, but a more holistic approach is needed to see its function(s) in the system

studied. The three different examples in this paper show the positive role of wind

erosion in a driftsand nature reserve system, coastal dune system and in local farming

systems in the Sahel. The main question is if the existing research methodology and

approach are suitable to study these processes at system level. It has been shown that

there are still many pitfalls in the research methodology and approach. One of the

main pitfalls is the measurement of soil erosion. Stroosnijder [2005] argues that “there

is a crisis in soil erosion measurements because there are insufficient empirical data

of adequate quality, and a lack of funds to improve that situation”. Soil erosion is

complex because of the spatial and temporal variability. Equipment is calibrated and

tested in the controlled environment of a wind tunnel for a series of scenarios. Field

situations account for much more variability, and conditions not accounted for during the
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calibration. Another pitfall is found in the extrapolation of small-scale erosion studies,

which generally results in large overestimation in sediment fluxes. Visser and Sterk

[2007] show that detached soil is often deposited close to the source. With changing

wind regimes, sediment is returned to the source area, not leading to large net export

of sediment from the area, but merely to a redistribution of the sediment within the

area. The beneficial effects of wind erosion also means to consider the potential benefits

for sink areas, as these benefits are often left outside the discussion. Opting for a

more holistic approach shed more light on the total system dynamics. This means

that not only sediment fluxes should be measured, but the whole system should be

monitored, where sediment budgets can be linked with erosion and deposition areas

and interactions between water and wind erosion should be taken into account [Field

et al., 2009]. Assumptions and errors in measurement set-up and techniques should be

made more explicit, leaving room for a broader or different interpretation of the system

dynamics (relativism). Furthermore, onsite calibration of the equipment is needed to

test the performances under site specific conditions. The study by Goossens et al. [2000]

is an excellent example of combined lab and field experiments.

It has been shown that modeling approaches are still characterized by a highly re-

ductionist approach, in which the smaller components are studied, where the sum of

all different components do not necessarily explain the larger system dynamics. This

follows from the large complexity of the separate components combined with unknown

interactions and feedback mechanisms. In modeling approaches unknown factors are

parameterized, resulting in a model structure, where the output depends on the choice

of parameters, rather than on simulating a real world system. Beven [1993, 2006] in-

troduced the concept of equifinality in hydrological modeling, where different sets of

parameters give acceptable fits for observational data. In modeling of aeolian processes,

this problem is even more emergent. Partly because unlike water erosion, wind erosion

is not strictly delineated by watershed boundaries. Boundaries have to be determined

arbitrarily and boundary effects on model output may be large. But also because inter-

actions and feedback mechanisms are largely influenced by great spatial and temporal
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variability. As a result, interactions are often based on empirical and physical consid-

erations that are found in a context dependent environment, and therefore not widely

applicable. It is argued here that wind erosion research should not only focus on the

small interacting components, but should move forward towards a more holistic world-

view. Stochastic models can simulate large-scale geomorphologic processes, without

using all the complex interactions.Baas and Nield [2007] found unexpected emergent

behavior in the form of competition between vegetation in a stochastic dune evolution

model. This indicates that cellular automata can capture some non-linear complexi-

ties in aeolian research. It should be studied if a minimum of well established physical

considerations can drive those stochastic models, to simulate the complex non linear

interactions on a larger scale.

The goal of this article is not to trivialize the problems of wind erosion, but to stim-

ulate scientists and policy makers to adopt a different mindset. Sediment fluxes can

only be measured on a small scale with a small temporal dimension, but small scale

studies cannot be extrapolated to evaluate the dynamics in a larger system. There-

fore, the causes and consequences of wind erosion should not always be looked at as

disadvantages and problems. Wind erosion is an integrated part of natural systems.

2.2.5 Conclusion

In aeolian research, for a long time, the focus has been on problems related to soil loss

and deposition. This focus is often supported by empirical data and extrapolation of

small-scale studies. Modeling approaches try to comprehend the inherent complexities,

but rely on empirical data combined with some physical considerations, with a large gap

between (reductionist) small and (holistic) large scale aeolian processes. Three examples

show that the physical energy of wind erosion can indeed have a positive contribution

to food security, biodiversity, and safety. With an holistic approach, we can look at the

larger system dynamics and look at wind erosion as an integrated part of the natural

system dynamics.Wind erosion has both threats and opportunities, where one does not

exclude the other.
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Self-emergent behaviour in particle based simulations

abstract

Non-linear self-emergent behaviour of complex systems is an important topic of investigation in geophysical

research. Sand-pile formation is often used as an example to describe scale-invariant power law fluctuations in

a system. Cellular automata are often applied to describe chaotic behaviour, as simulating physical interactions

between individual particles is computationally demanding. However, recetechniques allow to calculate the

forces acting on large numbers of particles. In this study, we apply a state-of-the-art parallel implementation

of the discrete element method on a graphical processing unit to simulate sand pile formation. Interactions

between individual grains were simulated using a contact model in an Euler integration scheme. Computational

results show non-linear self-emergent power-law and scale-invariant behaviour, which is in good agreement with

experimental results, theoretical work and self organized criticality (SOC) approaches. This study shows that

the fully deterministic model, where the position and forces on every individual particle can be determined every

iteration has great potential to study non-linear and self-emergent behaviour in geophysical research.

3.1 Introduction

Non-linear dynamics in complex systems are an important topic in geophysical research.

Systems driven by local non-linear interactions and perpetually changing feedback mech-

anisms on a small scale are the basis of self-organization on the larger scale. However,

the large scale self-emergent processes do not direclty correspond to the forcing tem-

plate [Murray and Fonstad, 2007]. While there is a fair understanding of small scale

geophysical processes, it remains challenging to model and predict larger scale geomor-

phological phenomena considering the wide range of complex non-linear processes and

feedback mechanisms. A number of studies explored the concept of using a set of simple

rules (reduced complexity) to simulate geomorphological phenomena while neglecting

most of the physics. These so-called cellular automata have e.g. be used in the context

of aeolian bed-form evolution [Anderson and Bunas, 1993, Baas, 2002, Nield and Baas,

2008, Werner, 2003], bar morphodynamics [Nicholas, 2010] and fluvial geomorphology
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[Coulthard et al., 2007, Coulthard and Van De Wiel, 2007, De Boer, 2001, Fonstad

and Marcus, 2003]. These models are powerful in qualitative terms (self-organization,

patterns and shapes), but often have a limited predictability in quantitative terms.

Sand-pile formation is often used to describe self-organization. When dry sand is

poured on a surface, a conical pile will be formed with an angle of repose around 34◦.

Additional particles result in an unstable state causing the structure to topple into

a state where gravitational and frictional forces are in equilibrium. The Bak-Tang-

Wiesenfeld (BTW) model [Bak and Sneppen, 1993, Bak et al., 1987], also referred to

as the abalian sand-pile model, laid the basis for self-organized criticality (SOC). The

model consists of a regular finite sized grid, where every cell corresponds to the slope of

the sand-pile. The angle of the slope increases as grains are randomly added to the pile

until the maximum angle of repose (34◦) is reached. Every additional grain will cause

the structure to topple, resulting in avalanches of various sizes. Nowadays, the SOC

concept is widely used in different scientific disciplines such as economics [Cont and

Bouchaud, 2000], neural science [Buzsáki and Draguhn, 2004] and earthquake research

[Bak et al., 2002, Christensen et al., 2002].

Like many physical systems, (sand or rice) pile formation exhibits scale invariant

behavior driven by small scale non-linear system properties [Held et al., 1990, Liu et al.,

1991, Tebaldi et al., 1999]. The system contains a critical attractor with events of various

sizes that can be described by a power law. Like many natural systems, the temporal

signal of sand-pile formation is characterized by a 1/fα spectrum [Jensen et al., 1989].

Besides experimental studies [Aegerter et al., 2004, Frette et al., 1996, Held et al., 1990],

a variety of approaches, varying from cellular automata [Bak and Sneppen, 1993, Bak

et al., 1987] to numerical integration models [Jensen et al., 1989] have been conducted

to describe the deterministic chaos in sand pile formation. Despite the rich history

on particle based modelling [Cundall and Strack, 1979, Cundall, 1971, Williams and

Mustoe, 1987], simulations in a three-dimensional space with a large number of particles

have just recently become within reach of the computational means.

Studies by e.g. Bell et al. [2005], Iglberger and Rüde [2010], Longmore et al. [2013],
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Stahl and Konietzky [2011] are examples of how particle based computations are in-

tegrated in a discrete element model (DEM). As interactions between bodies (n > 2)

can not be solved analytically, a time integration scheme and contact model are used

to describe the forces between particles. The behavior of granular matter can be simu-

lated in a realistic manner by computing all forces acting on a particle and calculating

their effects in three dimensions within a time step. These models can be applied to

study stratified chaos in more detail (i.e. in combination with variation in gravitational

forces, particle geometry and mass, frictional forces etc.). Applications of DEM in geo-

science include studies on rock and soil avalanches [Chang and Taboada, 2009, Mollon

et al., 2012, Taboada and Estrada, 2009], boundary stresses [Tewoldebrhan et al., 2011],

weathering [Utili and Crosta, 2011] and sediment deformation [Damsgaard et al., 2013].

Literature in the topic of granular flows is vast, however, as recognized by Frey and

Church [2011], it is mainly published in the literature about physics, chemical engineer-

ing, powder and grain technology.

The aim of this paper is to demonstrate the potential use a particle based model to

study non-linear self-emergent chaotic behaviour in geophysical research. We use highly

efficient parallel implementation of the DEM on the Graphical Processing Unit (GPU)

of the computer to simulate sand-pile formation. Results are compared with previously

obtained experimental and theoretical findings.

It should be noted that we mainly focus on the applicability of particle based sim-

ulations for geophysical research, i.e. the coherence between numerical simulations and

analogue experiments. Elaborate information on granular physics can be found in e.g.

Herrmann and Luding [1998], Jaeger et al. [1992], Mehta [2007], Wolf [1996]. More

information on parallel model optimization using the GPU was presented by e.g Buck

et al. [2004], Kessenich et al. [2004], Longmore et al. [2013].

3.2 Materials and Methods

Experiments were performed in a laboratory and their results were compared with

model results. The descriptions of the experimental setup and the applied model are
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given below.

3.2.1 Experimental setup

A uniform sand fraction (d50 = 285 µm) was filtered and painted in five different colours.

Five equal fractions were weighed and added in seperate layers to a small transparent

funnel. A high speed camera (Casio EX-F1) was positioned in front of the funnel. High

speed images of sand flowing through the funnel were aquired .

3.2.2 The model

The DEM is a well recognized method to simulate large numbers of particles. The

method was introduced by Cundall and Strack [1979], Cundall [1971] to study the

motion of rocks. Forces that act on each individual particle are calculated every time-

step. A contact model allows multi-body interactions using the relative overlap between

two particles to calculate the contact force. Similar to Silbert et al. [2002], we use a

cohesionless and inelastic Herzian [Hertz, 1882] contact model. Newton’s second law is

used to calculate the motion caused by gravitational, normal and tangential (frictional)

forces. The method requires quite some computational power, as all forces between

particles have to be calculated individually. While the core of model (contact model) is

rather simple, the framework to efficiently handle all the computations on the GPU is

rather complex and extensive.

We have used the framework of Longmore et al. [2013], an adoption of the method as

described by Bell et al. [2005], which is based on the original concept Cundall and Strack

[1979]. Spheropolygonal grains (a tetrahedral arrangement of four spherical particles)

were used, to ensure that computations can be handled efficiently while maintaining

static friction due to interlocking [Longmore et al., 2013, Pöschel and Buchholtz, 1993]

and preventing stick-slip behavior [Bell et al., 2005]. During each iteration (Euler inte-

gration), the individual forces working on a particle are updated and summed to a total

force (for the grain). The total force F (N) for particle p in particle collection P can be

calculated by the particle mass m (kg) and the gravitational acceleration g (m.s−2) :
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Fp =
∑

i∈{P−p}

Fi +mg (3.1)

The total force working on the grain is calculated by summing the forces acting on

the connected particles. These forces are split into the total normal force (F g) (N) and

the torque (T g)(N·m)

~F g =

Np∑
i=1

~Fi (3.2)

~T g =

Np∑
i=1

~ri × ~Fi (3.3)

where Np is the number of connected particles and ri represents the relative vector

from the center of the granule to its child particle i. With Newton’s second law and the

particle mass the acceleration at time t can be calculated.

The contact forces of two colliding particles pi and pj are seperated into the normal

force and the tangential component:

~Fij = ~Fnij + ~F tij (3.4)

To simplify the contact detection and force calculation, an area of overlap ξ (m2) be-

tween two particles is defined. In case of spherical particles, the normal vector ( ~N) and

the overlap area can be found by

~Nij =
~Xj − ~Xi

‖ ~Xj − ~Xi ‖
(3.5)

and

ξij = max(0, Ri +Rj− ‖ ~Xi − ~Xj ‖) (3.6)

where Ri is radius and ~Xi is the center of particle i.

It should be noted that eq. 3.6 defines ξij rather as a mutual compression or defor-

mation than as an overlap, so the time interval of the model should be small enough
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to prevent soft sphere behavior. Using the normal vector ~N , the relative velocity ξ̇ij of

the compression can be calculated as

ξ̇ij = (~vj − ~vi) · ~Nij (3.7)

The most basic formulations of the tangential and normal forces, incorporating the

dissipative and friction terms are:

~Fnij = (−kαξ̇αijξij − kβξ
β
ij)~nij (3.8)

~F tij = −min(µs· ‖ ~Fnij ‖, kt· ‖ ~Vij ‖)
~Vij

‖ ~Vij ‖
(3.9)

where µs (N) represents friction. The viscous damping coefficient kα is calculated

from the coefficient of normal restitution (en), the reduced mass (meff ) and the the

time-step (∆t) [Bell et al., 2005]. A dimensionless coefficient of 0.02 was added to

produce rapid damping:

kα =
−2 ·meff · log(en)

0.02 ·∆t
(3.10)

where meff is obtained as the harmonic mean of the mass of particles m1 and m2:

1

meff
=

1

m1
+

1

m2
(3.11)

The stiffness coefficient kβ was calculated with Youngs parameter Eeff and particle

diameter Pd:

kβ =
4

3
· (Eeff ) ·

√
0.25 · Pd (3.12)
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Figure 3.1: A schematic overview of the dimensions and parameter settings used in the
model simulation and a representation of the spheropolygonal grains.

The parameters used in the simulation are shown in Fig. 3.1. Different coefficients

for friction and restitution were used for the floor, funnel and particles. A small variation

in distance to the center of mass of the spheropolygonal grains was included to emulate

a variation in particle characteristics. Particle size and mass were kept constant for all

grains, as a variation would add an extra layer of complexity to the study.

One of the problems in time integration is finding the optimal time step size, as

time integration is a trade-off between computational efficiency and a physically correct
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representation of the process. A time-step of 10 µs was found to give reliable results

for a particle diameter of 250µ. However, in the current framework, data on the GPU

can only be rendered directly to the screen (for visual interpretation) and not directly

be read from the GPU memory. In order to obtain the data, a memory transfer from

the GPU to the CPU is required, which is a computational very demanding task. After

testing different sampling resolutions on relatively small datasets, a sampling resolution

of 100 µs was found to give reliable results.

The framework was written in C++, the OpenGL shading language GLSL and was

rendered in OpenGL. Calculations were performed on a Graphic processing Unit (GPU)

as this allows to perform the computations in parallel, thus significantly reducing the

calculation time. The model runs were done on a regular desktop PC, containing two

graphical cards (gtx 560ti) in a SLI configuration.

3.3 Results and Discussion

In both laboratory and simulation experiments different layers of colored grains were

added to the funnel for visual comparison of the simulated results with the experimental

ones (Fig. 3.2 top and middle). The experimental results as well as the model results

show a rapid mixing between the different colors. The different layers mix in the middle

of the funnel, while maintaining the layered structure on near the walls of the funnel.

The flow of sand contains different colors that form a cone with an angle of repose of

approximately 34 degrees. The particles added to the top of the sand-pile result in a

non-equilibrium situation where the angle of repose exceeds the 34 degrees, resulting in

an avalanche where the sand from the top flows over the surface of the sand-pile. This

is clearly visible in both the experimental and the modeled results (Fig. 3.2 middle and

bottom and accompanied movie)
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Figure 3.2: A visual comparison between an experiment with layers of different colours
(A), the model run with a layer of different colors (B) and an experiment with black sand

focused on the avalanches of the sand-pile (C).

The constant grain throughput of the funnel leads to a linear decrease in potential

energy (Fig. 3.3). The entropy of the system diverges through intermittent dissipation

of kinetic energy in the sand-pile (Fig. 3.3). The data show a periodic signal with

an increasing amplitude. With gravitational forces exceeding the frictional ones, the

sand-pile shows relaxation oscillations when kinetic energy is dissipated by avalanches.

Considering the constant input of energy into the system, an increase in kinetic energy

implies energy dissipation, whereas a decrease in kinetic energy represents the build up

of energy. Previous studies [Frette et al., 1996, Held et al., 1990] used the fluctuation in

the mass of a sand-pile to study the energy distribution in a sand-pile formation. We are

able to use the kinetic energy directly to study the fluctuations in energy distribution.
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Figure 3.3: The normalized potential energy of the entire system (top), indicating a con-
stant throughput of particles and the normalized kinetic energy for the sand-pile (bottom),
with periods of energy dissipation and absorption. The kinetic energy release was divided

into four different periods (I II, III, IV) for further analysis.

Like rock falls, earthquakes and landslides [Guzzetti et al., 2002, Hergarten, 1999],

the cumulative frequency-magnitude probability of the kinetic energy obeys power law

behaviour:

P (Ek) = Ek
β (3.13)

with β = −0.78. By dividing the periodic signal into different periods (I, II, III

and IV, Fig. 3.4), we find finite-size scaling behaviour for the growing sand-pile. The

lines fitted through the data-points include the upper and lower cut-off values in an

upper truncated Pareto distribution (equation 3.14) [Hergarten, 2002]. We have found

β = 0.21, 0.16, -0.29 and -0.81 for period I, II, III and IV respectively. The cumulative

frequency-magnitude probability Ek for energy dissipation for a pile with potential en-

ergy Ep can be given by equation 3.15 [Barabási and Stanley, 1995], with f(x) constant

up to some value and D = 0.56 (Fig. 3.4 bottom)

P (Ek) =
( Ek
Ekmin

)−β − (
Ekmax
Ekmin

)−β

1− (
Ekmax
Ekmin

)−β
for Ekmin

< Ek < Ekmax (3.14)

49



Chapter 3. Self-emergent behaviour in particle based simulations 50

P (Ek, Ep) = E−βk f
Ek
EDp

(3.15)
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Figure 3.4: The cumulative probability distribution of avalanches for four different periods
(see Fig. 3.3). The data show that periods of energy dissipation follow a power law and
finite-size scaling for the different periods. The data scales following the parameter D =

0.56.

Scale invariance is governed by the build-up of energy in the sand-pile since the δEk

has the same order of magnitude for the different time periods (I,II,III and IV, Fig. 3.5).

Fig. 3.5 (top) clearly shows that energy build-up (and thus dissipation) increases with

the growing sand-pile due to consecutive steps of energy build-up through time. This

implies that finite sized scaling is governed by consequential build-up and dissipation of

δEk and not by differences in δEk. Due to the laws of entropy, the system is attracted

towards the low energy state, which is an equilibrium situation between friction and

gravity. The δEk and it’s derivative δ2Ek (Fig. 3.5 bottom) have no scale dependency

and show a chaotic behaviour within the specific domain.
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Figure 3.5: The energy distribution for periods I, II, III and IV with Ek versus δEk (top)
and δEk versus δ2Ek bottom. Scale invariance is governed by the build-up of energy, where

δEk remains within the same range for the different periods.

Bak et al. [1987] used the BTW model to explain the ubiquitous 1/f noise signal,

found in many natural systems, whereas an experimental study [Jaeger et al., 1989]

found no 1/f noise signal. Later studies claimed that this was in fact a brown 1/f2

noise spectrum [Jensen et al., 1989, Kertész and Kiss, 1990], whereas Laurson et al.

[2005] found a power spectrum 1/fα with α < 2 . Similar results were found in this

study, the power spectrum of the kinetic energy of the particles in the sand pile moving

in a x and y direction has a brown noise signal (1/f2) (Fig. 3.6). However, the kinetic

energy of the flow in the vertical (z) direction is closer to a white noise spectrum (1/f).

This implies that the frequencies of the distribution in the z direction have the same

amplitude, whereas there is a dominance to low frequencies in the x and y direction.

When boundary conditions are included (i.e. interaction with the floor) this white noise

changes to a brown noise spectrum. The stream of particles from the funnel has a white

noise spectrum in the x, y and z direction. The rotational motion of the grains have a

pink noise spectrum (1/fβ) in the x, y and z direction .
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Figure 3.6: Power spectrum of the sand-pile (top), stream of particles from the funnel
(middle) and rotational motion (bottom).

Previous experimental work used the falloff (of mass) from a sand-pile of every time-

step to study the behavior of avalanches [Held et al., 1990, Jaeger et al., 1989]. In this

study the frequency distribution of energy dissipation was used in the same manner.

However, an avalanche is the build-up and dissipation of energy over a larger number of

consecutive time-steps and was therefore not used in this study. For example, fig. 3.3

shows for example five events of large energy dissipation which can be labelled as an

avalanche. Furthermore, it should be noted that whereas physical considerations form

the core of the current approach, the correctness of the output is still dependent on the

parameter settings in the contact model and the numerical integration scheme.

In this study we have used particles in a tetrahedral arrangement to simulate static

friction by the interlocking of neighbouring grains. However, a sand fraction does not
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consist of regular geometrical shapes but consists of a large variety of different shapes

and sizes. Future work might replace spheres and other regular shapes by irregular

shapes of various sizes, as demonstrated by Buscombe and Rubin [2012], Buscombe

et al. [2010] for a more realistic representation of the granulates.

A rather elaborate and complex framework is required to efficiently handle all com-

putations. However, the basic principle of the model is very simple compared to tra-

ditional models in geophysics, as it solely relies on gravity and contact forces. Future

applications might include the physics of wind erosion processes, such as the evaluation

of Bagnold [Bagnold, 1941] type sand transport models [Sherman et al., 1998], aeo-

lian streamers [Baas and Sherman, 2005] and intermittent saltation [Stout and Zobeck,

1997]. But also non-linear dynamics in aeolian and fluvial bedform development can

be studied, as well as the drivers behind superimposed bed-form development [Kocurek

et al., 2010].

Self organization and chaos are important characteristics in many natural systems.

Though often applied, SOC approaches are controversial in explaining non-linear dy-

namics in complex system because they lack any physical basis. Computational limi-

tations remain a constraint for the current framework (in the order of days of required

computing time), however, with the ever increasing computational power and more ef-

ficient implementations, these physical based approaches can find their way in a variety

of scientific disciplines in the near future. Specifically. studies involving the physics of

particle movement could benefit from the approach, as deployed in this study.

3.4 Conclusion

We used the discrete element method to simulate sandpile formation using particles in a

tetrahedral arrangement and compared the results with expimrental results and previous

work. We have shown that a simple set of rules, defined here as gravity and particle

interactions in a contact model, results in non-linear self-emergent behaviour which is in

good agreement with experimental results, theoretical work and SOC approaches. The

model is fully deterministic, i.e. the position and forces on every individual particle

53



Chapter 3. Self-emergent behaviour in particle based simulations 54

can be determined every iteration, while showing complex non-linear self-organizing

behaviour. With this approach, we show potential use for particle based modelling

geophysical research.
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Measuring fast-temporal sediment fluxes with an ana-

logue acoustic sensor: a wind tunnel study

abstract

In aeolian research, field measurements are important for studying complex wind-driven processes for land man-

agement evaluation and model validation. Consequently, there have been many devices developed, tested, and

applied to investigate a range of aeolian-based phenomena. However, determining the most effective application

and data analysis techniques is widely debated in the literature. Here we investigate the effectiveness of two

different sediment traps (the BEST trap and the MWAC catcher) in measuring vertical sediment flux. The

study was performed in a wind tunnel with sediment fluxes characterized using saltiphones. Contrary to most

studies, we used the analogue output of five saltiphones mounted on top of each other to determine the total

kinetic energy, which was then used to calculate aeolian sediment budgets. Absolute sediment losses during the

experiments were determined using a balance located beneath the test tray. Test runs were conducted with

different sand sizes and at different wind speeds. The efficiency of the two traps did not vary with the wind speed

or sediment size but was affected by both the experimental setup (position of the lowest trap above the surface

and number of traps in the saltation layer) and the technique used to calculate the sediment flux. Despite this,

good agreement was found between sediment losses calculated from the saltiphone and those measured using the

balance. The results of this study provide a framework for measuring sediment fluxes at small time resolution

(seconds to milliseconds) in the field.

4.1 Introduction

Quantitative evaluation of aeolian sediment fluxes is important to assess the varied roles

of aeolian processes in landscape and nature development (e.g. Poortinga et al. [2011],

Riksen and Goossens [2005], Riksen et al. [2008]), in coastal defense (e.g. Arens [1996b],

de Vries et al. [2012]), and in nutrient dynamics especially in arid environments (e.g.

Sterk et al. [1996], Visser et al. [2005a, 2004b]). Sediment fluxes are often measured

using sediment catchers such as the Big Spring Number Eight (BSNE) [Rajot, 2001,

Zobeck et al., 2003], the Basaran and Erpul Sediment Trap (BEST) [Basaran et al.,
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2011, Temur et al., 2012] or the Modified Wilson and Cooke sediment Catcher (MWAC)

[Mendez et al., 2011, Visser et al., 2005a, Zobeck et al., 2003]. These traps are usually

mounted in a vertical array to trap sediment at various heights above the surface.

Sediment caught in the collection chamber is removed, dried, and weighed. By plotting

the results as a function of height and fitting a curve through the data points the

vertical sediment flux can be calculated. However, the data only provide information on

sediment flux during the measurement interval itself. Moreover, there is no standardized

method for the application of sediment traps and the data analysis method, which makes

intercomparison between different studies difficult [Barchyn et al., 2011, Ellis et al.,

2009a].

The efficiency and behaviour of different sediment traps was reported in numerous

studies [Basaran et al., 2011, Goossens et al., 2000, Mendez et al., 2011, Sterk and Raats,

1996, Youssef et al., 2008]. Most of these studies used the controlled environment of a

wind-tunnel, but some also performed a relative calibration in the field. However, due

to the variety of techniques used when processing the data, the efficiencies reported were

often not comparable. For example, for the MWAC sampler Sterk and Raats [Sterk and

Raats, 1996] using a three-parameter power function and a five-parameter combined

model found an efficiency of between 43 and 66 %, whereas Goossens et al. [2000] who

directly compared the trap with an isokinetic sampler, reported efficiencies of 90 to 120

%. Mendez et al. [2011] also found that the flux characterization used has a large impact

on the calculated sediment flux.

A variety of instruments are currently available to investigate aeolian sediment fluxes

over time [Pelt et al., 2009], which can be grouped into four categories: (1) acoustic,

(2) piezoelectric, (3) laser, and (4) pressure sensitive samplers. (1) The saltiphone

[Spaan and van den Abeele, 1991] is a popular device, but other acoustic devices like

loudspeakers [Barchyn et al., 2011] and small microphone systems [Ellis et al., 2009b]

have also been used. Acoustic samplers register the signal generated when airborne

particles strike a sensitive membrane. (2) The Sensit [Stockton and Gillette, 1990]

and Safire [Baas, 2004] are examples of piezoelectric sensors. A small electric pulse
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is generated when a saltating particle hits a piezoelectric element. (3) The Wrenglor

sampler is a laser-based system [Davidson-Arnott et al., 2009, Hugenholtz and Barchyn,

2011b] that uses a laserbeam and photo sensor to detect sediment particles. (4) Recently,

a pressure sensitive sampler was developed and tested by Ridge et al. [2011]. This

instrument continuously monitors sediment accumulation by means of a water-level

logger. However, it remains difficult to link the output of the instrument with the

actual sediment budget.

Various studies [Spaan and van den Abeele, 1991, Sterk et al., 2012] have tried

to directly link sediment fluxes measured by the saltiphone to actual sediment fluxes.

However, none of these studies found an acceptable level of agreement. Reasons for this

include: (1) the digital signal output used, (2) only one saltiphone was used, whereas

data from different heights are required to characterize aeolian sediment fluxes for the

entire sediment transport layer, and (3) the output of the saltiphone is only a repre-

sentation of the amount of kinetic energy, which is difficult to directly link to sediment

flux. Consequently, when using more than one saltiphone in an experimental array, all

saltiphones need to be adequately calibrated as the response curve may slightly vary

between instruments.

In this study, we test two passive traps (BEST sampler and MWAC sampler) and

one acoustic device (saltiphone) in an aeolian sand wind tunnel to investigate how the

experimental setup and the subsequent data processing affect the quantification of the

aeolian sand flux.

4.2 Materials and methods

4.2.1 Instrumental design

4.2.1.1 Modified Wilson and Cooke

The original Wilson and Cooke catcher (WAC) Wilson and Cooke [1980a] consists of a

bottle containing an inlet and outlet, whereby the trapped sediment is deposited in the

bottle. In later studies, these bottles were mounted on a pole equipped with a sail to
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ensure that the inlet was always directed towards the wind (Fig 4.1(a)). This extended

setup is called the Modified Wilson and Cooke (MWAC) trap. A detailed description of

the conventional MWAC (referred to as MWAC-old hereafter) can be found in Sterk and

Raats Sterk and Raats [1996]. In the current study, we used a commercially available

version of the MWAC, with an iron sail where the position of the bottles on the pole

are adjusted (we refer to this modified setup as MWAC-new).

(a) MWAC (from Sterk and Raats

[1996])

(b) Best (from Basaran

et al. [2011])

(c) Saltiphone

Figure 4.1: Schematic overview of the (a) Modified Wilson and Cook (MWAC), (b)
Basaran and Erpul Sediment Trap (Best) and (c) the Saltiphone acoustic sampler

.

4.2.1.2 Basaran Erpul Sediment Trap (BEST)

The BEST, developed and tested by Basaran et al. [2011], is a cyclone-type catcher

with a conical shape (Fig 4.1(b)). Sediment enters the catcher via an inlet and follows

a circular trajectory within the cone. The heaviest particles will settle due to gravi-

tational and centrifugal forces whereas the lightest particles will be evacuated through

59



Chapter 4. Measuring fast-temporal sediment fluxes with an analogue acoustic sensor:
a wind tunnel study 60

the outlet. The principle is comparable to the separation of soil fractions in soil reme-

diation equipment but BEST samplers are used with lower wind speeds to collect the

smaller particles. Earlier developed cyclone samplers were mostly designed to measure

dust (not sand) and may have similar conic shapes but were sometimes also cylindrical

or elliptical [Ogawa and Ugai, 2000]. Another difference between the BEST and the

earlier developed cyclones samplers is that the BEST is composed of three parts instead

of only one. The three units are: a lid including the inlet and outlet, a conical central

body, and the proper collector.

4.2.1.3 Saltiphone

The saltiphone is a commercially available sampler which consists of a microphone

installed in a stainless steel tube mounted on a ball bearing (Fig 4.1(c)). Two vanes at

the back of the tube ensure proper alignment with the wind. The ball bearing can be

connected to a stain rod, which is height-adjustable. A cable connects the microphone

to the electronics, which is stored in a waterproof aluminium housing. Sand particles

that hit the microphone produce a high-frequency signal. Frequencies of about 8 Khz

are amplified and used to determine saltation whereas other frequencies that are caused

by rain and wind are reduced using a narrow band filter. The pulse created by each

particle is cut off after 1 millisecond. Two output signals are provided: a digital pulse

and an analogue voltage. The digital signal gives an output that is translated into

number of counts. The analogue output signal also provides this information but has

the additional option of measuring the intensity of particle impacts because it measures

the energy of impact on the membrane. In this mode, the output signal represents

the kinetic energy of the particles, and thus particle size and speed. The analogue

output option was used in this study. Data were measured with the same interval as

the sampling rate of 1 millisecond.
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4.2.2 Experimental setup

The study was conducted at the wind tunnel of the International Center for Eremology

(ICE), Ghent University, Belgium. The wind tunnel has a length of 12 m and is 1.2 m

wide and 3.2 meters high [Cornelis et al., 2004a, Gabriëls et al., 1997]. Wooden spires

and roughness cubes were placed to create a boundary layer of 0.6 m at the entrance of

working section of the wind tunnel [Gabriëls et al., 1997]. A test tray of 1.2 m long, 0.4

m wide and 0.012 m deep was placed at 7.4 m downwind from the entrance and filled

with sand (Fig 4.2). To ensure similar roughness compared to the sand, sand paper

was applied before and after the tray. Wind velocity was measured using five vane-type

probes (type 0635·9540, Testo GmbH & Co, Lenzkirch, Germany). These probes have

a vane diameter of 16 mm and are appropriate to measure wind velocities up to 60

ms−1. The first was installed at 70 cm height near the upwind edge of the test section

and the others 2.1 m in front of the tray at 5, 10, 15 and 30 cm heights, respectively.

Wind velocities were measured with one-second intervals. The sediment catchers and

saltiphones were installed downwind from the test tray and were separated by a distance

of 10 cm (Fig 4.2).

Figure 4.2: Schematic (top view) diagram the experimental setup. A balance was placed
underneath the test tray to measure the weight of the sediment throughout the experiment.

To measure the sediment loss during an experiment, a balance was placed under-

neath the test tray (Fig 4.3). The balance was programmed to register the time when

the weight of tray changed. However, during an experiment the air pressure can change

thereby potentially affecting the measurements. Therefore, several test runs were per-

formed with a fully covered tray. Results indicated that any potential effects were within
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the measuring error of the balance. Thus, corrections for pressure differences were not

required in this study.

Figure 4.3: Image of the experimental setup. The balance was placed underneath the test
tray in order to measure the weight of the sediment throughout the experiment. The image

taken during the calibration, when the five saltiphones were placed next to each other.

4.2.3 Sediment

Three industrial sands (referred to as s50, s60 and s80) were used. All sediments con-

sisted predominantly of quartz (99.5%) with traces of hematite, aluminium oxide and

titanium dioxide. All sands were industrially washed and pre-sieved. The median diam-

eters (d50) were 285, 230, and 170 µm, respectively, with their grain size distributions

shown in figure 4.4.
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Figure 4.4: Grain size distribution of the three sediment types (s50, s60 and s80) used
in the wind tunnel experiments

4.2.4 Analysis method

4.2.4.1 Wind data

Wind data collected from four altitudes were used to calculate the roughness length (z0)

and shear velocity (u?) using the law of the wall:

uz =
u?
κ
ln
z

z0
(4.1)

where uz is the wind speed at elevation z above the bed, u? is the shear velocity,

and k von Karman’s constant (0.4). Plotting the elevation on a vertical axis and the

wind speed on a horizontal axis, rearranging equation 4.1 into ln(z) = auz + b , and

applying a regression analysis, the values of u? and z0 were calculated as u? = k/a and

z0 = eb, respectively.

The threshold shear velocity was calculated using equation 4.2 [Bagnold, 1941]:

u?t = A

√
gd(

ρs − ρ
ρ

) (4.2)
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where u?t is the threshold shear velocity, A is a dimensionless constant (assumed to

be 0.085 for the fluid threshold and 0.1 for the impact threshold), g is the gravitational

acceleration (ms−2), d is median (d50) grain size (m), ρs is the density of the sediment

(kgm−3) and ρ is the density of air (kgm−3).

4.2.4.2 Saltiphone

For a given impact, the analogue energy output signal may vary between saltiphones.

Therefore, a calibration procedure was developed, where all five saltiphones were de-

ployed next to each other (Fig 4.3). Figure 4.5 shows the raw output signal of the

saltiphones placed horizontally next to each other under constant saltation conditions.

Two observations were made. (1) During periods without saltation there is still a signal

because in the analogue energy mode, the output signal is sensitive to the input signal

(volts) and, (2) the amplitude of the output is different for the different saltiphones,

even when sediment transport is measured under similar conditions. This problem can

be resolved by using one saltiphone as a reference, because the temporal patterns of

the output signals are very comparable (Fig 4.5). In this study, the saltiphone in the

centre was used as the reference. Before and after the experimental runs, the output

of each saltiphone was recalculated using a simple linear regression Y = bX where Y

is the output of a given saltiphone and X the output of the reference saltiphone. To

account for horizontal variability in sediment flux, the positions of the saltiphones were

regularly changed during the calibration.
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Figure 4.5: Output signal of the five saltiphones when placed next to each other. Output
represents energy but is dimensionless.

4.2.4.3 Regression analysis

For each trap in the vertical array the total amount of sediment caught was multiplied

by the area of the inlet to get an amount in kgm−2. These data were used for regression

analysis to calculate the vertical transport flux within the entire sediment transport

layer. However, there is disagreement in the literature as to how to best describe

the vertical profile of sediment transport [Ellis et al., 2009a, Panebianco et al., 2010].

Exponential functions (equation 4.3) as well as power function (equation 4.4) have been

used:

q(z) = q0e
βz (4.3)

q(z) = q0z
β (4.4)

The regression parameter q0 is often associated with the portion of creep, whereas β

represents the decay rate with height (z). To facilitate calculating this regression, some
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software packages use these formulae in a logarithmic form [McCullough and Heiser,

2008]:

ln(qz) = ln(qo) + βz (4.5)

ln(qz) = ln(qo) + βln(z) (4.6)

Note that the result for β will be different for these two approaches because of the

difference in the last term on the right.
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Figure 4.6: Five regression models plotted through the data points, for the three sediments
tested (s50, s60 and s80).

Figure 4.6 shows the relative (normalized) sediment flux plotted against height for

three representative runs of each test sediment. The data were taken from three mea-

surements with the MWAC-old, where the sediment from the bottles is expressed as a
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portion of the total sediment flux in order to make them comparable. The data indicate

that neither the power nor the exponential function adequately describe the measured

sediment profiles of the s50 and s60 sediments. Visual interpretation of the profiles sug-

gests a linear trend in the lowermost part of the saltation layer. For the s50 sediment,

a linear line can be fitted through the three measurements points closest to the bed,

whereas for the s60 and s80 a linear line can be drawn to the two points closest to the

bed in the upper part of the profile a power function gives the best fit. Therefore the

following combination was used: a linear function in the lowermost part of the saltation

layer and a power function in the upper part. Separate regressions were made for each

part and the total sediment flux (kgm−1) is calculated as follows:

Q =

∫ zl=p

0
a+ β1z +

∫ ∞
zl=p

q0z
β2 (4.7)

The two functions intersect at the point zl = p, where zl = a+ β1z and p = q0z
β2 .

4.2.4.4 Sediment fluxes

Sediment fluxes were calculated by combining the saltiphone data with wind speed data

and data from the balance. Figure 4.7 presents a schematic overview of the procedure.
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Figure 4.7: Sediment fluxes were calculated from the saltiphone data using wind data
and data from the balance.

The amplitude of the analogue output of the saltiphone is determined by the kinetic

energy of the particles hitting the membrane of the microphone. This kinetic energy

depends on the mass (kg) and velocity (ms−1) of the particles (equation 4.8):

Ek = 0.5mzv
2
z (4.8)

However, the translation of vibrations of the membrane to a voltage is influenced by

the characteristics of the membrane. Therefore, the analogue output cannot be directly

translated to Joule (J), the unit of kinetic energy. Moreover, no data on particle velocity

were collected during the experiments. Equation 4.8 can thus only be used to express

the characteristics of the sediment flux in relative terms.

To estimate the variation of kinetic energy of the impacting particles with height, we

used separate functions for the particles’ mass and velocity. For the mass, we used an

exponential function similar to equation 4.3, and for velocity, a power function similar

to equation 4.4. The exponential function was chosen because experimental work has
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shown that the vertical distribution of the sand transport rate of medium and fine-

grained sands (such as the ones used in this study) is typically expressed by such a

function [Dong et al., 2009]. The power function was selected based on the studies

[Yang et al., 2007, Zou et al., 2001]. The variation in kinetic energy with height is then

described by:

Ekz = 0.5a1exp
−b1z(a2z

b2)2 (4.9)

Equations 4.8 and 4.9 were used to estimate particle velocity during the experiments

using the following steps. First, the total analogue output for all five saltiphones together

was calculated. Next the relative proportion of each saltiphone in the total analogue

output was computed. The measured sediment fluxes of the sediment traps were treated

in the same way to calculate the relative proportion of each trap in the vertical array.

The saltiphone and sediment trap data were then correlated in a non-linear model,

where the parameters a2 and b2 were optimized until a weighted least-squared optimum

was found. The value derived for b2 was used to estimate an average particle velocity at

the elevation of the saltiphone. As this can only be done in relative terms, the particle

velocity (vp) profile was fitted for a 30-cm interval using vp = zb2 (see equation 4.9)

and normalized by dividing it through the maximum value of vp. To estimate the real

particle velocity the relative particle velocities were then multiplied by the wind velocity

of the highest anemometer (30 cm), which is located close to the sediment tray.

All saltiphone data (which were measured every millisecond) were averaged to sec-

onds to ensure the same temporal resolution as for the wind data. Particle velocity

was then calculated for every second. From the vpz and ekz, the relative mass flux at

the elevation of the saltiphone was calculated using equation 4.8. To obtain the total

sediment flux an exponential function (equation 4.3) was fitted through the data points.

Integration over the entire height of the sand transport layer then yielded the total sed-

iment flux. However, because ekz is dimensionless and vpz is described as a function

multiplied by the wind velocity, the total sediment flux measured by the saltiphones

was compared with the total amount of soil loss measured by the balance. A linear
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function (y = bx) was fitted through the data points to scale the relative output of the

saltiphone (y) to the balance (x). The value of b was then used to convert the calculated

sediment flux from the saltiphone into a real sediment flux. This was done by using

equation 4.10, which is equation 4.8 with the inclusion of a factor F and vp as particle

velocity. The b value found in the linear regression was used as F in equation 4.10.

Mb = MsF =
Ek

0.5(vp)2
=

2Ek
(vp)2

(4.10)

Mb represents the mass flux from the balance, and Ms the flux measured by the

saltiphone.

4.2.5 Efficiency

In this study efficiency is defined as the ratio of the vertically integrated (over the entire

height of the sand transport layer) sediment flux as measured by the catcher, relative

to the total sediment flux derived from the sediment loss from the balance. The vertical

integration can be done using any of the empirical approaches displayed in the equations

4.3 to 4.7.

4.3 Results and discussion

4.3.1 The efficiency of the different catchers

Efficiencies were calculated for all five approaches (equations 4.3 to 4.7), with the results

shown in Figure 4.8. The ordinate displays the calculated efficiencies (%) as well as

the goodness of the statistical fit for each approach (using R2) with the results being

very dependent on the equation (approach) used. A similar conclusion was made by

Panebianco et al. [2010]. For both MWACs, the combined linear-power equation gives

the best results, with efficiencies around 100%. For the BEST sampler, the exponential

function (equation 4.3), the power function (equation 4.4) and the combined linear-

power function gave similar results, with efficiencies around 80%. The importance

of the statistical software package used can also be seen: for the same experiment,
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large differences in calculated efficiencies may be obtained depending on whether or not

the logarithmic versions (4.5) and (4.6) of equations (4.3) and (4.4) were used. The

logarithmic versions also resulted in a poorer fit (lower values for R2).
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Figure 4.8: Efficiencies and goodness of fit (R2) of the three catchers as calculated from
five regression models. H and L are high and low wind velocity, respectively, and s50, s60

and s80 are the three sediments used in this study.

The difference in efficiency between the MWAC and the BEST when using the

exponential function is most probably explained by the elevation of the lowest trap. For

the BEST, the lowest trap was located directly on the surface, whereas for the MWAC,

the lowest bottle was located around 4-5 cm from the surface. When an exponential

curve is fitted through the data points, the β-exponent is mainly determined by the
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slope between the two lowest points. The higher these points are situated above the

surface, the more likely q0 and β will become overestimated. This can also be seen when

q0 and β are calculated for the normalized sediment flux (the amount of sand captured

in a bottle relative to the total amount in all the bottles). Figure 4.9 illustrates this

overestimation. Literature [Dong et al., 2003] shows that a perfect linear relationship

between q0 and β can be expected under similar conditions of surface moisture and

sediment. In Figure 4.8 the relationship is excellent for the BEST catcher whereas it

is less pronounced (but still remains acceptable) for the MWAC catcher. The lower

correlation and the different value for the slope for the MWAC are likely caused by

the higher position of the lowest bottle, resulting in a larger uncertainty for the flux in

the lowermost zone of the sediment transport layer and an overestimation of the values

for q0 and β. When equation 4.7 is used, efficiency is mostly around 100% (Fig. 4.8),

suggesting that the exponential function overestimates q0 and β. The results for the

BEST sampler, point towards the same conclusions since equations 4.3 and 4.7 produce

similar results.
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Figure 4.9: Dimensionless regression coefficients q0 and β calculated for the MWAC and
BEST samplers, for the three sediments used in this study.

No relationships were found between efficiency and sediment type and efficiency

and wind speed. This contrasts with previous results [Youssef et al., 2008], where

higher efficiencies occurred as the sediment became coarser, and where differences in
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efficiencies as the wind speed increased were also noted. However, in Youssef et al.

[2008] a large range of sediment sizes was used, varying between 50 - 500 µm. The result

here are in agreement with other studies [Goossens et al., 2000, Sterk and Raats, 1996],

who found no relation between the efficiency of the MWAC catcher and wind velocity.

MWAC efficiency is substantially determined by the experimental setup (in particular,

the elevation of the lowest bottle) and the analysis method (type of regression) used.

The current study suggests that efficiencies close to 100 % results when exponential

curve fitting is used. For the BEST sampler, almost identical efficiencies were observed

regardless of the curve fitting technique used.

4.3.2 Calibration of the saltiphones

The saltiphones were calibrated before, during and after the experiments. In total, 12

calibration experiments were performed, where the energy output of the saltiphone in

the center (saltiphone 3, see Fig. 4.5) was used as the reference. The duration of a

calibration run was approximately 3 - 4 minutes. To avoid results being affected by

potential differences in sediment concentration across the wind tunnel’s test section, we

reversed the relative position of the saltiphones during several of the tests (saltiphone 1

was moved to position 5 and saltiphone 5 to position 1; and saltiphone 2 was moved to

position 4 and saltiphone 4 to position 2; saltiphone 3 remained in place at all times)

and averaged the result. To estimate the difference in sediment concentration between

position 1 and position 5, the difference in energy output between saltiphones 1 and 5

was compared for the two setups and the average was calculated; the same procedure

was followed for saltiphones 2 and 4. As expected, sediment concentration was not

identical within the wind tunnel section. At position 1 (Fig. 4.5, saltiphone in the

back) it was 48% higher than in the center, and at position 2 it was 23% higher; at

position 4 it was 22% lower than in the center, and at position 5 (Fig. 4.5, saltiphone in

the front) it was 37% lower. This difference in horizontal sediment flux was incorporated

into the output data of the saltiphone. With this correction, the calibration factor (i.e.

the difference in response between the saltiphones) was calculated (Table 4.1).
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Table 4.1: Calibration of the Saltiphones using linear regression (X = bY ). Parameter b
expresses the multiplication factor of the representative saltiphone to saltiphone 3.

Saltiphone number Calibration factor b

1 2.4
2 1.9
3 1.0
4 2.8
5 1.6

The variation in sediment flux over the tunnel section is rather large considering the

relatively homogeneous wind field in the test area [Gabriëls et al., 1997]. Basaran et al.

[2011] used a transparent sellotape to determine this variation for different sediments

and wind velocities in the wind tunnel used in the current study and found that 29.7 to

55.5% of the sediment was transported within the central 35 cm of the tunnel section.

4.3.3 Sediment fluxes calculated from the saltiphone

Sediment fluxes were calculated for every second, based on the kinetic energy measured

by the saltiphones. This was done in three steps: (1) fitting a function through the

individual data points to establish the kinetic energy profile, (2) determine the particle

velocity profile, and (3) calculate the sediment flux from the kinetic energy and particle

velocity profiles.

4.3.3.1 Kinetic energy

Figure 4.10 shows the normalized kinetic energy plotted against elevation for the three

sediments tested. The values for a1, a2, b1 and b2 are also shown.

A peak occurs in the normalized kinetic energy around 2 cm above the surface for

all three sediments. This peak is more pronounced as the sediment becomes finer.

Therefore, for fine sediments, a larger fraction of the kinetic energy is found close to the

surface compared to coarse sediments. For the latter, the total kinetic energy carried

by the airborne particles is less concentrated near the bed. These results are consistent

with previous findings [Zou et al., 2001].
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Figure 4.10: Normalized kinetic energy flux for the three sediments, for high and low
wind velocities. a1, a2, b1 and b2 are the regression parameters from equation 4.9.

4.3.3.2 Particle velocity profile

The particle velocity profile can be constructed using the power function v = abz [Yang

et al., 2007, Zou et al., 2001]. Note that the value for a depends on the choice of the

units; by normalizing the particle velocities, the exponent b fully describes the profile.

Figure 4.11 shows the normalized profiles. For high wind velocities the value for b

increases from 0.07 for the coarsest sediment (s50) to 0.17 for the finest sediment (s80).

For low wind velocities the b-values are 0.20 (coarse sediment s50), 0.23 (medium-sized

sediment s60), and 0.17 (fine sediment s80).

The normalized velocity profiles differ for the two wind speeds investigated. There-

fore, we opted for using the average of both wind speeds when calculating the particle

velocity profile for the whole experiment.

4.3.4 Sediment fluxes

In Figure 4.12, we compare the calculated total sediment flux with the measured soil loss

from the balance. Good relationships were found between the measured and calculated

flux for all three sediment types, but the slopes of the curves differ. For the coarse

(s50) and medium-sized (s60) sediment the F-value was close to unity (0.986 and 0.933,

respectively), whereas for fine sediment (s80) the F-value was 0.601.

Previous studies Dong et al. [2003, 2004a] have shown that particle velocity decreases

with an increase in particle size. For the current study, this would imply that the
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wind speed.

particles of sediment s80 should have higher velocities compared to those of sediments

s60 and s50. Rearranging equation 4.10 into:

vp
√
F =

√
Ek√

0.5m
(4.11)

and using the F-values derived from Figure 11, our results confirm this trend. For a

given amount of kinetic energy and a specified amount of mass equation 4.11 predicts

a lower particle velocity as particles become coarser. However, no direct measurements

were made of the particle velocity in this study. Also, the physical characteristics of
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Figure 4.12: Sediment loss measured from the balance compared to the total sediment
loss calculated from the saltiphones, for the three sediments tested in this study.

the saltating grains were not taken into consideration. In reality, the sediment source is

characterized by a mix of different shapes and sizes, and every particle will have its own

saltation trajectory. The angle at which the particle hits the microphone might also

have a considerable impact on the total amount of energy transferred to the membrane.

Equation 4.11 was used to calculate the sediment flux with an exponential function

fitted through the data points to estimate the total sediment flux for each second. Re-

sults are displayed in Figures 4.13, 4.14, 4.15 for sediments s50, s60 and s80 respectively.

Each sediment type has a total of 12 experiments, for three different sediment catchers

(MWAC-old, new and BEST) using high and low wind velocities in duplicates. Each

figure shows the shear velocity, threshold shear velocity and normalized analogue out-

put of the saltiphone. The normalized output was calculated by summing all calibrated

outputs of the saltiphone and divide this sum by the maximum value during one exper-

iment. Also shown in Figures 4.13, 4.14, 4.15 are the output (weight loss) recorded by

the balance and the sediment flux calculated from the saltiphone data.

Results show that the analogue output of the saltiphone can indeed be used to assess

sediment fluxes on a small temporal time scale. For the s50 sediment, the results for the

measurements with the new MWAC at the lowest wind velocity show a small underes-

timation, whereas the BEST gives a small overestimation for the highest wind speed.

The same is true for the s60 sediment, but for the s80 sediment, an over estimation can

be seen for the second run, for both wind speeds. Accepting a small measurement error

in the balance weights all results are well within acceptable boundaries.

77



Chapter 4. Measuring fast-temporal sediment fluxes with an analogue acoustic sensor:
a wind tunnel study 78

MWAC old high 1

Index

in
pu

t$
sh

ea
r

0

0.1

0.2

0.3

0.4

Index

in
pu

t$
sa

l

MWAC old high 2

Index
in

pu
t$

sh
ea

r
Index

in
pu

t$
sa

l

MWAC old low 1

Index

in
pu

t$
sh

ea
r

Index

in
pu

t$
sa

l

MWAC old low 2

Index

in
pu

t$
sh

ea
r

Index

in
pu

t$
sa

l

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250

Index

in
pu

t$
cu

m

4
5
6
7
8
9

10
11

0 50 100 150 200 250 300 350

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250 300 350

Index

in
pu

t$
cu

m

4
5
6
7
8
9

10
11

0 50 100 150 200 250 300

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250 300

Index

in
pu

t$
cu

m

7

8

9

10

11

0 100 200 300

Index

in
pu

t$
kg

 *
 1

00
0

0 100 200 300

Index

in
pu

t$
cu

m

7

8

9

10

11

MWAC new high 1

Index

in
pu

t$
sh

ea
r

0

0.1

0.2

0.3

0.4

Index

in
pu

t$
sa

l

MWAC new high 2

Index

in
pu

t$
sh

ea
r

Index

in
pu

t$
sa

l

MWAC new low 1

Index

in
pu

t$
sh

ea
r

Index

in
pu

t$
sa

l

MWAC new low 2

Index

in
pu

t$
sh

ea
r

Index

in
pu

t$
sa

l

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250

Index

in
pu

t$
cu

m

4
5
6
7
8
9

10
11

0 50 100 150 200 250

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250

Index

in
pu

t$
cu

m

4
5
6
7
8
9

10
11

0 50 100 150 200 250

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250

Index

in
pu

t$
cu

m

7

8

9

10

11

0 50 100 150 200 250

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250

Index

in
pu

t$
cu

m

7

8

9

10

11

BEST high 1

Index

in
pu

t$
sh

ea
r

0

0.1

0.2

0.3

0.4

Index

in
pu

t$
sa

l

BEST high 2

Index

in
pu

t$
sh

ea
r

Index

in
pu

t$
sa

l

BEST low 1

Index

in
pu

t$
sh

ea
r

Index

in
pu

t$
sa

l

BEST low 2

Index

in
pu

t$
sh

ea
r

Index

in
pu

t$
sa

l

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250 300

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250 300

Index

in
pu

t$
cu

m

4
5
6
7
8
9

10
11

0 50 100 150 200 250 300

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250 300

Index

in
pu

t$
cu

m

4
5
6
7
8
9

10
11

0 50 100 150 200 250 300

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250 300

Index

in
pu

t$
cu

m

7

8

9

10

11

0 50 100 150 200 250 300

Index

in
pu

t$
kg

 *
 1

00
0

0 50 100 150 200 250 300

Index

in
pu

t$
cu

m

7

8

9

10

11

Shear velocity
Threshold shear velocity
Saltiphone

●

Balance
Saltiphone

Timestep (sec)

S
he

ar
 v

el
oc

ity
 (

m
/s

)
W

ei
gh

t (
kg

)
S

he
ar

 v
el

oc
ity

 (
m

/s
)

W
ei

gh
t (

kg
)

S
he

ar
 v

el
oc

ity
 (

m
/s

)
W

ei
gh

t (
kg

)

re
la

tiv
e 

an
al

og
ue

 s
al

tip
ho

ne
 o

ut
pu

t (
−

)
re

la
tiv

e 
an

al
og

ue
 s

al
tip

ho
ne

 o
ut

pu
t (

−
)

re
la

tiv
e 

an
al

og
ue

 s
al

tip
ho

ne
 o

ut
pu

t (
−

)

Figure 4.13: Sediment loss, relative analogue saltiphone output and shear velocity over
time for the different experiments with sediment s50. The experiments were done using
three types of catchers (MWAC-old, MWAC-new and BEST) with high and low wind
velocities. Two replicates were done for each test. Sediment loss was measured from the

balance (black) and calculated from the saltiphone (red)

To check whether or not the procedure to calculate the sediment flux from the

analogue output of the saltiphone can be replicated by using the saltiphone’s digital

pulse output, the two raw signals were compared. Figure 4.16 shows the results for

the first two saltiphones. For saltiphone 1, there is a good correlation between the

two outputs, but at high energy levels the relationship becomes less well expressed.

The output of saltiphone 2 illustrates why the digital pulse output cannot be used to

quantitatively assess wind erosion as an almost parabolic relationship was found between

the digital pulse and the analogue output. Saturation might be the most plausible cause

for this phenomenon.
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Figure 4.14: Sediment loss, relative analogue saltiphone output and shear velocity over
time for the different experiments with sediment s60. The experiments were done using
three types of catchers (MWAC-old, MWAC-new and BEST) with high and low wind
velocities. Two replicates were done for each test. Sediment loss was measured from the

balance (black) and calculated from the saltiphone (red)

4.3.5 Shear velocity and sediment fluxes

Apart from sediment flux, Figures 4.13, 4.14 and 4.15 also show both shear velocity and

threshold shear velocity. Shear velocities and roughness lengths (z0) were calculated

from the wind velocity profiles. Data for the roughness length varied considerably,

from 0.002 to 0.103 mm (a factor of 50). These values are low compared to the values

measured for comparable sands (refer to Youssef et al. [2012b]), who used a value of 1

mm. Threshold shear velocities were calculated for all three test sediments by means

of equation 4.1, using the median grain diameter (d50) as the reference diameter and
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Figure 4.15: Sediment loss, relative analogue saltiphone output and shear velocity over
time for the different experiments with sediment s80. The experiments were done using
three types of catchers (MWAC-old, MWAC-new and BEST) with high and low wind
velocities. Two replicates were done for each test. Sediment loss was measured from the

balance (black) and calculated from the saltiphone (red)

using particle density equal to 2650 kg m−3.

The calculated threshold shear velocities (table 4.2) are consistent with the data.

When shear velocity exceeds the fluid threshold sediment transport is measured by the

saltiphone. However, the data also show a clear difference between high energy levels

and low energy levels (Fig. 4.17). When wind is still accelerating, sediment fluxes are

lower than when the wind is slowing down. This phenomena is also known as hysteresis,

which means sediment flux is not only dependent on the current shear velocity, but also

on the previous shear velocities [Baas and Sherman, 2005].
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Figure 4.16: Raw analogue output compared to the raw digital output for the first two

saltiphones.

Table 4.2: Threshold shear velocities calculated for the different sediments using equation
4.2

sediment impact threshold u?t
ms−1

fluid threshold u?t ms−1

s50 0.21 0.25
s60 0.19 0.22
s80 0.16 0.19

4.3.6 Comparison between the saltiphone and the BEST trap

To determine whether the technique developed in this study to calculate sediment fluxes

from saltiphone data leads to more accurate results, the sediment flux profiles from the

saltiphone and the BEST sampler were compared. For the saltiphone we first calculated

the average fluxes of the individual experiments. Relative fluxes were then calculated by

dividing the sediment flux obtained from each saltiphone by the total of all saltiphones.

The same procedure was adopted for the BEST. Only the BEST was used in the test

because this sampler provides more data points in the saltation layer than the MWAC,

which guarantees a better characterization of the sediment flux profile.

Results are shown in Figure 4.18 with an exponential function used to fit the data

points. Similar patterns were obtained for all wind speeds and sediments tested. In

general, the results are comparable for the saltiphone and the BEST, illustrating the

usefulness of the techniques. For the two coarsest sediments (s50 and s60), the agreement
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Figure 4.17: Sediment flux for different shear velocities, for an accelerating and a decel-
erating wind velocity.

is less encouraging close to the bed for the high-wind velocity case. At low elevations,

the saltiphone overestimates the sediment flux compared to the BEST.

4.3.7 Limitations

Despite a good relationship between the saltiphone output, the loss of mass measured by

the balance, and the measured sediment flux by the sediment catchers, there are several

limitations for the current reported method. When calibrating saltiphones the output

of the instruments should be compared under identical conditions. This is seldom the

case, either in a wind tunnel or in the field. In wind tunnels variations in the sediment

flux may occur in the test section, such as during our experiments. In the field, spatial

and temporal variations in soil roughness, soil moisture content, soil structure and soil
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Figure 4.18: The total dimensionless sediment fluxes of the BEST and Saltiphone com-
pared. s50, s60 and s80 are the three sediment types tested; High and Low refers to high

and low wind velocity.

texture occur. Also, recalibration or replacement of the microphone is required after

some time due to normal wear of the microphone’s membrane. This was not a problem

in the current study but was reported in a previous study [Ellis et al., 2009b]. Another

problem is that, when the sediment flux is calculated from saltiphone data, shear velocity

information is required. This information is usually collected from a vertical tower of

anemometers, and thus subject to some uncertainty [Bauer et al., 1992]. Finally, this

study used only three types of (industrially washed and sieved) sediment. Although

results were very comparable, more tests are recommended, especially with natural

sediments characterized by a lower degree of sorting than those used in this study.
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4.4 Conclusions and recommendations

Three samplers were tested in this study: the saltiphone, the MWAC and the BEST.

Their efficiencies were tested by comparing the vertically integrated sediment flux mea-

sured (or calculated) with these samplers to the emission flux of the sediment source,

which was directly measured with a balance. In general, the measured and calculated

sediment fluxes are comparable, confirming the usefulness of the samplers and the cal-

culation procedures.

No relationships were found between the efficiency of either sampler and sediment

type or wind velocity. Efficiency mainly depends on the design of the samplers, the

experimental setup (in particular, the number and elevation of the individual traps in

the saltation layer), and on the choice of the regression function when fitting data into

the vertical sediment flux or particle velocity profiles.

The saltiphone is a reliable tool to determine aeolian sediment fluxes at fast temporal

scales. However, this study was performed in the controlled environment of a wind

tunnel. Field conditions are much less stable and usually cannot be controlled, making

this type of research much more complicated. However, we think the instrument can

produce reliable results under field conditions provided sufficient attention is paid to the

experimental setup. Issues to be considered include (but are not limited to): the number

of saltiphones in the saltation layer; the vertical distance between adjacent saltiphones

(especially close to the bed where sediment transport is highest and the variation of the

sediment flux with height is most pronounced); the accuracy in determining the exact

elevation of each saltiphone; the difference in sensitivity of each microphone, which

affects the acoustic signal; the cleanliness of the output signal, which can be affected by

wind or rain; and the measurement interval, which should be identical to the internal

sampling rate of the instrument.

When comparing other traps to the saltiphone in the field, attention must also be

paid to the distance between the instruments because of very small-scale differences in

particle concentration that may occur in the transport layer (sand streamers). Finally,

when using the analogue output of the saltiphone to calculate sediment fluxes the wind
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profile near the bed should be accurately measured, preferably at a sufficiently high

temporal resolution.
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Measuring aeolian sand transport using acoustic sensors

abstract

Acoustic sensors are frequently used to measure aeolian saltation. Different approaches are used to process the

signals from these instruments. The goal of this paper is to describe and discuss a method to measure aeolian

saltation with acoustic sensors. In a laboratory experiment, we measured the output from an advanced signal

processing scheme on the circuit board of the Saltiphone. We use a software implementation of this processing

scheme to re-analyse data from four miniphones obtained during a field experiment. It is shown that a set of

filters remove background noise outside the frequency spectrum of aeolian saltation (at 8 kHz), whereas signals

within this frequency spectrum are amplified. The resulting analogue signal is a proxy of the energy. Using an

AC pulse convertor, this signal can be converted into a digital and analogue count signal or an analogue energy

signal, using a rectifier and integrator. Spatio-temporal correlation between field deployed miniphones increases

by using longer integration times for signal processing. To quantify aeolian grain impact, it is suggested to use

the analogue energy output, as this mode is able to detect changes in frequency and amplitude. The analogue

and digital count signals are able to detect an increase in frequency, but are not able to detect an increase in

signal amplitude. We propose a two-stage calibration scheme consisting of (1) a factory calibration, to set the

frequency spectrum of the sensor and (2) a standardized drop-test conducted before and after the experiment to

evaluate the response of the sensor.

5.1 Introduction

Aeolian research aimed at understanding the processes associated with saltation has

advanced rapidly over the last decade, in part as a consequence of substantial improve-

ment in the instruments available for field experiments. The ability to measure the

wind near the sand surface, especially, has improved greatly with the adoption of ultra-

sonic anemometry [e.g. Van Boxel et al., 2004, Walker, 2005]. Until recently, however,

instruments and methods to measure characteristics of sand flux have remained dispro-

portionately unsophisticated. A number of recent articles and discussion papers have

been published on the use of acoustic sensors in aeolian research. Several [Poortinga
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et al., 2013a, Schönfeldt, 2012, Yurk et al., 2013] demonstrate that acoustic sensors are

suitable for the measurement of aeolian mass fluxes, although the work of Ellis et al.

[2009b] and Sherman et al. [2011] show some discrepancies between the output of the

acoustic sensors and coincidental measurements of sand transport.

Electronic saltation sensing instruments operate from one of three physical bases:

acoustic detection; piezoelectric detection; or optical detection. These types of sensors

have been reviewed and discussed extensively elsewhere [e.g. Barchyn and Hugenholtz,

2010, Davidson-Arnott et al., 2009, Hugenholtz and Barchyn, 2011b, Sherman et al.,

2011, Van Pelt et al., 2009] and we focus, therefore, mainly on acoustic sensors. The

use of acoustic sensors in aeolian research dates back to Spaan and van den Abeele

[1991], who designed and tested a microphone-based device called the saltiphone. The

microphone responded to the impact of saltating grains that compressed its diaphragm,

thereby generating an acoustic signal that could then be digitally recorded. A large

number of studies have relied on saltiphone technology. These studies were conducted

in a variety of aeolian settings, including coastal environments [e.g. Arens, 1996b, 1997,

Poortinga et al., 2014, Schonfeldt and von Lowis, 2003, van der Wal, 2000a], (semi-)

arid regions [Leenders et al., 2005a, Mei et al., 2006, Visser et al., 2005b, 2004b, Youssef

et al., 2012b], nature reserves [Riksen and Goossens, 2007], as well as wind tunnels

[e.g. Goossens et al., 2000, Van Pelt et al., 2009, Youssef et al., 2012b]. Similar custom

built microphone systems have been developed and used in recent studies [Ellis et al.,

2009b, 2012, Schönfeldt, 2012, Sherman et al., 2011], which have focused mainly on the

measurements and technology.

Ellis et al. [2009b] designed a modified version of the saltiphone, that they termed

the ‘miniphone’ because of its small sensor area. Acoustic sensors can sample at very

fast rates, approaching 100 kHz when using sound cards, for example, and with an un-

protected sensing surface that are able to detect the impacts of small sand grains moving

at slow speeds. This sensitivity, however, comes at the expense of durability [Sherman

et al., 2011]. The less sensitive saltiphone is substantially more durable and thus suit-

able for long-term deployments. Studies employing these devices used the output of
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grain-impact counts to represent saltation intensity, rather than sand transport rates.

Poortinga et al. [2013a], however, were able to correlate sand transport rates with the

analogue outputs (a proxy for the kinetic energy) from a vertical array of saltiphones.

The output from a saltiphone is not directly comparable with those from other

acoustic sensors, such as those used by Ellis et al. [2009b], Sherman et al. [2011], Yurk

et al. [2013], because signals from the saltiphone sensor are processed through a range of

amplifiers and filters, and those from the miniphone are just amplified. For both types

of acoustic sensor, processing the signal to obtain a robust and reliable grain impact

count, with the potential to be used as a sand transport rate proxy, has remained a

challenge.

A second category of impact sensors is based on piezoelectric crystals and dates back

to the development of the piezoelectric-ring based Sensit [Gillette and Stockton, 1986]

and to the experiments of Hardisty [1993] with a crystal mounted on a phonograph

needle. Commercialization of piezoelectric sensors began with the development of the

Sensit and evolved to the Safire [Baas, 2004]. Both of these devices proved difficult to

calibrate under wide ranges of conditions, in no small part because of their relatively

large and curved sensing surfaces. This issue was addressed using small, sensitive buzzer

disks – flat, circular piezoelectric surfaces [Li, 2010]. The buzzer disk is not quite as

sensitive as an unshielded acoustic sensor, but is much more durable [Li et al., 2011].

Analogue output from piezoelectric sensors also requires some degree of signal process-

ing, although some of the instruments include internal circuitry for signal processing and

produce impact counts directly. This includes a new, more sensitive instrument from

Sensit, the FP5 Flat Plate Movement Sensor [Sensit, 2013] to be used for initiation of

motion studies, similar to that incorporated into the bed load trap system developed

by Swann and Sherman [2013].

There is also a multi-decade history of the use of lasers, to detect and measure

saltation. Perhaps the first use of this technology was a wind-tunnel experiment where

the beam was used to detect the initiation of motion [Nickling and Ecclestone, 1981].
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Butterfield [1999b] used a laser system, coupled with thermal anemometry, in his wind-

tunnel study of saltation profiles. The next two technological advances came with the

development, by Mikami et al. [2005] of a laser particle counter that could also size the

grains, and the use of a commercial, fork-sensor particle counter (produced by Wenglor

Sensoric Gmbh) in field studies of aeolian sand transport [e.g. Chapman et al., 2013,

Davidson-Arnott et al., 2009, Hugenholtz and Barchyn, 2011b, Martin et al., 2013].

One of the advantages of the Wenglor fork sensor is that its circuitry is able to produce

grain counts with no subsequent signal processing required, and they are suitable for

relatively long deployment. They are, however, directionally sensitive, and prone to

signal saturation under conditions with intense saltation [e.g. Barchyn et al., 2014a,

Hugenholtz and Barchyn, 2011b].

Acoustic sensors remain valuable tools in the quest to better understand the dy-

namics of aeolian saltation, especially given their ability to detect grain impacts at high

frequencies on small sensing surfaces. One of their major drawbacks has been the is-

sue of calibration and signal processing necessary to convert the acoustic signatures of

impact into a reliable grain impact count. The purpose of this study is to provide a

technical description of an advanced signal processing protocol to improve the detec-

tion and counting of grain impacts during aeolian saltation. We devised an experiment

where we measured the analog signals at different locations within the electrical circuit

in order to evaluate the signal processing scheme and its applicability to study aeolian

saltation processes. We use this protocol to analyze field-based data obtained using a

miniphone [Ellis et al., 2009b]. We discuss and compare the results of this study with

previous approaches in order to assess its general applicability. The aim of this paper is

to make a contribution to the discussion on the use and application of acoustic sensors

in aeolian research, using the saltiphone and miniphone as examples.

5.2 Background

Aeolian sediment transport can be categorized into three different modes: creep, salta-

tion (including reptation) and suspension. Finer particles (0.001 to 0.1 mm) are usually
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transported as suspended load within the air column, whereas larger particles (1 to 2

mm) reptate (creep or move via small hops) and intermediate-sized particles (0.1 to 1

mm) saltate or reptate (path lengths long relative to grain diameter) over the surface

[Fryrear et al., 1991, Lancaster and Nickling, 1994]. Most sand transport on Earth

and Mars occurs in the saltation mode [e.g. Bagnold, 1941, Kok et al., 2012, Nickling

and Neuman, 2009], and thus saltation load has been the focus of much of the aeolian

sediment transport research in wind tunnel and field research, and in modelling efforts.

Over the last several decades there have been substantial advances in our ability to

measure the characteristics of the wind (see reviews by Nickling and Neuman [2009] or

Sherman et al. [2013a]), especially in the time domain. For the most part, however,

measurements of sand transport have relied on the use of passive sediment traps such as

the Leatherman/Rosen trap [Leatherman, 1978, Rosen, 1978], the Guelph trap [Nick-

ling and McKenna Neuman, 1997], Modified Wilson and Cook [Poortinga et al., 2015,

Sterk and Raats, 1996, Wilson and Cooke, 1980b], Big Spring Number Eight [Fryrear,

1986], WITSEG [Dong et al., 2004b], Basaran and Erpul Sediment Trap [Basaran et al.,

2011], or mesh-type trap [Sherman et al., 2014]. Some of these traps involve a sin-

gle chamber (e.g. Leatherman [1978], Nickling and McKenna Neuman [1997]), thus

integrating the vertical flux into one measurement. Others comprise sets of different

compartments so that the flux profile can be measured (e.g. Dong et al. [2004b], Wilson

and Cooke [1980b]). The sediment caught in the traps over a known time period is

dried and weighed, and the results used to calculate a transport rate in units (typically)

of kgm−1s−1 or gm−1s−1. When a trap array has gaps in vertical coverage (such as

the BSNE), the total transport rate can be estimated by log-linear curve fitting for

the segmented data and then by integration. The use of passive-style traps typically

involves sampling transport over periods of 1 to 30 minutes through openings (single or

cumulative through several) with areas of the order of 105 mm2 or greater.

The work of Sterk et al. [1998] shows a good linear correlation between measured

mass fluxes with a modified Wilson and Cooke sediment trap and the count output of

a saltiphone measured at the same height in a windtunnel. However, as they argue, the
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range of fluxes measured in the experiments was rather narrow. It is therefore uncertain

whether this relationship is still valid for higher and lower fluxes. Other studies that

explored the efficiencies of different active sensors generally found low fidelity when

comparing measurements from several devices. This is partly due to the often variable

environmental conditions, e.g., varying wind speed, temperature, saltation intensity,

and grain size [Ridge et al., 2011], but particular designs and signal processing protocols

also play an important role. For example, radial variance in sensitivity is a problem

for the omnidirectional Sensit and Safires [Baas, 2004, Van Pelt et al., 2009], whereas

the fragility and implicit cut-off boundary, i.e. the translation from a voltage to a

count, impede the use of laser particle counters. While sensor degradation might be

a severe drawback for some acoustic sensors [Ellis et al., 2009b], they have a limited

effect in terms of flow distortion and can be used to quantify the kinetic impact of a

sediment laden airflow, when the correct signal processing is applied. With assumptions

or measurements concerning particle size distribution and velocity, impact counts or

kinetic energy can be used to estimate total flux characterization.

The advent of field-deployable, active sensors, such as those highlighted above, al-

lows sampling of saltation at much greater spatial and temporal resolutions than those

associated with passive traps. Active sensors can have sensor areas of less than 100 mm2

and their sampling frequency can approach 105 Hz. These scales allow for intensive ex-

amination of saltation systems at scales that are now much finer than those sampled

by typical wind instruments. However, unlike the data obtained with passive sediment

traps, it is difficult to use the data acquired with active sensors to quantify grain impact

counts without complicated signal processing.

5.3 Materials and methods

Data from a laboratory and field experiment were used in this study. Laboratory exper-

iments used a modified saltiphone acoustic sensor where we tested the impact signals at

different locations in the electrical wiring scheme to develop an improved protocol for

estimating particle flux. In the field experiment, four miniphones were deployed on a
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sandy beach. We provide a detailed description of the saltiphone and signal processing

scheme and the experimental setup.

5.3.1 Laboratory experiment

5.3.1.1 The saltiphone

The saltiphone [Spaan and van den Abeele, 1991], consists of a microphone (SA-18)

positioned in the centre of a stainless steel tube mounted on a ball bearing (Fig. 5.1).

The two vanes at the back of the steel tube ensure that the saltiphone is aligned with

the wind when the ball bearing is connected to a steel rod. A screw in the ball bearing

makes the device height adjustable. In the first version of the saltiphone, a ball bearing

was connected to the bottom of the tube. In the newer versions, this ball bearing is

positioned on top of the tube, so that it can rotate freely while the tube is located in

closer proximity to the surface. The ball bearing is simultaneously the centre of mass,

to ensure the tube will only rotate horizontally. Although never scientifically tested,

the wings were specifically designed to create a low pressure field behind the tube to

accelerate flow inside the tube. The acceleration was intended to steer particles within

the tube toward more direct (perpendicular) impacts on the microphone and prevent

clogging. This microphone has a frequency range of 0.1-10 kHz and is connected to the

electrical circuit via a cable.

To measure aeolian saltation, the signal of the microphone is processed into a digital

or analogue signal (Fig 2). First, the signal is amplified and filtered by a two- stage

active bandwidth filter. The typical frequency of aeolian saltation (8 kHz, Spaan and

van den Abeele [1991]) is used to identify the sound of colliding sand particles. The low

and high frequency signals are attenuated and the band frequency signals of interest are

amplified. Figure 2 in Spaan and van den Abeele [1991] (shown in the bottom of Fig 2

here) shows the frequency curve of the microphone amplifier. The resulting signal is a

proxy for energy.

The analogue energy signal is a collection of pulses with varying frequency and

amplitude. This signal is processed into three different signals: (1) analogue energy, (2)
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Figure 5.1: A schematic overview of the Saltiphone acoustic sensor.
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Figure 5.2: A flow diagram of the electrical wiring of the saltiphone. Image top: the
frequency curve of the microphone amplifier. The input (A) and output (B,C,D) signals

are shown, as well as the measurement locations (I-V).

analogue count and (3) digital count. Output signals of the analogue energy, analogue

count and digital count are shown in Fig. 5.2, B, C, and D, respectively. The analogue

energy (B) is determined by rectifying the signal, where all negative pulses are converted

into positive pulses. A combination of an active and passive integrator is used to

determine the total amount of energy in the signal.
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The analogue energy signal is also used to determine a total number of counts

(analogue and digital). Here, the signal is amplified and wired through an AC pulse

converter where signals above a certain threshold are converted into pulses (0 or 1).

For the digital output, a pulse divider (divided by factor 10) was included to prevent

saturation. For the analogue output, the signal is attenuated and converted into an

analogue signal in an integrator, so that the signal can be read as a voltage from the

analogue count output.

A calibration of the microphone is required as the specific characteristics of a mi-

crophone might differ from one to another. Different characteristics might result in

differences in sensitivity and/or the frequency spectrum. A calibration device (Fig. 5.3)

was used to apply a constant signal of 8 kHz. to the microphone, while the bandwidth

filter was set.

Figure 5.3: Factory calibration of the saltiphone. The frequency spectrum of the micro-
phone amplifier is adjusted while applying a constant signal of 8 kHz to the microphone.

95



Chapter 5. Measuring aeolian sand transport using acoustic sensors 96

5.3.1.2 Laboratory methods

At different locations in the electrical circuit (Fig 5.2: locations I – V) the electrical

signal was measured by connecting different channels of the oscilloscope (Fig 5.4: left)

to the circuit board of the saltiphone. The impact of a small number of grains was

measured by manually dropping round (400 µm) glass beads on the microphone. To

simulate the signal of an aeolian saltation cloud, the microphone was located in the

centre of a cylinder (Fig 5.4: right). Inside the cylinder, a funnel with a diameter

of 2 mm was filled with glass beads, approximately 0.15 m above the microphone.

Variations in sediment flux were simulated by manually re-directing part of the flow.

Due to internal memory limitations in the oscilloscope, there is a trade-off between

measurement frequency and durations. The sampling interval was varied in order to

obtain datasets of different durations.

Figure 5.4: The experiments were conducted by connecting a Tektronix (TDS 2014B)
digital storage oscilloscope to different locations in the electrical circuit (left). The image
right shows the equipment used for the drop-tests. Glass beads located in a funnel in the
cylinder were dropped from a fixed height on the microphone, which was located in the

centre of the cylinder.
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5.3.2 Field experiment

5.3.2.1 The miniphone

The miniphone, as introduced by Ellis et al. [2009b], consists of a modified JLI Elec-

tronics electret microphone mounted in a brass tube. The microphone modification

process includes removal of the felt and metal cover protecting the diaphragm. The

frontal diameters of the ‘big’ and ‘small’ microphones are 6 mm and 4 mm, respectively.

The microphones are placed inside a 0.4 m brass tube that has a diameter equivelent

to the microphones. The brass tube serves as a housing for the microphone for easier

mounting in field-based environments. Ellis et al. [2009b] wired the modified micro-

phone to circuitry that amplified the signal before reaching the analogue to digital data

acquisition system sampling with a rate of 4 kHz. In later studies [Ellis et al., 2012],

the miniphone was wired to a sound card, thus allowing sampling rates up to 44.1 kHz.

5.3.2.2 Field methods

The field experiment was conducted in November 2011 in Ceará, Brazil, in the vicinity

of Jericoacoara. Four miniphones were installed in a flow-perpendicular, 3 m long array,

at an elevation of 0.09 m above the surface. The miniphones were connected to a data

acquisition system with a sampling rate of 44.1 kHz, and were aligned perpendicular

to the prevailing wind direction. Miniphone records were obtained for a period of 35

minutes. The field site is the same as that described by Ellis et al. [2012] and Sherman

et al. [2013b].

5.3.2.3 Data analysis methods

A software implementation consistent with the flow diagram described in figure 5.2

was used to analyse the data from the miniphone. Similar to Yurk et al. [2013], the

signal from the miniphone was filtered using a high-pass Butterworth filter (fifth order).

Whereas Yurk et al. [2013] used a cutoff frequency of 1 kHz, we use a lower and upper

boundary of 7 and 9 kHz respectively. The signal was rectified and integrated using
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varying time intervals. Linear regression was applied to compare the correlation of the

different microphones.

5.4 Results

5.4.1 Laboratory experiment

Four experiments were selected to illustrate the signal processing of aeolian saltation.

Table 5.1 provides an overview of the measurement location in the electrical circuit for

the different experiments. For experiment 1, we made measurements at three locations

along the signal (Fig. 5.2) when manually dropping glass beads on the microphone.

The funnel was used for experiment 2, 3 and 4, and the electrical signal was measured

at four locations. The sampling interval varied from 100-10000 Hz.

Table 5.1: The measurement locations (see Fig. 5.2) in the electrical circuit, droptest and
sampling frequency for the different experiments.

Experiment Measurement Locations Droptest Sampling frequency (Hz)

1 I, II ,III Manual 10000
2 I, II,III V Funnel 250
3 I, II, IV Funnel 500
4 I, II, IV Funnel 100

Figure 5.5 shows the measured signals of the first experiment signal directly behind

the microphone (top Fig 5.5: I in Fig. 5.2), behind the filtering and amplification

(middle Fig 5.2: II in Fig. 5.2) and the digital pulse output (bottom Fig 5.5: III

in Fig. 5.2). The left figures represent a period of 0.0025 second, whereas the right

images provide a detailed description of two pulses within 0.005 seconds, indicated with

dotted lines in the left images. The signal from the microphone contains a considerable

amount of noise that is removed by the filter. The resulting signal varies in frequency

and amplitude. Values above a threshold result in a digital pulse. Every pulse lasts

0.000875 sec, or seven samples when measuring with 8 kHz.

In experiment 2, we added the analogue count signal to the signals measured in the

first experiment. For a period of 10 sec, the signals were measured with a sampling
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Figure 5.5: The signal of the saltiphone measured during experiment 1. The signal of the
microphone (top), the filtered and amplified signal (middle) and the pulse output (bottom),
locations I, II and III in Fig. 5.2 respectively. Figures on the right are a more detailed
image of the area between the dotted lines in the left images. The vertical gray lines in the

right image represent the 8 kHz.

frequency of 250 Hz. Fig. 5.6 shows the electrical signals for the microphone (top), the

amplified signal (middle top), the digital count (middle bottom) and analogue count

(bottom), at locations I, II, III and V in figure 5.2 respectively. For the digital count

output, a variation in frequency can be observed, whereas the analogue count output

shows a variation in amplitude. An increase in frequency results in an increase in am-

plitude for the analogue count output. In fact, the analogue count signal is constructed

from the same signal as the digital count. However, the signal from the analogue count

output is wired through an integrator, which integrates the pulses with respect to time,

resulting in a higher voltage for a higher frequency in counts.

The signal of the microphone (I Fig 5.2), the amplified and filtered signal (II Fig 5.2)

and the analogue energy output signal (IV Fig. 5.2) were measured in experiments 3 and
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Figure 5.6: The signal of the saltiphone measured during experiment 2. Signals were
measured for the microphone (top), the filtered and amplified signal (middle top) and the
pulse output (middle bottom) and analogue count output (bottom), locations I, II and III

and V in Fig. 5.2, respectively.

4. Figure 5.7 Shows the results of experiment 3 (left) and experiment 4 (right). During

experiment 3, a small number of grains were dropped through the funnel for a period of 5

sec. While the filtered signal is rather constant (Fig. 5.7: middle left), the voltage from

the analogue energy (Fig. 5.7: bottom left) increases towards a maximum, followed by

a decrease in voltage. This can be explained by the integrator, which outputs an voltage

in respect to time. In experiment 4 (Fig. 5.7: right), the duration was extended to 25

seconds. The analogue energy output also shows the time-lag here, but increases to a

stable value around 2 volts. This was expected, considering the constant throughput of

glass beads in the funnel.
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Figure 5.7: The electrical signals measured for experiment 3 (left) and 4 (right). Ex-
periment 3 lasted 5 seconds, whereas experiment 4 took 25 seconds. The different figures
represent the signal from the microphone (top), the signal after filtering and amplification

(middle) and the analogue energy (bottom).

5.4.2 Field experiment

The miniphone records were re-analysed using the signal processing scheme. To ensure

sensor integrity, only the first 10 minutes of the records were included in the regression

analysis. Figure 5.8 shows the correlation between the four miniphones according to

distance and time integration. This analysis was done to identify an appropriate tem-

poral basis, especially, for sensor comparison, Thus providing a platform for assessment

of the performance of the protocol.The distance between two correlated miniphones is
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presented as dots. It can be seen that the outputs of the sensors are poorly correlated

for small integration times (< 1 sec). This correlation improves with longer integration

times up to approximately 5 seconds. Integration times longer than 5 seconds does not

further improve the correlation between the miniphone outputs.
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Figure 5.8: The correlation between the processed miniphone output located at four
different locations using different time integration. The colors indicate a difference in R2.

The dots represent the distance between two correlated miniphones.

The processed signals of the miniphones were compared using an integration time

of 5 seconds. The signals were normalized using the mean of the first 10 minutes of

the measurements. The results are shown in figure 5.9(a) and 5.9(b). The first figure

(Fig. 5.9(a)) shows the normalized output for the first 10 minutes of the record. Despite

some variance, there is a clear similarity in the processed output between the different

miniphones. After 10 minutes (Fig. 5.9(b)), the variance between the different sensors

becomes larger, with a notable increase in signal for miniphone 3 and 4. However, the

trends in the signal (i.e. an increase or decrease in signal) remain rather similar between

the miniphones. The increase in variance between the different sensors is attributed to

sensor degradation.
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(a) a: The first 10 minutes of the normalized output of the four miniphones. An integration time of 5
seconds was used in the signal processing scheme.
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(b) b: The first 25 minutes of the normalized output of the four miniphones. An integration time of 5
seconds was used in the signal processing scheme.

Figure 5.9

5.5 Discussion

Acoustic sensors have a specific range of frequencies over which they are capable of

detecting a signal. As aeolian saltation has a typical frequency of 8 kHz [Spaan and

van den Abeele, 1991], it is important that the sensor has a high sensitivity in this fre-

quency. Saltiphones typically use a SA-18 Microphone Cartridge which has a frequency

range of 0.1-10 kHz. The JLI Electronics microphone (model F9445AL), used by Ellis
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et al. [2009b] and Yurk et al. [2013], is sensitive between 0.2-16 kHz. Schönfeldt [2012]

used a micro speaker (Kingstate, type KDMG15008P-025A1), sensitive in 0.9 - 20 kHz

range. Each of these models should be suitable to detect aeolian saltation.

The signal processing from the acoustic sensor varies between the different studies.

Studies from Ellis et al. [2009b] and Sherman et al. [2011] used an analogue to digital

converter and a soundcard, whereas Schönfeldt [2012] used the microphone in conjunc-

tion with a transistor and amplifier. In the electronic circuit of Schönfeldt [2012], signals

from the microphone were amplified without filtering. Positive pulses above a threshold

of 0.5 volt were counted by a data logger. Their approach might be improved by apply-

ing rectification and filtering of the signal. Moreover, their setup might not be able to

detect small sharp pulses in the signal.

In this study, we measured three different output signals from the saltiphone. It

was found that the analogue energy output is able to detect changes in frequency as

well as amplitude. The analogue and digital count output use pulses from the AC

pulse converter to construct the output signal. Both signals represent an increase in

frequency, but are not able to detect a higher amplitude in signal. The pulse converter

applies a certain threshold of the incoming signal in order to convert it to a binary

signal (0 or 1). An arbitrary cut-off value results in no count output for grains without

sufficient momentum to exceed the threshold, whereas analogue energy would give a

low output signal as a physical evidence for sediment transport. When a quantitative

representation of the sediment flux is the primary interest, it is suggested to use the

analogue energy output.

Once the signal processing protocol had been established through the laboratory

trials, it was used with field data obtained in miniphone experiments. We would ex-

pect similar success with this application because the saltiphone and the miniphone are

designed around similar acoustic technologies. This comparison represents an objective

test for the signal processing method because the miniphone data were collected inde-

pendent of any consideration of this protocol. The results are entirely consistent with

those obtained through the application of much more complicated signal processing

104



Chapter 5. Measuring aeolian sand transport using acoustic sensors 105

methods [e.g. Li, 2010]. The correspondence of the processed signals from one mini-

phone to the next also supports the broader applicability of the protocol, requiring only

calibration to convert the normalized signal to grain counts or transport rates.

In a recent discussion on the work of Sherman et al. [2011], Hugenholtz and Barchyn

[2011b] raised their concerns of noise in the signal and non-linearity in the microphone re-

sponse. In a reply, Li et al. [2011] described extensive ”drop tests” to remove background

noise and compare the sensor response. Sensor response was found to be consistent be-

tween sensors, especially compared to commonly used sensors with a curved surface

(Sensit and Safire). In this study, it is shown that the recordings using miniphones

are very consistent when compared with each other, as long as the correct processing

scheme is applied.

It is suggested to apply a two stage calibration procedure for acoustic sensors. The

first step involves a factory calibration (Fig. 5.3). Here, the frequency spectrum of the

sensor is adjusted to the frequency spectrum of aeolian sediment transport, so that other

noise will be removed from the signals. The second calibration should be performed

before and after an experiment, to accommodate for potential instrument degradation.

During this calibration, the sensitivity and performance should be evaluated using a

standardized drop-test. In this study, we used glass beads because of their round shape

and homogeneous composition. Future studies might extend this approach with sand

from the field site or e.g. using different flow rates in a sand fall flume, as demonstrated

by Baas [2004], Hugenholtz and Barchyn [2011b]. The configuration and deployment of

acoustic sensors in the field or wind tunnel is also important. Improperly attaching them

to a pole or rod might alter the airflow and therefore not give an accurate representation

of the impacting saltation. The sensor should be able to freely rotate, in order to align

with changing wind direction.

The sources of uncertainty for acoustic sensors raised by Hugenholtz and Barchyn

[2011b] are important considerations for the scientific application of these sensors. For

future work, it is suggested to include and test all the different aspects of filtering,

amplification, setup and calibration. Degradation of the sensor is known to be a problem
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[Ellis et al., 2009b] and durability should be tested for different types of sensors. These

tests should lead to a standardized method for using acoustic sensors in aeolian research,

so that future studies that apply this technique are comparable [Barchyn et al., 2011].

5.6 Conclusions

The results from this research identify important considerations for the application of

acoustic sensors for measuring saltation:

• The frequency spectrum of the microphone should include the range of aeolian

saltation, which is approximately 8 kHz.

• Quantification of aeolian mass fluxes can be done by integration of the filtered

and amplified analogue signal.

• Acoustic sensors should be calibrated in a two-step procedure: (1) a factory cal-

ibration where the frequency spectrum is adjusted in conjunction with that of

aeolian saltation and (2) a field-test where the sensitivity and response of the

sensor is evaluated.

5.7 Recommendations

For future applications, we recommend a protocol of filtering, amplification and inte-

gration as described in this study.
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Measurement uncertainties in quantifying aeolian mass

flux: Evidence from wind tunnel and field site data

abstract

Aeolian sediment traps are widely used to estimate the total volume of wind-driven sediment transport, but also

to study the vertical mass distribution of a saltating sand cloud. The reliability of sediment flux estimations

from this data are dependent upon the specific configuration of the measurement compartments and the analysis

approach used. In this study, we analyse the uncertainty of these measurements by investigating the vertical

cumulative distribution and relative sediment flux derived from both wind tunnel and field studies. Vertical flux

data was examined using existing data in combination with a newly acquired dataset; comprising meteorological

data and sediment fluxes from six different events, using three customized catchers at Ameland beaches in

northern Netherlands. Fast-temporal data collected in a wind tunnel shows that the median transport height has

a scattered pattern between impact and fluid threshold, that increases linearly with shear velocities above the

fluid threshold. For finer sediment, a larger proportion was transported closer to the surface compared to coarser

sediment fractions. It was also shown that errors originating from the distribution of sampling compartments,

specifically the location of the lowest sediment trap relative to the surface, can be identified using the relative

sediment flux. In the field, surface conditions such as surface moisture, surface crusts or frozen surfaces have

a more pronounced but localized effect than shear velocity. Uncertainty in aeolian mass flux estimates can be

reduced by placing multiple compartments in closer proximity to the surface.

6.1 Introduction

Aeolian sediment transport is an important geomorphological process that shapes a

number of landscapes including coastal [e.g. Arens, 1996b, Jackson and Nordstrom,

2011, van der Wal, 2000a], drift sand [e.g. Riksen et al., 2006, Riksen and Goossens,

2007], deserts [e.g. Bagnold, 1941, Wiggs, 2001], and also agricultural areas [e.g. Chepil

and Woodruff, 1963, Visser and Sterk, 2007, Visser et al., 2004b]. Along sandy coasts,

aeolian processes drive the morphological development of coastal dunes that protects the

hinterland against flooding. Maintaining the natural aeolian dynamics allows vegetation
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to flourish in different successive stages, creating an appealing area for tourism and

recreation [Poortinga et al., 2011]. In agricultural areas, however, aeolian processes are

often erosive, as fertile top soil is highly susceptible to wind erosion [Nanney et al.,

1993]. Therefore, an in-depth understanding of the physical processes of wind-driven

sediment transport is critically important.

It is widely recognized that aeolian sediment transport is highly variable in space and

time [Baas and Sherman, 2005, Ellis et al., 2012]. Despite our detailed understanding of

the physics of wind blown sand [e.g. Bagnold, 1941, Kok et al., 2012, Pähtz et al., 2013],

accurately quantifying aeolian sediment patterns remains a challenge. Measurements

of aeolian sediment budgets might improve our understanding, but often have limited

spatial and temporal resolution. Approaches used to measure aeolian sediment transport

include passive sediment traps [Basaran et al., 2011, Dong et al., 2004b, Mendez et al.,

2011, Rasmussen and Mikkelsen, 1998, Sterk and Raats, 1996], active samplers such

as acoustic samplers [Ellis et al., 2009b, Schönfeldt, 2012, Spaan and van den Abeele,

1991, Yurk et al., 2013], laser particle counters [Hugenholtz and Barchyn, 2011a,b, Li

et al., 2011, Sherman et al., 2011], piezoelectric samplers [Baas, 2004, Stout, 1998],

pressure sensitive samplers [Ridge et al., 2011] and terrestrial laser scanners [Nield and

Wiggs, 2011]. The physics of wind blown sand are often studied in the controlled

environment of a wind tunnel [e.g. Butterfield, 1999b, Goossens et al., 2000, Pelt et al.,

2009, Youssef et al., 2008] but also directly in the field [e.g. Ellis et al., 2012, Namikas,

2003]. However, results from wind tunnel studies cannot be directly translated into

field situations, due to differences in turbulence spectrum, wind profile above the bed

and variability in environmental factors such as surface moisture, wind direction and

velocity, bed elevation, vegetation, sediment composition, lag deposits, surface crusts

and fetch. Despite recent progress in rapid data acquisition, where aeolian sediment

flux data are collected at high temporal resolution, passive sediment catchers are still

frequently used to study aeolian sediment flux.

Passive sediment traps consist of various compartments located at different eleva-

tions. Sediment captured within these compartments, provides valuable information
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about the vertical sediment flux distribution [Butterfield, 1999b, Dong et al., 2003, Ni

et al., 2003], which is frequently used to estimate total sediment transport [Sterk et al.,

1996, 2012, Sterk and Spaan, 1997, Visser et al., 2004a]. Aeolian mass fluxes are quan-

tified by applying non-linear curve fitting through the sediment measurements within

the different compartments. However, passive sediment traps have some inherent uncer-

tainties (average of 10%) depending on the specific distribution of sediment within the

compartments and their elevation above the surface; whereas sediment mass, inlet di-

ameter, vertical position of the catchers, trapping efficiency, horizontal spacing between

catcher arrays and wind direction were also identified as potential sources of error [Tid-

jani et al., 2011]. Moreover, variations in elevation from the lowest compartment to the

ground (referred to as base elevation hereafter) may also change during the experimental

measurement. The vertical distribution of the aeolian mass flux is also important here.

When the largest fraction of sediment is transported close to the surface, uncertainties

related to the lowest compartment become more important for estimation of total flux;

even though vertical flux distribution might also vary through time.

The aim of this study was to characterize aeolian mass flux from wind tunnel and

field data by comparing passive trap and high-frequency saltiphone data. Uncertainties

caused by the distribution of the different trapping compartments and the influence of

the base elevation were analysed for both wind tunnel and field situations. This paper

will firstly examine uncertainties resulting from the distribution of different sediment

trapping compartments and the influence of base elevation on fast-temporal data acqui-

sition from saltiphones applied in a wind tunnel study. Whereas passive sediment traps

collect sediment transport data for each experiment, fast-temporal data is provided

continuously throughout the experiment. The latter providing a more detailed analysis

of sediment flux. Secondly, the paper will explore the implications of our findings to

field studies by testing data gathered from two published studies and a newly acquired

dataset. The newer dataset, obtained used three customized sediment catchers, was also

used to investigate the variability in vertical sediment flux and total sediment transport.
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6.2 Materials and Methods

6.2.1 Data collection

Specific details about the locations and data collection methods used in the two pub-

lished field studies can be found in Farrell et al. [2012] and Visser et al. [2004b]. Results

and data from the wind tunnel study can be found in Poortinga et al. [2013a,b] re-

spectively. The data collection procedure used for the new dataset is presented below,

while the data of the present study and [Visser et al., 2004b] can be obtained from

http://dx.doi.org/10.1016/j.envsoft.2003.12.010.

6.2.2 Study area

The research took place from November to December 2010 on a beach at the north-

western end of Ameland, one of the West Frisian barrier islands located in the northern

extremity of The Netherlands (Fig 6.1(a)) . The site is characterized by strong wind

and wave dynamics in constructing bedforms and embryonic dune development. Human

influence on this part of the beach is minimal compared to the middle section of the

island. The study area is located east of a sand bar, which attached to the island in

the mid 1980s, causing a progressive, attenuating sand wave to the East [Cheung et al.,

2007], resulting in relatively wide beaches (> 150 m). Figure 6.1(c) was taken from the

top of the foredune and shows the experimental site at low tide.

6.2.3 Measurement of sand size

Data was obtained on sediment characteristics, sediment transport and a number of

significant meteorological parameters. Surface sands are largely composed of unconsol-

idated quartz grains with some feldspar and a small fraction of heavy minerals [van der

Wal, 2000a]. To determine sediment size, samples were taken from the beach surface at

a number of representative locations across the beach and mixed into one large sample.

This sample was dried and sieved in fractions of 50, 100, 250, 500, 1000 and 2000 µm.

The median diameter was found to be 180 µm.
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Figure 6.1: (a): Location of study area in northern Netherlands, on the island of Ameland
and in the aerial photo of the western portion of Ameland. (b): Field experimental setup
with specific equipment configuration. (c): Experimental plot at a location along the beach

6.2.3.1 Measurement of sediment flux

Sediment flux was measured using the Modified Wilson and Cook sediment catchers

(MWAC). These catchers are designed and used for capturing sediment ranging from

dust to sand. This instrument has been extensively tested in numerous studies [e.g.

Goossens et al., 2000, Poortinga et al., 2013a, Sterk and Raats, 1996, Van Pelt et al.,

2009, Youssef et al., 2008], where efficiencies between 42% and 120% were reported. The

original design [Wilson and Cooke, 1980a] contained six plastic bottles with glass inlets

and outlets, placed horizontally at six heights between 0.15 and 1.52 m. These bottles

were mounted on a rotating pole with a wind vane. Later studies [e.g. Sterk and Raats,
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1996] used the same principle, but placed the bottles vertically instead of horizontally

(Fig. 6.2(a) ). Under beach conditions, aeolian sediment transport is governed by

saltation, which seldom reaches heights above 15-20 cm. A traditional MWAC sediment

catcher would therefore only capture sediment in the lower two or three bottles. This

generates significant uncertainty in the analysis, as sediment flux is calculated based

solely upon the fitting of an exponential curve through only two or three data points.

Therefore, three different designs based upon the traditional MWAC were introduced

(Fig. 6.2(b-d), but with all bottles mounted below 25 cm. The first design, nicknamed

the ”Bug” (Fig. 6.2(b)), consists of two stacks of three bottles opposite each other,

with their inlets at the same height. The bottles are fixed to a wooden plate with an

iron thread to ensure the vertical distance between the two inlets is 5 cm. This design

allows for the collection of more measurement points in case of any small horizontal

variations in sediment flux, thereby reducing any uncertainty in flux calculations. The

second design ”Turtle” (Fig. 6.2(c)) consists of two bottles on each side, located at

various heights. In this design, the bottles are fixed in the original clips, resulting in

a larger vertical spacing of 8 cm. In both designs, the horizontal distance between the

inlets is 22 cm. The ”Tower” design (Fig. 6.2(d)) represents the more traditional setup

with three or four bottles stacked above each other. The vertical spacing between the

bottles is 5 cm, as the bottles are fixed to a wooden plate with iron thread instead of

the conventional clips.

Figure 6.2: The traditional MWAC design with the 3 new modified designs. The tradi-
tional design (a) consists of 5 bottles distributed over 1 m. The ”Bug” design (b) consists
of a total of 6 bottles (3 on each side), the ”Turtle” design (c) consists of 4 bottles (2 on
each side) in the original clips, while the ”Tower” design (d) consists of 3 bottles mounted

above each other. Each bottle measures 10 cm high with a diameter of 4.5 cm.
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To evaluate the differences between the three new designs, they were placed in a 3 x

3 grid and separated by a distance of 3 m. After the first event, an additional array of

MWAC’s was installed 8 m from the first array in order to obtain more measurements

(Fig. 6.1(b)). To ensure careful monitoring of the experiment, this second array was

only installed when environmental conditions were favourable. Each array contained

three catchers of each type. They were placed in a relatively flat and homogeneous part

of the beach to ensure that the measured sediment flux was uniformly distributed. The

elevation of the bottles relative to ground level was measured to an accuracy of 1 mm.

in order to account for changes in base elevation due to ripples, this was done after

installation and before removal of the bottles.

6.2.3.2 Weather data

A meteorological station with four anemometers was arranged as a vertical array on

a tower, which included a wind vane, tipping bucket and two saltiphones [Spaan and

van den Abeele, 1991], installed on the beach in the middle of the study area (Fig.

6.1(b)), recording every minute to a CR10 Campbell datalogger (Table 6.1) throughout

the period of investigation. The on-site meteorological station contained 3 anemometers,

measuring wind speed (ms−1) at elevations of 0.54, 1.15 and 1.76 m. Pulses from the

anemometer were averaged over the recording period and registered as average wind

velocities per minute. Wind direction was measured using the wind vane at a height of

2.5 m, while the tipping bucket recorded rainfall to an accuracy of 0.2 mm.

Table 6.1: Type, number and temporal resolution of instruments used during the field
experiment on Ameland. The spatial distribution is shown in Figure 6.1(b).

Instrument Number Use Temporal
resolution

Anemometers 3 wind velocity profile 1 minute
Windvane 1 wind direction 1 minute
Tipping bucket 1 amount of rainfall 1 minute
Saltiphones 2 transport intensity 1 minute
MWAC’s 18 sediment flux event
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In order to capture the temporal variability in transport intensity, two saltiphones

were placed close to the surface at different locations in the experimental area (Fig.

6.1(b)). The saltiphones were also connected to a CR10 datalogger with a digital pulse

output signal. For every second, the cumulative number of hits for that second were

recorded.

6.2.4 Data analysis

6.2.4.1 Vertical distribution of aeolian mass flux

When using passive sediment traps, sediment is trapped in different compartments that

are located at different elevations above the surface. Sediment from each compartment

was weighed and then plotted against elevation from which a non-linear regression was

calculated to estimate total sediment transport. Despite various thoughts on whether

to use an exponential, power of five parameter regression curve, the recent literature

[Ellis et al., 2009a] suggests that an exponential decay function (equation 6.1) is most

appropriate to describe aeolian sediment transport.

qz = q0e
−βz (6.1)

Curve fitting using equation 6.1 enables us to determine the coefficients q0 and β,

also referred to as the portion of creep (q0) and decay (β), where z (m) represents the

elevation and qz (kgm−2) the amount of sediment at elevation z. Regression coefficients

q0 and β can subsequently be used to calculate the total amount of sediment transport

Q (kgm−1). This is done by the integral of equation 6.1 over the height of the saltation

layer (taken as 1 m). Sediment fluxes were expressed in kgm−1 rather than kgm−1s−1,

as transport was highly intermittent during some events.

The cumulative transport function (CTF) of an aeolian mass flux (qc) can be de-

scribed by equation 6.2, using coefficient β from equation 6.1. Figure 6.3 illustrates

the relative sediment flux (black line) and the CTF (green line). When studying the

characteristics of aeolian sediment flux, the CTF is preferred to the relative sediment
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flux, as this function is independent of the number of measurement points. Moreover,

only coefficient β is used in the calculation, and therefore, the shape of the CTF is

determined by the specific mass distribution between the different compartments and

not by their elevation above the ground.

qc = 1− e−βz (6.2)
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Figure 6.3: The vertical distribution of relative aeolian sediment flux (points), the non-
linear regression (equation 6.1) fitted through the data-points and the cumulative sediment
distribution calculated from regression coefficient β. The median (blue, equation 6.4), mean
(brown, equation 6.3), upper and lower quantile (red, equation 6.5 and 6.6) are also shown

as a boxplot.

Coefficient β (equation 6.1) can also be used to determine the mean (equation 6.3),

median (equation 6.4), and lower (equation 6.5) and upper quartile (equation 6.6).

Figure 6.3 shows the distribution function as a box-plot (top) and also for the relative

sediment flux and CTF (bottom). The difference between the mean (brown line) and

median (blue line) is the mean is calculated by the integral and the median by the point

where the integral is 0.5. The median splits the CTF into two equal parts, whereas the

mean describes the point where the CTF would balance. As the median is less sensitive

to outliers compared to the mean, we make use of the median.

q̄z =
1

β
(6.3)
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qz50 =
ln(2)

β
(6.4)

qz25 =
ln(4

3)

β
(6.5)

qz75 =
ln(4)

β
(6.6)

Dong et al. [2003] performed a series of wind tunnel experiments to investigate the

flux profile of wind-blown sand. They determined the cumulative mass distribution

from the measured data. Moreover, they used the equation qz = q0e
−b/z, where the

regression coefficient β (here given as b) is divided by elevation (equation 6.1). Regres-

sion parameter β (as in equation 6.1) can be calculated by β = 1/b. The qz50 for the

different sediment size fractions and wind velocities, using β, is shown in Figure 6.4.
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Figure 6.4: The qz50 for different sediment fractions and wind velocities. Data were
recalculated from Dong et al. [2003].

Figure 6.4 shows the variation in qz50 for the various sediment size fractions over

a range of wind speeds, especially where coarser sediments are transported at higher

elevations, with qz50 increasing with wind velocity.
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6.2.4.2 Uncertainties in estimation of aeolian mass flux

Ellis et al. [2009a] identified three common methodological inconsistencies and thus

sources of uncertainty in measuring aeolian sediment transport using passive traps.

These include: (1) inconsistent representation of sediment trap elevations; (2) erro-

neous or sub-optimal regression analysis; and (3) inadequate or ambiguous bed elevation

measurements.

In addition, the number of trapping compartments and location of the lowest sedi-

ment trap are also important considerations. Results from Dong and Qian [2007] (Table

1) were used to illustrate how base elevation and number of traps affects sediment flux

estimation. They made use of a WITSEG sampler [Dong et al., 2004b], which is a

vertically integrated wedge-shaped trap with 60 different compartments, where the low-

est orifice can be aligned with the surface. The high data density of the WITSEG is

advantageous when interested in a detailed description of the vertical mass distribution,

Dong and Qian [2007] determined the relative sediment flux (using equation 6.7),

where the relative sediment flux (qrz) at height (z) is calculated by dividing the mea-

sured sediment flux (qz) by the total amount of sediment (Q) collected within all com-

partments. The dimensionless relative height (Zr) was calculated by dividing the actual

height (z) by the maximum height (Z; 0.6 m in their study). After fitting a non-

linear regression (equation 6.1) through the relative sediment flux data, they found a

linear correlation between the regression coefficients q0 (portion of creep) and β (decay

function).

qrz =
qz

Q
,Zr =

z

Z
(6.7)

Figure 6.5 displays the dimensionless regression coefficients q0 and β. Using elevation

data of the different compartments, we calculated the relative regression coefficient q0

for a sequence of β’s, while changing the elevation from the base (lines with different

colors), but using the same distribution of compartments. Measurements using the

WITSEG were taken between 0-1 cm, which is in agreement with the experiments.
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Here, it is important to note the difference in shape between the different base elevation

lines. When measurements are taken close to the surface, the correlation between q0

and β is almost linear, for the domain under consideration. However, when moving

further away from the surface, the relationship becomes log-linear (Fig. 6.5), which has

major implications in terms of generating uncertainty in the estimation of q0. Where

measurements are taken further away from the surface, a small error in the calculation

of β has even greater impacts upon estimating q0 compared to measurements taken

closer to the surface. An under- or overestimation in the q0 regression parameter can

have a significant effect on determining the total mass flux.
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Figure 6.5: The regression coefficients q0 and β calculated from the relative sediment flux
(equation 6.7) for the WITSEG (data from Dong and Qian [2007]; Table 1). The coloured
lines represent the relation between the q0 and β for different base elevations (shown on the

plotted line in cm).

The vertical cumulative mass distribution of the aeolian mass flux was investigated

for each of the previous studies as well as for the newly collected dataset. The spatial

variability for qz50 and Q was also investigated for this newly acquired dataset. Due to

the relative limited number of datapoints and the desire to maintain the original values

in the interpolated maps, we used a simple inverse-distance weighting algorithm, with

a minimum of three and a maximum of eight neighbours for spatial interpolation.
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6.3 Results and Discussion

6.3.1 Wind tunnel data

The wind tunnel study of Poortinga et al. [2013a] was used to investigate the CTF of

an aeolian saltation cloud (data available in Poortinga et al. [2013b]). Sediment loss

was measured in three different ways using passive sediment catchers, saltiphones and

a balance. The normalized sediment flux and CTF, calculated from four saltiphones

at various heights above the surface (the highest at 25 cm), are presented in Figure

6.6. The BEST, MWAC new and MWAC old represent the three different types of

catchers used in the experimental runs. The fit between the non-linear regression line

and calculated sediment flux had an average r2 = 0.99, with a minimum r2 = 0.96.

The data was divided into high wind velocities (Fig. 6.6(a,c,e)) and low wind velocities

(Fig. 6.6(b,d,f)), where the s50, s60 and s80 represent different sediment sizes with a

d50 of 285, 230 and 170 µm, respectively. At higher wind velocities, more sediment is

transported closer to the surface for the s50 and s60 sediment with a ¯qz50 of 6.71 and

7.94 cm (s50) and 5.17 and 5.61 (s60) for the high and low wind velocities, respectively.

In contrast, the s80 (fine) sediment, ¯qz50 of 3.68 and 2.84 cm was measured for high

and low wind speeds, respectively. The s80 (finer) sediment is transported more readily

closer to the surface than coarser sediment fractions (s50 and s60), which is in agreement

with the literature [Dong et al., 2003, Dong and Qian, 2007, Farrell et al., 2012].

Saltiphones were also used to rapidly acquire aeolian sediment flux data to enable

a detailed investigation of the vertical sediment dynamics. Non-linear regression (equa-

tion 6.1) was applied to the data points, and for all fluxes and data with R2 > 0.98,

the β was used to calculate qz50 (equation 6.4). In Figure 6.7, qz50 is plotted against

shear velocity for experiments under high (Fig. 6.7(a,c,e)) and low wind velocities (Fig.

6.7(b,d,f). As shown in Figure 6.6, finer sediment has a lower qz50 compared to coarser

sediment. Despite considerable scatter, the median qz50 values increase with increasing

shear velocities. In the region between the impact (vertical black dotted line: Fig. 6.7)
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Figure 6.6: The relative sediment flux (equation 6.7) and CTF (equation 6.2) for three
different types of sediment (s50, s60 and s80, with d50 285, 230 and 170 µm, respectively),
three different sediment catchers (MWAC old, MWAC new and BEST) and exposed to high
(a, c, e) and low (b, d, f) wind velocities. The box plots indicate the median, upper and

lower quantile.

and fluid thresholds (green dotted line), the scatter is considerable. This scatter (indi-

cated with an alpha color), represents measurements with low sediment flux which is

more pronounced in low wind velocities. A linear regression curve was calculated for

the high and low wind shear velocities (straight line). While there is some correlation

between shear velocity and qz50 under high shear velocities (see R2 of the linear regres-

sion in 6.7, the R2 under low wind velocities is rather low. All plots show a positive

correlation between shear velocity and median qz50 .

In the wind tunnel experiment, use was made of three different type of sand catchers:

the MWAC old, MWAC new and BEST (cf. Poortinga et al. [2013a]). The findings

in Figure 6.7 were used to validate the results of these sediment catchers: qz50 of the

measured sediment flux was calculated for each experiment; and, qz50 based on the

mean shear velocity during the experiment, was calculated using data from Figure 6.7.

Figure 6.8(a-c) shows qz50 based on the values of the sediment catchers (before) and the
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Figure 6.7: The shear velocity versus the qz50 for three different types of sediment sizes
(s50, s60 and s80) under high (a, c, e) and low wind velocities (b, d, e).

values calculated from the saltiphones data (after). Differences between the two values

increase from coarse to finer sediment. For measurements using BEST, the differences

are generally larger than the other catchers (Fig. 6.8).

To test whether qz50 calculated from the saltiphones (Fig. 6.8: a-c) provides a better

approximation of total sediment flux, qz50 was used as a reference point to reposition

the base elevation; with the difference between the sediment catcher guiding the reposi-

tioning of the traps. The sediment flux was recalculated using this new base elevation.

New sediment fluxes were then compared with sediment loss measured by a balance.

Figure 6.8 (d-f) shows the efficiency of the initial sediment flux estimation (red) and the

newly calculated sediment flux (green), where 100% is an exact match with the balance.
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Figure 6.8: The qz50 from saltiphones (green) compared with qz50 from the sediment
catchers (red) (a-c) and the recalculated efficiency (d-f) using the qz50 as a reference. Data
is shown for three different sediment catchers (MWAC old, MWAC new and BEST), three
different types of sediment (s50, s60 and s80) under high (H) and low (L) wind velocities.
During the experiment, the sediment catcher and saltiphones were located next to each
other. The arrows (a-c) indicate the shift in qz50 used to calculate the new base elevation.

The arrows (d-f) indicate the change in efficiency.

Some 29 of the 36 measurements were shown to indicate an improvement (Fig. 6.8).

In general, improvements are considerable, and a decrease in efficiency is minimal. For

finer sediment, improvements were even higher when compared to coarser sediment.

The relative sediment flux of the saltiphones and sediment catchers were used to

determine q0 and β (Fig. 6.9). When the lowest saltiphones were located at 3 cm,

we found a strong linear relationship between q0 and β. Finer sediment had a larger

range of regression coefficients, with higher values for β given that a higher proportion

of sediment is transported closer to the surface. The intercept of the linear regression

increases with coarser sediment, whereas the slope of the regression decreases. The

difference between the intercept and slope of the s50 and s60 sediment is small. For

passive sediment catchers, there is good agreement between the calculated base elevation

and the experimental results (Fig. 6.9). The BEST catcher was located 1.5 cm from

the surface, whereas the lowest trap of the MWAC catchers was located between 4 and

5 cm. Mean measurement error was 1.3 mm with a maximum of 2.4 mm.
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Figure 6.9: The q0 and β, calculated from the relative sediment flux (equation 6.7)
for different sediment sizes (s50, s60, s80) using saltiphones data (graph a-c), and for all
measurements using passive sediment traps (graph d). The lines represent different base

elevations.

The disagreement in vertical flux distribution between the saltiphones and sediment

catchers, and also between sediment loss measured by the balance and the calculated flux

from the sediment catchers, is mainly caused by the specific configuration of the sediment

catcher. For instance, when applying an exponential regression function, the elevation,

orientation and measurement accuracy of the lowest bottle largely determines the result

as finer sediment is more susceptible to errors compared to coarser sediment. Figure

6.10 presents the experimental outputs when using the MWAC and BEST catchers with

s80 (fine) sediment, highlighting the measured relative sediment fluxes (black dots),

including the exponential regression (equation 6.1) and a linear regression. The BEST

catcher contains one data-point below the qz50 while the MWAC has none. The influence

of the lowest data-point is significant, as it determines the intersection with the y-axis

and thus the total sediment flux. As for fine sediment, errors will be more pronounced

as a larger portion of the mass is transported close to the surface, there are small

inconsistencies in the orientation of the catcher, and thus measurement issues occur

with the elevation or difference in efficiency under different mass flux density. Applying

a linear function to the points close to the surface, and a power function for the higher

located points (cf. Poortinga et al. [2013a]), will therefore give more coherent results, as

the effect of the lowest point on the total mass flux is reduced. Moreover, Ni et al. [2003]

showed that saltating grains follow an exponential decay function, whereas creeping and

reptating grains deviate from it. The mathematical description might therefore also be
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a source of uncertainty.

(a) BEST (b) MWAC
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Figure 6.10: The vertical distribution of the relative aeolian sediment flux for the BEST
and MWAC sediment catchers. The dots identify individual measurements for the s80
sediment size, while the non-linear regression curve is shown in black and the CTF in
green. Furthermore, a linear function was plotted through the two points located closest
to the surface (brown). The qz50 (blue: equation 6.4), q̄ (brown: equation 6.3), upper and

lower quantile (red: equation 6.5 and 6.6) are also shown as a boxplot.

6.3.2 Field data

Where wind tunnel studies are limited in the replication of complex turbulent wind

structures as seen in the field, field studies do not have the advantage of a controlled

environment where specific parameters can be fixed. Surface moisture and bedform de-

velopment, for instance, are known as important limiting factors in sediment transport,

and can negatively affect measurements. Data from Farrell et al. [2012] were used in a

re-analysis because their short-lived experiments contained several data points close to

the surface. For the sub-environment Cow Splat Flat Fine (CSFF), qz50 were arranged

according to date (Fig. 6.11(a)) and q0 and β were calculated for the relative flux (Fig.

6.11(b)). For this sub-environment, the calculated elevation from the surface strongly

agreed with the measured values. The variation in qz50 was best explained when ar-

ranging them according to measurement date; where no relation was found with shear

velocity (ranging from 0.45 - 0.54 ms−1) or grain size. A logical explanation would

be the effects of surface characteristics such as surface moisture and incipient bedform
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development. However, this is far from conclusive, as it was also found that qz50 in-

creased with decreasing R2 (ranging from 0.968 - 0.999). The same study also took

three measurements at the beach sub-environment over two consecutive days. These

measurements received specific attention, as they were taken at a wet and immobile

foreshore without visible bedform deformation. We found qz50 values of 3,7, 4.5 and

3.1 cm with R2 of 0.966, 0.890 and 0.997, respectively. As this dataset only contains

three data-points with varying R2, it is difficult to draw conclusions based on qz50 or

measured base elevation.
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Figure 6.11: The qz50 for experiments performed (at the sub-environment Cow Splat Flat
Fine (CSFF)) on different days (a) and the q0 and β for all events combined (b). Coloured

lines represent different base elevation. Data was obtained from Farrell et al. [2012].

Visser et al. [2004b] conducted experiments on three different geomorphic units: de-

graded, valley and dune. Besides sand, the soils in this area also contained considerable

quantities of silt: 19.4, 15.9 and 13.0% and clay 21.6, 5.1 and 3% for the degraded,

valley and dune site, respectively. The study obtained results for 11 different events

in the year 2001, with 17 MWAC catchers installed at each site. In order to remove

uncertainty from the data while maintaining an acceptable number of data points, mea-

surements with R2 < 0.95 were removed from the dataset. This differs from previous

studies, where an R2 < 0.98 was used as measurements were taken over longer periods.
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Furthermore, when comparing the different units (Fig. 6.12(a,c,e)), it was found that

qz50 is highest for the degraded site, followed by the valley and dune site. The degraded

and valley site have higher fractions of silt and clay, which are transported over higher

elevations. However, surface crusts might also cause saltating particles to reach higher

elevations. The variation in qz50 within an event is generally low for the degraded and

valley site, but slightly higher for the degraded site. The variation between events is

also small, except for the events on 10 and 13 July (Fig. 6.12). Here the values for qz50

are high and have a large variation. During these events, large amounts of dust were

transported through the study area. No clear relation was found between qz50 and wind

velocity.
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Figure 6.12: The qz50 for 12 events in three different geomorphic units (a,c,e) and the
relation between q0 and β (b,d,f), where the lines represent different base elevations. Data
was obtained from Visser et al. [2004b]. Numbers indicate the number of measurements

included.

Figure 6.12(b,d,f) shows q0 and β, calculated from the relative sediment flux. As
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surface elevation varied for the different measurements, the points are plotted on differ-

ent curves. Due to a lower decay rate (coefficient β) at the degraded site, points are still

closely related. However, at the dune site, sediment is transported closer to the surface,

resulting in higher decay rates. As the lines spread with higher decay rates, there is

higher spread in points. Compared to the degraded site, there is larger uncertainty in

q0 for the dune site, as small errors in β will result in larger errors in q0 (Fig. 6.12).

Figure 6.13 displays the uncertainty in q0 for one event (May 22) at the dune site.

Here, the measured elevation is shown in red; where elevation is based on the relative qo

and β, shown in green. For this event, all calculated elevations are lower compared to

the measured. This indicates that there is a likely error in the measured base elevation,

leading to an overestimation of q0. As expected, errors in q0 are largest for the dune

site, followed by the valley and degraded site. However, the larger error in q0 does not

directly correspond to a larger error in base elevation. Elevation here was estimated

using z = ln(qz/q0)/β (equation 6.1), with the higher decay rates at the dune site having

a more pronounced effect on equation 1 than the larger range of q0. For flux estimation,

on the other hand, small changes in elevation have a much larger impact, as a greater

portion of transport takes place close to the surface.
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Figure 6.13: The q0 and β calculated from the relative sediment flux for the Dune (May
22) site. The lines represent different base elevations. The red numbers are the measured
elevations whereas green values are the calculated elevations based on relative q0 and β.
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The field experiment

New data were collected for six different events (Fig. 6.14). The duration of the exper-

iments varied from a few hours to two days, whereas saltation was measured for several

hours. The averaged shear velocity during these saltation periods varied between 0.30

ms−1 for event 1 and 0.41 ms−1 for event 3. Wind directions predominantly came from

the E-NE while only event 3 had variable wind conditions (Fig. 6.14). During events 2,

3 and 4, rainfall was recorded. Saltiphone data were also included as an indication of

the degree of saltation activity.
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Figure 6.14: Shear velocity, wind direction, rainfall and normalized saltation activity for
six events. The normalized saltation activity was determined using the total count of the

saltiphones, divided by the maximum count during the event.

Of the three catchers (Turtle, Bug and Tower) used in the experiments, two of them

contained compartments on both sides of the catchers. The impact of this horizontal

variation on sediment flux was investigated by evaluating R2 as a non-linear regression

(equation 6.1) was applied to all measurements with at least four data-points. For the

bug sampler, a non-linear regression which was applied to both sides of the catcher,

where the middle bottle of the opposite side was included. The results (Fig. 6.15(a))

show that the Tower has the best correlation, followed by the Turtle. The Bug has
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the poorest performance but contains more measurements. Disturbance of the airflow

might have caused the decrease in performance. In general, most measurements have a

very high correlation, indicating only minor impacts of horizontal variability. However,

to exclude the effect of horizontal variability and other sources of uncertainty, only

measurements with an R2 > 0.98 were included for further analysis.

Figure 6.15: (a) The R2 for the three sediment catchers, (b) the qz50 for every event (mid-
dle) and (c) the qz50 according to catcher. Numbers indicate the number of measurements

included.

The qz50 values are shown in Figure 6.15(b). Values for event 6 are higher compared

to other events, which is most likely caused by the frozen surface. During events expe-

riencing rainfall, sediment was generally transported over higher elevations. However,

the configuration of the traps on the catcher were also found to have an impact. Figure

6.15(c) shows that the the Turtle design gives generally higher values for qz50 compared

to the other two designs. This is caused by point density being close to the surface.

For the Bug and Tower designs, regression coefficient β is based on one point close to

the surface, whereas the Turtle has two data points. The range in qz50 is larger for

the Tower compared to the Bug, as the Bug has two data points at approximately the

same elevation, with the measurement being refuted when these points do not match.

Measured base elevation was in good agreement with the calculated base elevation, with

an average difference of 0.7 mm and a maximum of 5 mm; with the Turtle displaying

the largest variation, followed by the Bug and the Tower.

An Inverse Distance Weighting (IDW) algorithm was used to investigate the spatial

variability of qz50 and Q (Fig. 6.16). We selected events 2, 3, 5 and 6, as during these
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experiments, two arrays of catchers were used. For all events, the lower-located array has

lower values for qz50 compared to the higher array. Based on our observations, we can

confirm that the surface of the upper array was generally wetter than the lower array.

This is in line with other findings by Nield and Wiggs [2011]. Farrell et al. [2012] also

found that sediment is transported over higher elevations on wet surfaces. The spatial

variability in saltation height (and thus surface characteristics) shows no alignment

with the total transported sediment. Furthermore, the large variability in sediment flux

between the different events, suggests there is also large variability in total sediment

transport within individual events. Peak values are eight times higher than the lowest

values within measurement plots. In general, there is good agreement in measured

sediment flux between points located close to each other. However, within meters of

these measurements we can see major differences in total sediment flux. Besides the

limiting effect of surface moisture on aeolian sediment transport [Cornelis and Gabriels,

2003, Namikas and Sherman, 1996, Neuman, 2003], the variability in sediment flux can

be attributed to the presence of aeolian streamers [Baas, 2008, Baas and Sherman,

2005] and/or fetch length [Bauer et al., 2009, Davidson-Arnott et al., 2005, Delgado-

Fernandez, 2010].

Figure 6.16: The spatial distribution of qz50 (a-d) and Q (e-h)
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Differences in the vertical sediment flux as found in the wind tunnel studies have

limited validity for field studies, as surface conditions were found to have an impor-

tant impact on saltation. Wet, frozen or crusted surfaces increase saltation height, as

particles retain a higher proportion of their impact energy [Farrell et al., 2012]. This

effect was regarded as localized due to the spatial variability of the surface. Moreover,

saltation trajectories were found to have a scattered pattern between impact and fluid

threshold. This may impact results from the field, as during some events, transport was

highly intermittent due to fluctuations in wind speed [Davidson-Arnott and Bauer, 2009,

Stout and Zobeck, 1997]. However, additional rapidly-acquired field data are necessary

to study this phenomena in more detail.

6.4 Conclusion and recommendations

Using fast-temporal data on aeolian sediment transport in a wind tunnel, we found that

qz50 displays a scattered pattern between the impact and fluid threshold, but shows a

linear increase with shear velocities above the fluid threshold. Furthermore, it was shown

that errors that originate from the distribution of compartments and the location of the

lowest sediment trap can be identified using relative sediment flux. In field situations,

shear velocity was not found to be the most important controlling factor in vertical

sediment flux characterization. Instead, surface moisture was an important control,

although particle characteristics of the source area should also be considered. Errors

have a more pronounced effect on sediment flux estimation for fine compared to coarse

sediment, as fine sediment fractions have a larger portion transported closer to the

surface. In order to reduce uncertainty, it is recommended to locate multiple traps

closer to the surface.
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Temporal and spatial variability in aeolian transport mag-

nitudes on a wide beach

abstract

Coastal dunes are the primary defence protecting the coastline from the destructive forces of the sea in The

Netherlands. Aeolian processes are important in this context as they contribute to dune accretion and thus the

safety of the coastal hinterland. In this study, we analyse horizontal and vertical variability of event scale aeolian

sand transport on a wide beach on the island of Ameland, The Netherlands. Data was obtained from a meteo-

rological station, groundwater monitoring wells and a camera installed on the beach. Fifteen aeolian transport

events (two involving onshore winds, seven longshore and six offshore) were measured using a comprehensive grid

of 37 customized MWAC traps. The highest sand transport rates and largest variability was found for alongshore

events. Surface moisture, governed by groundwater, was found to be an important controlling parameter for

aeolian transport rates and vertical flux profiles. Groundwater levels were largely dominated by beach inunda-

tion, influencing the groundwater table for a two week period. Variations in vertical flux profiles between traps

were larger for wet sand transport events than dry ones. In general, sand transport rates were highest at the

foreshore and lowest at the dune toe. Sand transport dynamics are dependent on local conditions such as beach

dimensions, beach orientation and also meteorological and surface characteristics. Moderate (high frequency,

low magnitude) events are also capable of transporting large amounts of sand. Future studies should include

spatially explicit measurements of elevation and surface moisture to obtain a more complete understanding of

the complex sand transport dynamics.

7.1 Introduction

Sand dunes are of paramount importance in the Dutch coastal defence system. Besides

coastal defence, dunes deliver goods and services such as recreational opportunities,

drinking water and nature development. This makes management of the coastal zone

complex, as it directly affects the functions of the dune system [Jackson and Nordstrom,

2011, Poortinga et al., 2011]. In The Netherlands, increased levels of coastal erosion

due to sea level rise [Keijsers et al., 2014a, Stive, 2004, Zhang et al., 2004] form a direct
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threat to the coastal zone and hinterlands, a large part of which is located below sea

level.

Since 1990, the Dutch coastline is maintained by sand nourishments [De Jong et al.,

2014, Hillen and Roelse, 1995, Van Koningsveld and Mulder, 2004, van der Wal, 2004].

Recently, to mitigate against the effects of coastal recession near Ter Heijde, a large

nourishment involving 21.5 Mm3 was applied to the coast [Mulder and Tonnon, 2010,

Stive et al., 2013]. As marine and aeolian forces are expected to redistribute sediment

northwards along the 10-20 km stretch of coastline, a single nourishment is thought

to be more efficient, economical, and environmentally friendly compared to multiple

small-scaled nourishment practices. In order to evaluate and predict the impact of

management strategies on coastal dunes, it is important to understand sediment trans-

port dynamics in the sandy beach zone.

However, the dynamics of aeolian sediment transport on beaches are not fully un-

derstood because of their complex non-linear character and large variability in space

and time [Baas and Sherman, 2006]. Aeolian processes involve temporal scale reso-

lutions ranging from seconds [Anthony et al., 2006, Bauer et al., 1998] to minutes,

hours, days [Craig, 2000, Namikas, 2003, Weaver and Wiggs, 2011], months, even years

De Vries et al. [2012], Delgado-Fernandez [2010], Delgado-Fernandez and Davidson-

Arnott [2011b], Keijsers et al. [2014b], Kroon and Hoekstra [1990], McLean and Shen

[2006]. However, it is difficult to extrapolate event scale measurements to meso-scale

dune development, due to the inherent scale problems between small scale process-based

studies and larger scale landform development processes [Sherman, 1995].

Aeolian sediment transport has largely been investigated over broad spatial and tem-

poral domains in arid and semi-arid dryland, non-coastal environments, using passive

sand traps [Chappell et al., 2003, Visser et al., 2004b]. However, there exists very few

studies of aeolian sediment transport within coastal environments [Delgado-Fernandez

and Davidson-Arnott, 2011b, Lynch et al., 2013]. Lynch et al. [2013] assessed spatio-

temporal patterns of sediment transport and secondary airflow under offshore winds,

while Delgado-Fernandez and Davidson-Arnott [2011b] provided the first long-term
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record of aeolian sediment transport, based on a combination of qualitative observa-

tions from hourly photographs, saltation probes and ED pins. Additional data on the

dynamics of aeolian sediment transport over a larger spatial and temporal domains

would enhance our understanding of micro and macro scale interactions in two ways.

Firstly, continuous records of wind, sediment transport, and supply-limiting factors in

beach-dune systems over medium time scales (periods of weeks to months) are lacking,

especially in assisting in our understanding of sand transport dynamics. Secondly, there

is limited high spatial resolution measurements of beach sand transport.

In this study, we measured aeolian sediment transport events at one of the beaches

on the barrier island of Ameland, The Netherlands. In order to acquire high resolution

measurements, we deployed a comprehensive grid of sediment traps. The objective of

this study was to gain insight into event scale aeolian transport patterns and magni-

tude over a wide beach. In this study, we monitored, measured and analysed surface

moisture, meteorological conditions, wind fetch and aeolian sediment transport for 15

different aeolian events. Variations in the horizontal and vertical distribution of sedi-

ment transport were analysed with respect to meteorological and surface moisture data.

7.2 Materials and methods

7.2.1 Study area

Fieldwork was conducted from September to December 2010, on a beach on the barrier

island of Ameland, in the northwest of The Netherlands (Fig. 7.1). A sandbar, which

was called the Bornrif, migrated towards Ameland and attached to the Western part

of the island in the mid 1980s and continues to migrate eastward [Cheung et al., 2007].

This sandbar developed into a curved sand spit (hook) at the coast of west Ameland,

with a small tidal lagoon in the middle. The remnants of this hook are still visible in

the digital elevation map of Ameland (Fig. 7.1). Longshore drift from west to east has

helped shape the sand bar and its shoreline position. Since 1990, the area to the west

of the study site has been nourished with approximately 2000 m3m−1. The median
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grain diameter in the study area was determined as 180 µm [Poortinga et al., 2014].

The semi-diurnal tide has a mean tidal range of about 2.0 m at Ameland [van der Wal,

2000b]. The Ameland beaches are characterized as dissipative, due to the mildly sloping

surfzone around 1◦-2◦ [Wright and Short, 1984], with the dominant wind direction from

the southwest.

The Netherlands 

Ameland 

Study area 

4000 meters 2000  0  

Figure 7.1: Arial photo of the western portion of the island of Ameland with the inset
indicating the location of the study area. At the top, the island of Ameland is shown

relative to The Netherlands (right image). Image from [Poortinga et al., 2014].

7.2.2 Data collection

In the study area, 37 Modified Wilson And Cook (MWAC) sand traps, six groundwater

monitoring wells, a camera and meteorological station were installed (Fig. 7.2). The

meteorological station was installed in the middle of the experimental site and con-

sisted of four anemometers, a windvane, tipping bucket and two saltiphones. A CR10

Campbell datalogger was used to record the average data values every minute, except
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from the tipping bucket, as this data was summed. Four anemometers measured wind

velocity at heights of 0.2, 0.5, 0.8 and 2 m. The windvane was installed on top of the

meteorological station at an elevation of 2 m. The tipping bucket measured with an

accuracy of 0.2 mm.

0 25 5012.5 Meters

Bug

Saltiphone
Tower

Weather Station

12 meter

-1.5 meter

Beach marker

Turtle

Jarkus Profile

Groundwater tube

Figure 7.2: The spatial distribution of the various instruments used in the field experi-
ment, displayed on a digital elevation map. The Bug, Turtle and Tower represent different

new designs of the MWAC (Fig. 7.3).

The sand traps (MWAC) consist of bottles mounted on a pole equipped with a sail

to ensure that the inlet was always orientated towards the wind. These MWAC’s were

installed in a regular grid with six rows (Fig. 7.2). The distance between traps within

a row was approximately 20 meters. The distance between the rows was roughly 25

meters. Three different types of configurations were used: ‘the Bug’, ‘the Turtle’ and

‘the Tower’ (Fig. 7.3). Contrary to traditional layouts [Wilson and Cooke, 1980b], a

newly customized design was deployed with a higher number of bottles in the lower 25

cm and no bottles above 25 cm. The customized traps were part of a comprehensive

set of experiments which included the comparison of trap designs [Poortinga et al.,

2014]. The different types of traps were randomly assigned to the sampling locations
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in the experimental site. For every bottle, the elevation of its inlet was measured.

Every day, the bottles were checked for trapped sediment; an indication of aeolian

sediment transport. If sediment was captured in the bottles, the elevation of the inlet

was remeasured. Afterwards, bottles were removed and new bottles connected to the

trap, with elevation measured once again. The content of the bottles was weighed.

(a) Bug (b) Turtle (c) Tower

Figure 7.3: The three different types of sand trap used in the study. The Bug design
(a) has a total of six bottles (three on each side), the Turtle design (b) contains 4 bottles
(two on each side) in the original clips, and the Tower design (c) consists of three bottles

mounted above each other.

The 5-megapixel time-lapse camera was installed on a pole on top of the foredune.

The camera was programmed to acquire an image every five minutes during day light

to monitor the study area continuously. For one image, the positions of the MWAC

traps were used to create a georeferenced image (Fig. 7.4), and illustrate the coverage

of the camera over the study area. Because of the oblique angle of the camera and a

slight change in tilt caused by the wind, it was not possible to apply this procedure to

all images.

Six groundwater tubes were installed in a perpendicular transect from sea to dune

to measure ground water level. The distance between the tubes was approximately 20

meters with groundwater levels recorded daily relative to the Normaal Amsterdams Peil

(NAP).

Two saltiphones were used to record saltation intensity [Poortinga et al., 2013a,

Spaan and van den Abeele, 1991, Sterk and Spaan, 1997, Youssef et al., 2008] at dif-

ferent locations in the study area (Fig. 7.2). Surface elevation varied due to bedform

development, but was generally around 5 cm. The saltiphones were connected to a
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(a) A clipped image without georectification (b) A georectified image with the lo-
cations of the MWAC traps.

Figure 7.4: Image of study area taken by the time-lapse camera which was installed on
the foredune.

CR10 datalogger with a digital pulse output signal. Every second, the cumulative num-

ber of hits per second were recorded by the datalogger, summed and registered over a

one minute period.

Two data repositories were consulted to obtain cross-shore beach elevation profiles

and data on sea level, wave height and period. Cross-shore beach profiles were obtained

from the JARKUS dataset [Rijkswaterstaat, 2014a]. This dataset contains annual cross-

shore elevation profiles of the Dutch coast over the period 1965 to 2012. The 2010 profile

of transect 3.8 was used in this study. More information on this dataset can be found

in various other studies [e.g. Bochev-Van der Burgh et al., 2011, De Vries et al., 2012,

Guillén et al., 1999, Keijsers et al., 2014b, van der Wal, 2004]. Data with a resolution of

10 minutes of sea levels were obtained from Wierumergronden (53.516◦, 5.958◦), while

wave period and wave height data were from Eierlandse Gat (53.276◦, 4.661◦). Both

datasets were obtained from the waterbase [Rijkswaterstaat, 2014b].

7.2.3 Analysis method

7.2.3.1 Wind speed profile and shear velocity

Wind data was used to estimate roughness length and shear velocity using the law of

the wall (equation 7.1). Where uz represents the wind speed at elevation z (m) above
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the bed, u? the shear velocity (ms−1), and k the von Karman’s constant (0.4). The

roughness length (z0) (m) is the height at which the time averaged velocity approaches

zero.

uz =
u?
κ
ln
z

z0
(7.1)

7.2.3.2 Threshold shear velocity

An empirical approach was used to estimate the threshold shear velocity. Equation 7.2

was used to calculate the threshold for particle movement [Bagnold, 1941]:

u?t = A

√
gd(

ρs − ρ
ρ

) (7.2)

The threshold shear velocity is represented by u?t (ms−1), parameters A, a dimen-

sionless constant assumed to be 0.085 for the fluid threshold and 0.1 for the impact

threshold. Gravity is represented by g (ms−2), d is the common grain size (m), ρs the

density of the sediment (2600 kgm−3) and ρ the density of the air (1.3 kgm−3).

7.2.3.3 Sediment fluxes

The amount of sediment (kg) captured in one bottle was multiplied by the area of the in-

let in order to obtain a unit per area (kgm−2). An exponential decay function (equation

7.3) was fitted through the data, where qz represents the sediment flux (kgm−2), z the

elevation (m) and q0 and β are regression parameters. As the curve rapidly approaches

0 kgm−2, the formula was integrated from 0 to infinity (Eq. 7.4), in order to obtain

the total mass flux (Q) per crosswind area (kgm−1). A total of 50 counts from the two

saltiphones was used to distinguish between periods with and without saltation.

qz = q0e
−βz (7.3)

Qz =

∫ ∞
0

qz∂z (7.4)
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The Turtle and Bug design contain bottles on both sides of the pole (Fig. 7.3), which

might lead to uncertainties in the mass flux estimation due to variability in horizontal

sediment flux. In order to account for these and other uncertainties, while maintaining

an acceptable number of measurement points, only vertical fitting profiles with R2 >

0.95 and three or more bottles, were included in the analysis. For the Bug, the middle

bottle from the opposite side was included for equation 7.3, in order to have a total of

our measurement points. In situations where the exponential fit for both sides of the

Bug were found to be acceptable (R2 > 0.95), the average of the two measurements,

which were closely related for most measurements, was taken. A more detailed analysis

of the different designs can be found in Poortinga et al. [2014].

Coefficient β (equation 7.3) can also be used to determine the median transport

height (qz50). Equation 7.5 was used to calculate qz50 (m) for every measurement

[Poortinga et al., 2014]. The spatial distribution of qz50 and Q was investigated us-

ing an inverse-distance weighting algorithm. Sediment fluxes were calculated in unit

per time using the actual duration of the measurement. This data was used in the

inverse-distance weighting algorithm with a minimum of three and a maximum of eight

neighbors.

qz50 =
ln(2)

β
(7.5)

The total amount of potential transport q (kg1m−1) [Bagnold, 1941] was computed

whenever u? exceeded u?t using equation 7.6, where C is a dimensionless empirical

constant (1.8), D the diameter of a standard sand (0.25 mm), d the mean grain diameter

and g (ms−2) the gravitational acceleration.

q = C

√
d

D

ρ

g
u∗

3 (7.6)

The fetch effect is considered to be an important concept in aeolian geomorphology

and is defined as the increase in sediment transport rate with distance downwind from a
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boundary between an erodible and non-erodible surface to a certain maximum [Delgado-

Fernandez and Davidson-Arnott, 2011b]. Together with the angle of wind approach,

beach width constrains the maximum fetch length. In turn, beach width is governed by

sea level, tide and wave-runup. As such, the effective beach width is dependent on sea

level, wave run-up and wind direction. Figure 7.5 shows a cross-shore representation of

the study area with the width of the beach strip (wf ), the still water level (swl), the

deep water wave height (H0) and wave period (T0).
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Figure 7.5: Cross-shore representation of the study area displaying the width of the beach
strip (wf ), still water level (swl), deep water wave-height (H0) and wave period (T0). The
wave-runup (R2), derived from equation 7.7 and used to calculate wf , is indicated by a

vertical dotted line with two horizontal arrows.

The relation between runup height and offshore wave conditions for low-slope, dis-

sipative beaches Holman [1986], Stockdon et al. [2006] was used to determine wf . The

runup (R2), calculated by equation 7.7 was added to the swl. The deep-water wave-

length (L0), defined by equation 7.8, was calculated from T0 and the acceleration due

to gravity (g; ms−2). The total water level determined the effective beach width, is

indicated with a vertical dashed line with two arrows in Fig. 7.9. As an inland border,

the 3 m +NAP was taken as the point where the profile slope changes significantly

[Bochev-Van der Burgh et al., 2011, van der Wal, 2004]. Given that the angle of wind
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approach increases the maximum fetch (Fm; m) [Bauer and Davidson-Arnott, 2003],

the total beach width in the direction of wind approach was then calculated (equation

7.9) from wf and wind direction perpendicular to the shore (α) [Chepil et al., 1964].

R2 = 0.043(H0L0)0.5 (7.7)

L0 =
gT 2

0

2π
(7.8)

Fm =
wf

cos(α)
(7.9)

Delgado-Fernandez and Davidson-Arnott [2011b] distinguished transport events from

wind events. They defined a wind event as a period of time when wind speeds exceed a

pre-defined threshold, whereas a transport event was defined as a wind event in which

sand transport on the beach was measured or observed. In this study, we define a

transport event as the period between the installation and removal of the bottle, as

the trap data represents the aggregated data collected during this period. Thus an

event, as defined in this study, can include multiple wind and transport events as per

Delgado-Fernandez and Davidson-Arnott [2011b].

7.3 Results

7.3.1 Beach morphology and ground water dynamics

During the field campaign, the study area was inundated by the sea on three occassions.

Figure 7.6(a) shows the swl, R2, groundwater level and pictures for such an event.

Figure 7.6(b) (left) shows the image taken during this high water event. It can be seen

that high sea-levels in combination with high wave run-up led to inundation of the beach

(Fig. 7.6(b)). Inundation of the beach was short-lived (<1 hour), but had important

impacts on beach surface characteristics and groundwater levels.
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Figure 7.6: The effect of beach inundation on the surface characteristics. (a) The swl, R2

and groundwater level for September 25 (left), when the beach was inundated (see image
below). The right image shows the ground water levels for different days in the following
days. The combined swl and R2 is also shown for these days. (b) Images taken with the
time-lapse camera (from left to right) for the inundated beach followed by succeeding days

where the beach surface dried.

The prolonged effect of beach inundation on the surface characteristics of the beach

is shown in Fig. 7.6(b). The wave impact removed all bedform morphology, leaving a

stagnant layer of water on the lower areas of the beach. Groundwater levels remained

elevated for a period of two weeks (Fig. 7.6(a): right). A visual analysis of the images

(Fig. 7.6(b)) indicates that, while the higher berm dries relatively quickly, the lower

zone between the berm and dune-foot remained moist for a period of two weeks.
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7.3.2 Aeolian sediment transport events

From September 29 to November 10, 16 different aeolian transport events were mea-

sured. However, due to a malfunction of the equipment, only 15 events were included

in the analysis. The events were grouped based on wind direction (onshore, longshore

and offshore) and ranked based on median shear velocity. Onshore winds represent a

mean wind direction between 295 and 25 degrees, whereas offshore winds were mea-

sured between 115 and 205 degrees. Table 7.1 presents the data measured for these

15 events (first two events occured under onshore winds, next seven under longshore

and last six under offshore winds). The duration of the events varied between 2 and 70

hours. Saltation activity during the events varied between 18 minutes for event aI to

775 minutes for event offIII. During 9 events, maximum rainfall of 6 mm was measured

during event offV. The R2 for the wind profile regressions were high for all events with

a minimum of 0.97 for events longII and longIII. The z0 varied between 0.01 mm for

offIV and 3.76 mm for longIII. For events with a period of onshore wind (onI, onII, aIV,

aVII and offVI), Fm was calculated. The minimum Fm during an event varied between

150 and 170 m.

To analyse the effects of spatial variability in moisture content on transport magni-

tude, a representative picture of the surface conditions during the events was selected

(Fig. 7.7) for visual interpretation and categorization (wet, moist, dry). Categorization

was done based on color, rainfall and groundwater elevation, as no quantitative data

on surface moisture were available. Figure 7.7 (top) shows the surface conditions for

events with onshore winds. During event onI, the surface is clearly dry, whereas onII

was characterized by rainfall and categorized as moist. For the longshore events, one

moist, three dry and three wet periods were measured (Fig. 7.7 middle). Under offshore

winds, three moist, a dry and two wet periods were measured. Visual interpretation

reveals that the low-lying middle part of the beach is relatively wet compared to the

berm and dune-foot (events longI, longII, offII, offIII and offV).

The distribution of shear velocities were plotted against the distribution of mass

fluxes. Figure 7.8 shows the distributions for onshore, longshore and offshore winds,
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Figure 7.7: For every event, a representative image was selected from the 5 minute series
obtained by the time-lapse camera. Onshore events are shown at the top (a), longshore
events in the middle (b) and offshore events at the bottom (c). The events were categorized

into three categories: wet, moist and dry.
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Table 7.1: Characteristics of the sixteen aeolian transport events recorded during the field
measurements on Ameland.

Event Date Duration Saltation Rainfall Fm1 Z0 R2

(hour) (min) (mm) (m) (mm)

onI 12 Oct 43 435 0.0 170 1.08 0.99
onII 14 Oct 22 412 0.8 170 1.12 0.99

longI 29 Sep 22 18 0.6 1.29 0.98
longII 9 Nov 24 359 3.2 3.19 0.97
longIII 9 Oct 5 291 0.4 3.76 0.97
longIV 19 Oct 2 56 1.2 155 0.60 0.99
longV 10 Oct 4 214 0.0 1.44 0.99
longVI 8 Oct 5 288 0.0 2.03 0.99
longVII 21 Oct 2 103 0.0 150 1.63 1.00

offI 2 Oct 22 287 1.4 0.44 0.98
offII 3 Oct 70 485 0.6 0.61 0.98
offIII 29 Oct 23 775 0.0 0.56 1.00
offIV 7 Oct 22 331 0.0 0.01 1.00
offV 25 Oct 21 360 6.0 0.29 0.99
offVI 10 Nov 21 229 1.8 165 2.35 0.98

(1) The minimum Fm during the event

with surface moisture categories of dry (orange), moist (black) and wet (blue). It is

evident that the highest sediment transport rates were measured under longshore winds.

For the two events measured under onshore winds, there is a clear increase in sediment

transport rates with shear velocities. However, for offshore and longshore winds, there is

no clear relation between shear velocities, surface conditions and sediment flux. Under

longshore winds, event aI shows the highest sediment fluxes while shear velocities were

lower compared to other longshore events. For event longVI, higher sediment fluxes

were measured compared to events longII, longIII and longIV, while shear velocities

were similar and the surface was dry at the latter events. This is inconsistent with

literature, as wet sand is expected to have a higher threshold shear velocity compared

to dry sand [Cornelis et al., 2004c]. However, during event longVI, a layer of dry sand

was transported over a wet but relatively smooth surface; whereas events longII-IV were

characterized by appreciable bedform development (see Fig. 7.7). Event longVII was

characterized by the highest shear velocities, however, sediment fluxes were lower on

average compared to event longIV. Three events with moist conditions and relatively
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low shear velocities were measured under offshore winds. For event offV and offVI,

relatively high shear velocities were measured, with sediment fluxes in the same order

of magnitude compared to event offIV, with a dry surface and lower shear velocities.

Thus, during events longI and offI-IV, aeolian sediment transport was measured at shear

velocities below the threshold shear velocity, as the meteorological station was located

in the wind shadow of the dune, while the saltiphone was situated towards the foreshore.

During these offshore winds, sand transported at the foreshore, was registered by the

saltiphone.
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Figure 7.8: Distribution of shear velocities and measured sediment fluxes for the differ-
ent events catagorized according to wind direction onshore (left), longshore (middle) and
offshore (right). The square represents the median, the think line includes 50% of the
measurements, the thin line all the measurements. The colors represent the categories dry

(orange), moist (black) and wet (blue).

The total amount of potential sand transport was calculated using equation 7.6.

Only periods with shear velocities higher than the threshold shear velocity (u? > 0.21;

eq. 7.2) were included. Figure 7.9(a) shows potential transport according to wind

direction for the whole measurement period (Sept 29-Nov 10; see Table 7.1). Figure

7.9(b) however, only includes the periods where sediment traps were deployed. The

different colors indicate the contribution of different categories of shear velocities. Thus,

during the measurement period, longshore winds had the greatest potential to transport

sediment. Winds from the south southwest had most potential to transport sediment

under offshore winds. For onshore winds, most of the potential transport was controlled

by strong winds (u? > 0.25), whereas for longshore and offshore events, a large portion

of the total potential transport was controlled by relatively mild winds (u? < 0.25
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). When we compare Figure 7.9(a) and 7.9(b), the measured events mainly include

relatively low shear velocities. The difference in scale also reveals that only a portion of

the total potential sand transport was measured. However, equation 7.6 only includes

shear velocity and not any other environmental conditions such as rainfall.
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Figure 7.9: Total amount of potential sand transport according to wind direction. (a)
includes the potential transport for the whole period (Sept 29-Nov 10; see Table 7.1); (b)
includes only the events. Colors indicate the different catagories of shear velocities. Note

that the two figures have different scales.

Potential sand transport rates were compared with the measured data. Figure 7.10

presents the measured sediment transport rates as a percentage of calculated potential

sediment transport. Median transport rates were shown to be below potential transport

rates for all events. For events longI and longIV, some of the traps collected more

sediment than the potential transport rates. This underestimation is caused by the

spatial variability in wind strength during periods of offshore winds. For all other

events, the percentage of actual transport as a function of potential transport is in the

same order of magnitude. No clear trends were found in terms of wind direction, shear

velocity and surface conditions.
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Figure 7.10: The distribution of actual sediment transport as a percentage of the poten-
tial transport calculated using equation 7.6 for the different events. The square indicates
the median, the think line includes 50% of observations and the thin line includes all ob-

servations.

Maximum sea and groundwater levels were analysed for all events. Groundwater and

maximum sea levels (swl + R2) are shown in Figure 7.11. As differences in groundwater

were relatively small compared to a large increase in groundwater before event longVII,

we combined the maximum sea levels of most events to an average. In Figure 7.11, sea

level reached a maximum during a storm between events longIV and longVII. During

this storm, the beach was inundated which led to an increase in groundwater elevation.

Also, in event offV, groundwater is still relatively close to the surface, as shown in Figure

7.7. By comparing the amount of sediment transport between the events after the storm

(longVII and offIII) with the event before the storm (longIV) (see Fig. 7.8), transport

rates were found to be significantly lower after the storm, while surface conditions were

categorized wet for all events. This indicates that surface moisture caused by high

groundwater levels have a more limiting effect on sediment transport rates compared

higher surface moisture levels caused by rainfall, as evident during event longIV.
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Figure 7.11: Average groundwater and sea level for the 15 events. Between events 11 and
12, the beach was inundated by the sea. Groundwater was elevated during events 12 and

13. Average groundwater level for the other events is also shown.

The height over which sediment is transported was studied using the qz50 (equation

7.5). Figure 7.12 shows the distribution of qz50 (the bars indicate the standard deviation)

according to u?. The wetness categorization of the events (wet, moist, dry) is indicated

with different colors. From Figure 7.12, it is clear that sand is transported over higher

elevations when wet. The median qz50 is lowest for dry events, followed by moist and

wet events, respectively. The standard deviation (i.e. the differences in qz50 between

the traps), are generally larger for the measurements under wet conditions, compared to

those that were collected under moist or dry conditions. Furthermore, saltation height

does not increase with u?.
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Figure 7.12: The qz50 and average shear velocities for different events. Error bars indicate
the standard deviation from the mean. The number of measurement points are not equal for
the different events, as measurements with a high degree of uncertainty were not included

in the analysis.

7.3.3 Spatial variability in aeolian sediment transport events

The spatial distribution for different events is shown in Figs. 7.13 (for onshore and

alongshore events) and 7.14 (for offshore events). A windrose with the normalized wind

velocity according to wind direction was also included with colors of the axes indicating

whether the events were categorized as dry (orange), moist (black) or wet (blue). Black

dots indicate measurement points that were included in the interpolation. The number

and position of measurements are not equal for all events, as measurements with a

higher degree of uncertainty (R2 < 0.95) were not included in the analysis.
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Figure 7.13: The Q (g/m/s) for onshore (a) and longshore (b) events. A wind-rose is
included with normalized wind velocities according to wind direction during saltation (¿50
saltiphone counts). Colors of the axes represent the categorization as shown in Figure 7.7,
where orange, black and blue represent dry, moist and wet, respectively. The number of
measurement points are not equal for the different events, as measurements with a high

degree of uncertainty were not included in the analysis.
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Figure 7.14: The Q (g/m/s) for offshore events. A wind-rose is included with normalized
wind velocities according to wind direction during saltation (¿50 saltiphone counts). Colors
of the axes represent the categorization as shown in Figure 7.7, where orange, black and
blue represent dry, moist and wet, respectively. The number of measurement points are not
equal for the different events, as measurements with a high degree of uncertainty were not

included in the analysis.

For the onshore and offshore events, some general patterns can be distinguished. The

two onshore events (Fig. 7.13) are characterized by lower sand fluxes at the dune foot,

compared to sand fluxes on the beach. For offshore winds (Fig. 7.14), the transport

patterns are quite similar, with higher fluxes at the foreshore compared to the backshore.

This is mainly caused by the wind shadow of the dune. However, the middle zone of

the beach, which was relatively wet during offII, offIII and offV (see Fig. 7.7) might

also play a role here. During event offVI, the wind direction varied between onshore

and offshore, which led to high transport rates at the berm.

Most variability in aeolian transport patterns can be found for longshore events (Fig.

7.13). Again, the lowest transport rates are found at the dune foot. For event longI,

high sediment transport is evident at the berm. This is consistent with the surface

characteristics (see Fig. 7.7), where a band of dry sand is located at the berm, whereas
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the middle zone of the beach was classified as wet, limiting the supply of sediment in

the upwind direction. Surface characteristics were similar during event longII, with a

wet zone in the middle and a dryer zone at the berm. Transport patterns are highest

at the two foremost rows of sand traps, and decrease in the direction of the dune-foot.

While measured shear velocities were highest during event longI, transport rates were

lower in event longII. This is most probably caused by the shadowing effect of the dune

for event longI, but also the prevailing wet surface conditions.

In terms of surface characteristics, wind directions and shear velocity, events longIII,

longV and longVI were similar. Transport rates during these events are in the same

order of magnitude (see Fig. 7.8). The patterns that were measured during these events

appear quite similar, with higher transport rates on the beach and lower amounts at

the dune-foot. Event longIV was measured before the storm event and longVII after

the storm event (see Fig. 7.11). These are different from other longshore events as

winds come from the West, whereas winds were directed from the east for the other

events. Transport rates were highest in the middle zone for event longIV, but were

also quite high at the foreshore. After the beach was inundated by the sea (event

longVII), sediment transport rates were lower compared to event longIV, while shear

velocities were considerably higher. Most sediment transport took place in the middle

zone. Figure 7.7 shows that a layer of dry sand was transported over a wet surface in

the middle while the foreshore was still wet.

7.4 Discussion

Beach inundation due to high sea-levels and wave runup was found to be an important

factor in horizontal and vertical transport patterns, as groundwater levels were impacted

for a prolonged period. In The Netherlands, high waves and surge levels are caused by

a combination of low-atmospheric pressure and strong winds but also wind direction

[Winter et al., 2013]. The geographic setting is important, as winds from the northwest

have the largest fetch, which, in combination with the funnel-shape of the North Sea,

results in higher sea-levels and wave runup. Besides the consequent impacts on the
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hydrodynamics of the coast, this affects aeolian processes due to elevated groundwater

levels. Our results are consistent with the findings of Raubenheimer et al. [1998]. They

measured water table levels on a sandy beach for a period of two months. They found

that over-topping increased the water table for several days, while semi-diurnal water

table fluctuation were damped almost completely 100 m inland of the mean shoreline.

Our results indicate that higher surface moisture content leads to transport over

higher heights compared to dry surfaces, as reported in the literature [Farrell et al., 2012,

McKenna Neuman and Maljaars Scott, 1998, Nield and Wiggs, 2011]. Furthermore,

the data shows that mean saltation height does remain essentially constant with an

increase of u? for dry, moist or wet surfaces. This is in agreement with the finding

of Namikas et al. [2009], Namikas [2003], Rotnicka [2013] and the model proposed by

Namikas [2006], that increasing saltation impact energy levels that occur with large

u? are dissipated by bed deformation and increased impact entrainment rather than

contributing to larger saltation hops. The cohesive forces imparted by water allow wet

grains to resist entrainment considerably more than dry grains, so that more impact

energy is retained on wet surfaces and thus higher saltation paths are generated. Specific

interaction between rainfall and wind, also referred to as splash–saltation or splash drift

was not taken into account [Riksen et al., 2008, Riksen and Goossens, 2007, Van Dijk

et al., 1996].

In this study, we used sand transport in unit per time to analyse variability in the

magnitude of aeolian sand transport at an event scale. However, sand fluxes in unit per

time (Table 7.1) should be considered as estimates rather than absolute values. Saltation

activity was defined by an arbitrary value of 50 counts per minute. During some events,

aeolian sand transport was highly intermittent [Davidson-Arnott and Bauer, 2009, Stout

and Zobeck, 1997], characterized by saltating streamers [Baas, 2008, Baas and Sherman,

2005, Baas, 2007]. For these events, the threshold of 50 counts per minute does not give

an accurate representation of the duration. Wetting and drying of the top layer of the

surface was observed to be an important dynamic. On a wet surface, the top layer might

dry rapidly due to a combination of direct exposure to solar radiation and wind. As dry
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sand has a lower threshold for transport compared to wet sand Cornelis et al. [2004c],

Davidson-Arnott et al. [2008], when these particles interact with wet particles on the

surfaces, they add extra momentum, causing detachment of these particles. This effect

of intermittent transport on a wet surface was also reported by Davidson-Arnott et al.

[2008], Wiggs et al. [2004b]. Events longI, longIV and longVII, which accounted for the

highest amounts of sand transport in unit per time, contain measurements in the same

order of magnitude as found by Namikas [2003], Nordstrom et al. [2011], Sherman et al.

[1998].

For all events, there is a decrease in aeolian sand transport rates towards the dune

foot. For offshore events, this is clearly caused by the wind shadow of the dune. How-

ever, for onshore and longshore events, the decrease could be linked with the vegetation

boundary. Arens [1996a] also reported a rapid decrease in sand transport landward of

the vegetation boundary. However, differences in deposition patterns caused by differ-

ences in vegetation density [Arens et al., 2001] and patterns [Youssef et al., 2012b] were

not measured. Furthermore, moderate events can make a significant contribution to

total actual and potential transport rates, dependent on local conditions as found by

Delgado-Fernandez and Davidson-Arnott [2011b]. They found that moderate events can

make a significant contribution to total sand transport rates. However, transport events

that were directed towards the dune and thus enabling coastal foredune development

were generally high (u? > 0.25) during the measurement period. However, measure-

ments with high shear velocities only covered a fraction of the total duration of the

storm, as bottles on the sand traps were quickly saturated.

Previous small scale studies have shown that spatio-temporal variability decreases

with an increase in sampling duration [Baas and Sherman, 2006, Ellis et al., 2012]. In

this event-scale study, we found that despite considerable variability between two closely

located samplers, patterns emerge that were consistent with wind direction and surface

conditions. Transport was generally highest at the berm and lowest in the middle

zone; while rates were higher for longshore compared to onshore events. However, with

only two onshore events recorded, it is difficult to determine if this was caused by
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the availability of upwind sand, the fetch effect or other environmental factors. Fetch

was included in this study, as many studies also report an increase in sand transport

from the downwind distance of a border between an erodible and non-erodible surface

[Anthony et al., 2006, Bauer et al., 2009, Chepil, 1957, Davidson-Arnott et al., 2005,

Delgado-Fernandez, 2010, Jackson and Cooper, 1999, Lynch et al., 2006, van der Wal,

1998]. However, the data in this study was collected over hours, during which wind

speed and direction varied. Due to the coarse resolution of our trap data, it is difficult

to distinguish the fetch effect from meteorological factors, but also other factors such

as slope, changes in topography and surface moisture.

The reduction in variability with increase sampling times is also reflected in the work

of [De Vries et al., 2012, Keijsers et al., 2014b]. They found that similar amounts of sand

reach the foredune annually with little correlation between meteorological conditions

and coastal foredune development. Simple empirical formulations such as potential sand

transport [Bagnold, 1941] or drift potential Fryberger and Dean [1979] will generally

not yield adequate estimations in coastal environments. At least, estimations of sand

input to dunes need to include spatial variations in sand availability that are largely

controlled by topography and moisture. For better estimations of sand input to dunes,

spatial variations in sand availability need to be included. These are largely controlled

by topography and moisture, as shown here. By matching regional transport potential

with local sand availability, event-scale predictions of sand input to the dunes can be

improved, as demonstrated by Delgado-Fernandez and Davidson-Arnott [2011b].

Due to data limitations, parts of the analysis in this study have a qualitative rather

than a quantitative character. Factors such as specific wind flow patterns over the fore-

dune and beach [Hesp et al., 2005, Walker, 1999, Walker and Nickling, 2002], spatial

variability in surface moisture and bed morphology were not taken into account quan-

titatively. Furthermore, transport rates were measured, whereas erosion and deposition

patterns were not. For future event scale studies, it is suggested that quantitative sur-

face moisture measurements [Edwards et al., 2013, 2012, Nolet et al., In Press], and
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erosion and deposition patterns be included. State-of-the-art technologies such as un-

manned aerial vehicles [Mancini et al., 2013], or terrestrial laser scanners [Nield et al.,

2011] can be used to acquire very detailed spatially explicit information. More insight

into the drivers and transport patterns of aeolian sand transport is especially important

for the sustainability of a heavily managed coast such as that of the Netherlands [Arens

et al., 2013, Giardino et al., 2011, VanKoningsveld et al., 2008]. In addition, this data

will allow us to further improve model approaches [Bauer and Davidson-Arnott, 2003,

Davidson-Arnott, 2005, De Vries et al., 2014], and better simulate the impact of future

management strategies such as mega-nourishments on the coastal system.

7.5 Conclusion and recommendations

The horizontal and vertical distribution in aeolian sand transport over a beach strip

in relation to sea level, groundwater dynamics and meteorological conditions was in-

vestigated at a beach on the barrier island of Ameland in The Netherlands. High sea

level tides in combination with high wave runup, cause beach inundation and leads

to elevated groundwater levels for a period of two weeks. Most sand transport took

place during longshore events. For onshore and offshore events, some general patterns

could be distinguished. However, for longshore events, more variability was found. High

groundwater levels were shown to be more supply limiting compared to rainfall events.

It was confirmed that higher surface moisture levels lead to higher median saltation

elevations, where wet events have a higher range of median salation elevations com-

pared to dry ones. Transport patterns show low transport rates at the dune toe and

high transport rates at the foreshore, but also large variations over small distances.

Sand transport dynamics are mainly driven by local conditions, and moderate events

can make a significant contribution to the total amount of sand transport. For future

studies, it is suggested that spatially explicit measurements of elevation and surface

moisture be included.
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Measuring and modeling the effect of surface moisture

on the spectral reflectance of coastal beach sand

abstract

Surface moisture is an important supply limiting factor for aeolian sand transport, which is the primary driver of

coastal dune development. As such, it is critical to account for the control of surface moisture on available sand

for dune building. Optical remote sensing has the potential to measure surface moisture at a high spatio-temporal

resolution. It is based on the principle that wet sand appears darker than dry sand: it is less reflective. The

goals of this study are (1) to measure and model reflectance under controlled laboratory conditions as function

of wavelength (λ) and surface moisture (θ) over the optical domain of 350-2500 nm, and (2) to explore the

implications of our laboratory findings for accurately mapping the distribution of surface moisture under natural

conditions. A laboratory spectroscopy experiment was conducted to measure spectral reflectance (1 nm interval)

under different surface moisture conditions using beach sand. A non-linear increase of reflectance upon drying

was observed over the full range of wavelengths. Two models were developed and tested. The first model is

grounded in optics and describes the proportional contribution of scattering and absorption of light by pore

water in an unsaturated sand matrix. The second model is grounded in soil physics and links the hydraulic

behaviour of pore water in an unsaturated sand matrix to its optical properties. The optical model performed

well for volumetric moisture content θ < 24% (R2 > 0.97), but underestimated reflectance for θ between 24-30%

(R2 > 0.92), most notable around the 1940 nm water absorption peak. The soil-physical model performed very

well (R2 > 0.99) but is limited to 4% > θ < 24%. Results from a field experiment show that a short-wave infrared

terrestrial laser scanner (λ=1550 nm) can accurately relate surface moisture to reflectance (standard error 2.6%),

demonstrating its potential to derive spatially extensive surface moisture maps of a natural coastal beach.

8.1 Introduction

Every decade sea water level of the North Sea rises by 2-3 cm Solomon [2007]. This

is alarming for a country as the Netherlands considering large parts are already below

sea level. It puts urgency on finding coastal defense strategies that are able to adapt to

climate change Bochev-Van der Burgh et al. [2011], De Jong et al. [2014], Keijsers et al.

163



Chapter 8. Measuring and modeling the effect of surface moisture on the spectral
reflectance of coastal beach sand 164

[2014a]. In this context an unprecedented large nourishment of sand (’Sand Motor’,

www.zandmotor.nl) was laid down along a stretch of the Dutch coast in 2011. Its aim is

to mimic the onshore migration of an intertidal sandbar, supplying the adjacent coast

with a surplus of sand for years to come Stive et al. [2013], Van Slobbe et al. [2013]. An

important expected result is the throughput of sand by wind over the beach towards the

dunes, enabling the dunes to naturally grow in volume Keijsers et al. [2014b], Poortinga

et al. [2011].

Surface moisture is an important supply limiting factor for aeolian sand transport

Bauer et al. [2009], Davidson-Arnott et al. [2005], De Vries et al. [2014], Ellis et al. [2012],

Namikas and Sherman [1996], Poortinga et al. [2014]. By binding sand grains together,

through cohesive and adhesive forces, water significantly increases the resistance of the

uppermost sand layer against wind erosion Chepil [1956], Cornelis and Gabriels [2003],

McKenna-Neuman and Nickling [1989]. It has been suggested by Belly [1962] that

the required wind force to initiate saltation grows exponentially by a linear increase

of moisture content. Above a certain moisture content beach sand becomes inherently

resistant to entrainment by most natural winds.

To accurately predict aeolian sand availability for dune building it is thus critical to

account for the control of surface moisture. However, wetting and drying processes are

governed by complex hydraulics of tidal and wave action, groundwater and capillary

flow, and evaporation and precipitation Atherton et al. [2001], Davidson-Arnott and

Bauer [2009], Hugenholtz et al. [2009], Huisman et al. [2011], Namikas et al. [2010].

As a result, the distribution of surface moisture on a beach can vary greatly in space

and time. Therefore, to estimate the control surface moisture exerts on aeolian sand

transport, data at a high spatio-temporal resolution is required Poortinga et al. [2013a],

Wiggs et al. [2004b], Yang and Davidson-Arnott [2005].

Optical remote sensing can be a viable solution for measuring surface moisture at

a high spatio-temporal resolution. It is based on the principle that wet sand appears

darker than dry sand: it is less reflective. This familiar reduction in reflectance is

attributed to pore water surrounding the sand grains, causing a change in scattering
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and absorption of light. Scattering and absorption of sunlight occur at the same time,

but their proportional contribution to reduction in reflectance depends on wavelength

(λ) and moisture content (θ) Bowers and Hanks [1965], Lobell and Asner [2002], Weidong

et al. [2002]. This holds true when other parameters affecting beach surface reflectance

(e.g. mineral composition, grain size distribution, packing density, surface roughness

Leu [1977], Shuchman and Rea [1981]) remain unchanged.

The potential of optical remote sensing of surface moisture, for aeolian research

in the coastal environment, was first demonstrated by Darke and McKenna Neuman

[2008], Darke et al. [2009], Mckenna Neuman and Langston [2003], McKenna Neuman

and Langston [2006] and Delgado-Fernandez et al. [2009]. Through a photographic

methodology (λ = 400 − 700 nm), beach surface moisture content was related to a

corresponding normalized surface reflectance. This relationship was applied to pho-

tographs of a beach, resulting in a time-series of surface moisture maps. The same

principle was later tested by Nield and Wiggs [2011], Nield et al. [2011] and Nield et al.

[2014], where the reflective signal of a terrestrial laser scanner (λ = 539 nm) was related

to beach surface moisture. It is a more convenient application since the reflected signal

does not require a correction for changes in illumination. Another application of the

principle was tested by Edwards et al. [2012] and Edwards et al. [2013], where point

data on beach surface moisture was collected using a portable narrow band radiometer

(λ = 1940 nm) and spectroradiometer (λ = 970 nm). At these wavelengths the correla-

tion between surface reflectance and moisture content was shown to be higher than at

visible wavelengths, due to stronger absorption of light in water.

In soil science, optical remote sensing is widely used to determine soil moisture con-

tent Bowers and Hanks [1965], Idso et al. [1975], Knadel et al. [2014], Lobell and Asner

[2002], Skidmore et al. [1975]. However, the recent studies that relate reflectance to sur-

face moisture in a coastal environment, show ambiguous results, as was also recognized

by Edwards et al. [2012] and Edwards et al. [2013]. It is in part due to the focus on a

limited range of wavelengths in which measurements were taken (see overview in Figure

8.1-bottom). The goals of this study are (1) to measure and model reflectance under
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controlled laboratory conditions as function of wavelength (λ) and surface moisture con-

tent (θ) over the full optical domain of 350-2500 nm, and (2) to explore the implications

of our laboratory findings for accurately mapping the distribution of surface moisture

under natural conditions. A laboratory spectroscopy experiment is conducted to mea-

sure spectral reflectance (1 nm interval) under different surface moisture conditions

using beach sand. Two models are developed and tested. The first model is grounded

in optics and describes the proportional contribution of scattering and absorption of

light by pore water in an unsaturated sand matrix. The second model is grounded in

soil physics and links the hydraulic behaviour of pore water in an unsaturated sand

matrix to its optical properties. A field experiment is conducted to test the potential

of a short-wave infrared terrestrial laser scanner (λ=1550 nm) to derive spatially exten-

sive surface moisture maps with a high accuracy. As such, this study aims to support

practical applications for optical remote sensing of surface moisture on a sandy coastal

beach.

8.2 Background

8.2.1 Spectral reflectance

Elastic scattering of light is the re-directing of light without alteration of the wavelength.

It encompasses the optical phenomena of transmission, reflection, and refraction Bohren

and Huffman [2008], Hecht [2002], determined by the angle of incidence and the wave-

length dependent refractive index n(λ). The refractive index is a ratio, describing how

fast light propagates through a medium compared to a vacuum, and changes in direction

(is refracted) as result. Transmission of sunlight into opaque beach sand is in the order

of a few sand grains thick Ciani et al. [2005], Leu [1977], Shuchman and Rea [1981],

Tester and Morris [1987]. Optical reflectance is thus strictly a surface phenomenon

With optics Ängstrom Ångström [1925] proposed an explanation for the familiar

visual darkening of sand upon wetting, ascribing it to total internal reflection within

water films surrounding the sand grains. In effect, sunlight at or exceeding the critical
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angle is reflected back to the surface at the liquid-air interface, increasing the likelihood

of being absorbed by the sand grains. Assuming ideal diffuse reflection Ångström [1925]

described the relation between wet (Rw) and dry (Rd) reflectance by:

Rw =
Rd

n2(1−Rd) +Rd
(8.1)

with n the wavelength dependent refractive index of water. Lekner and Dorf [1988] later

modified this model to account for the fraction of sunlight that is not transmitted into

the water film but reflects specularly (Rs) at the air-liquid interface:

Rw =
(1−Rs)Rd

n2(1−Rd) +Rd
(8.2)

Rs ≈
(
nw − na
nw + na

)2

(8.3)

Specular reflectance Rs is approximated by Fresnel reflection of normal incident

sunlight Hecht [2002], with nw the refractive index of water and na the refractive index

of air, taken as 1. How specular reflectance changes with wavelength is shown in Figure

8.1.

The process of absorption is also important to spectral reflectance. Absorption

of sunlight is the uptake of light by conversion of its energy into thermal energy. It

is strongly correlated to wavelength. Spectral absorption of sunlight is described by

the Beer-Lambert law Bohren and Huffman [2008], stating an exponential decrease of

reflectance as a function of the absorption coefficient α(λ) (cm−1) and optical path

length d (cm):

R = Rde
−αd (8.4)

The spectral absorption coefficient describes the extent to which sunlight is absorbed

as it passes through a medium. Figure 8.1 shows the absorption coefficients for pure

water in the optical domain 350-2500 nm (data: Segelstein [1981]). It becomes clear from
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Figure 8.1: Top: The spectral power distribution of sunlight (in Wm−2) outside the
atmosphere (yellow line) and at sea level (brown line). The spectral Fresnel reflectance
for a water surface and absorption coefficients for pure water are shown as the green and
blue line respectively. The blue bands indicate absorption peaks due to water. Bottom:
an overview of the studies (including this study) that demonstrate the potential of relating
reflectance to surface moisture. The orange bars indicate the spectral range in which the

measurements were taken.

Figure 8.1 that water is a strong absorber of sunlight at specific wavelengths. Notable

absorption peaks all occur at near- and shortwave-infrared wavelengths, around 760, 970,

1200, 1470 and 1940 nm Pope and Fry [1997], Segelstein [1981]. At visible wavelengths

the absorption coefficient is close to zero. Here, the penetration depth (i.e. inverse of

absorption) of sunlight in water is high, which is why water appears transparent.

The effect of absorption of sunlight by water is illustrated by comparing the spectral

power distribution of sunlight (Wm−2) outside the atmosphere to that at sea level

(Figure 8.1). Since water (vapour) is abundant in the atmosphere, certain wavelengths

of sunlight are absorbed to such an extent that it may not reach the earth’s surface. This
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is of consequence for collecting remotely sensed data. Passive methods, that depend on

sunlight for acquiring information about an object, are ’short-sighted’ or in fact blind in

wavelengths strongly absorbed by water. This is true for wavelengths around the 1470

and 1940 nm absorption peaks. Here an active method must be employed, where data

is collected using a light source other than the sun Elachi and Van Zyl [2006].

8.2.2 Surface moisture

The decrease of spectral reflectance upon wetting is non-linear, as is the hydraulic

behaviour of water in an unsaturated sand matrix. Both processes can be linked con-

ceptually, as is shown in Figure 8.2. At (and below) wilting point (fig. 8.2.1) pore

water is held tightly in the sand matrix as adsorbed water films around the sand grains.

Here the optical path length in water (d) is close to zero, and the decrease of spectral

reflectance is almost solely due to scattering. Approaching field capacity (Fig. 8.2.2)

pore water proceeds to fill micro pores and form water wedges between sand grains.

This increases the optical path length in water (d), with increasing absorption as result.

When the sand matrix gets fully saturated (Fig. 8.2.3) all remaining air in the sand ma-

trix is replaced with water and free water may appear at the surface. Now the optical

path length in water (d) is at its maximum and certain wavelengths may be completely

absorbed Hillel [1998], Lobell and Asner [2002].

The hydraulic behaviour of water in an unsaturated sand matrix is described by

the water retention curve (Fig. 8.3), relating volumetric water content θ to the water

pressure head h in cm. Under unsaturated conditions the water pressure head is always

negative, for cohesive and adhesive forces in the sand matrix reduce pore water potential

relative to free water. A well-established empirical model to describe the water retention

curve is the Van Genuchten equation (Eq. 8.5) of Van Genuchten [1980]:

θh = θr +
θs− θr

[1 + (a|h|)n]1−1/n
(8.5)

With θr the residual water content and θs the saturated water content. At these

water contents the gradient dθ/dh of the water retention curve becomes zero. Parameter
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1 2 3

Figure 8.2: A conceptual representation of the non-linear decrease of spectral reflectance
as moisture content in the sand matrix increases. At wilting point (1) there is almost
no absorption of light in water as the optical path length (d) is close to zero. At field
capacity (2) the optical path length in water (d) increases with increasing absorption as
result. At saturation (3) the optical path length in water (d) is at its maximum and certain

wavelengths may be completely absorbed.

a (cm−1) approximately equals the inverse of the pressure head at the inflection point,

where dθ/dh has its maximum value. It is interpreted as the air entry value. The

dimensionless parameter n relates to the slope at the inflection point, thus reflecting

steepness of the water retention curve. It is is interpreted as an indicator of pore-

size distribution Van Genuchten [1980], Wosten and Van Genuchten [1988]. Note that

moisture levels of θ < θr and θ > θs are beyond the range of Eq. 8.5.

8.2.3 Surface moisture - spectral reflectance models

Two simple models are proposed to obtain a description of spectral reflectance under

different moisture conditions. The first model (Eq. 8.6) is grounded in optics. Spectral

reflectance Rθ as a function of volumetric surface moisture is described by:

Rθ = fsRde
−αd (8.6)
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Figure 8.3: The water retention curve for a coarse grained sand matrix (M50 = 350-
500 µm), created using Eq. 8.5. Shown in the graph are the residual water content (θr),
saturated water content (θs), air entry value (1/a) at the inflection point, and (n) which
is related to the slope at inflection point and indicates pore-size distribution. Data taken

from Wösten et al. [2001].

Where parameters fs (fraction) and d (cm) at a certain wavelength and moisture

content, are obtained by curve fitting. Parameter fs describes the contribution of elastic

scattering to reduction of spectral reflectance upon wetting, while parameter d (optical

path length in water) describes the contribution of absorption to reduction of spectral

reflectance upon wetting. Further, α denotes the wavelength dependent absorption

coefficient for pure water, and Rd the dry spectral reflectance. The model is based on

the approach of Philpot [2010], with omission of the fraction Rs as the contribution

of specular reflectance to darkening upon wetting was shown by Philpot [2010] to be

minimal. The model of Philpot [2010] is similar to the model of Lobell and Asner [2002],

although the latter model takes the absorption coefficient α as a regression parameter.

The second model (Eq. 8.7) is grounded in soil physics. The Van Genuchten equation

(Eq. 8.5) is modified by replacing pressure head h (cm) with spectral reflectance Rθ.

Parameters a and n, at a certain wavelength, are obtained by curve fitting and become
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dimensionless as spectral reflectance is a fraction. Volumetric moisture content θR as a

function of spectral reflectance is described by:

θR = θr +
θs− θr

[1 + (aRθ)n]1−1/n
(8.7)

Where residual water content θr and the saturated water content θs are sand matrix

constants. Note that the soil-physical model is fitted at a certain wavelength, whereas

the optical model is fitted over all wavelengths in the optical domain.

8.3 Materials and Methods

8.3.1 Experimental setup

A laboratory spectroscopy experiment was conducted in duplo to observe spectral re-

flectance in the optical domain (350-2500 nm) under different moisture conditions. A

representative sample of beach sand was collected from the ’Sand Motor’ (GPS loca-

tion: 52.052◦N 4.184◦E). A field permit was not required and sample collection did not

involve endangered or protected species of flora or fauna. Before the experiment the

sample was coarsely sieved (2 mm) to remove shells and constituents other than sand.

The sand, composed of quartz with some feldspar, had a dry bulk density ρb of 1.655

gcm−3 with mean and median grain size of 324 and 288 µm respectively.

For each experiment, a sub-sample of the collected beach sand was placed in a matte

black petridish (5 cm radius, 1.5 cm height), filling it up to the rim, and oven dried

for 24h at 105 ◦C. The sample was, after measuring its initial weight, slowly saturated

with distilled water. The water was let to distribute itself uniformly in the sample and

excess free water was drained from the surface. The sample was placed on a data-logging

weighing scale with milligram precision.

During the drying process the reflectance (correct terminology: biconical reflectance

factors or BCRF’s) of the sample were acquired using the spectroscopy facility of Wa-

geningen University Roosjen et al. [2012]. The spectral reflectance was measured at 1

nm intervals using an ASD Fieldspec Pro spectrometer (Analytical Spectral Devices,
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Boulder, CO). A 40 x 40 cm white Spectralon panel (LabSphere, Inc., North Sutton,

NH) was used to calibrate the spectrometer.

The spectrometer was fitted with a 1◦ FOV foreoptic which was directed at nadir

at 40 cm distance from the sample. As an artificial light source, a 900 watt Quartz

Tungsten Halogen (QTH) lamp was placed 70 cm from the sample at a 30◦ zenith angle

(see Figure 8.4). At the time of the measurements the room temperature was kept stable

at 23 ◦C and the humidity was kept constant at 50%. The spectrometer was programmed

to take a measurement every 5 minutes. At the same time the weight of the sample was

measured and stored. Data are publicly accessible at doi:10.4121/uuid:866135c2-2be3-

4b74-8f9c-922505285a7b.
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Figure 8.4: schematic overview of the measurement setup. The ASD Fieldspec Pro
spectrometer (Analytical Spectral Devices, Boulder, CO), fitted with a 1◦ FOV foreoptic,
was directed at nadir at 40 cm distance from the sample. A 900 watt Quartz Tungsten
Halogen (QTH) lamp was placed 70 cm from the sample at a 30◦ zenith angle. The spectral

reflectance was measured over a range of 350-2500 nm, at 1 nm intervals.
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8.3.2 Analysis method

For each sub-sample the laboratory spectroscopy experiment obtained five-minute inter-

val measurements of spectral reflectance at a certain volumetric moisture content. Only

wavelengths between 350 - 2100 nm were included in the analysis, as wavelengths >

2100 nm were found to have a lower signal-to-noise ratio. Volumetric moisture content

was calculated by:

θ =
mwρs
msρw

(8.8)

With mw and ρw the (decreasing) mass and density (0.997 gcm−3) of water, and ms

and ρs the mass and dry bulk density (1.655 gcm−3) of the sand sample.

Equation 8.6 and 8.7 were fitted to the spectral reflectance measurements. Pa-

rameters fs and d (Eq. 8.6) and a and n (Eq. 8.7) were optimized using a non-linear

(weighted) least-squares regression algorithm R Core Team [2012]. The spectrum of

the air-dry sample was used for Rd and the spectrum for Rθ corresponded to a certain

volumetric moisture content. The sand matrix constants θr and θs were determined

manually, using the graphical relationship between spectral reflectance and volumetric

moisture content.

8.4 Results and Discussion

8.4.1 Laboratory experiment

The laboratory spectroscopy experiment was conducted in duplo to assess the varia-

tion in spectral reflectance of the beach sand as function of surface moisture content.

The spectral reflectance curves of both experiments (interpolated to regular moisture

intervals) showed minimal variation between 400-2100 nm (R2 > 0.997). Therefore the

dataset with most data points was selected for further analysis. A total of 300 spectral

reflectance measurements were taken over a period of 25 hours. Volumetric surface

moisture content varied between 32% (saturation) and < 0.01% (air-dry).
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Figure 8.5 shows measured spectral reflectance plotted at 4% moisture intervals. A

non-linear decrease of reflectance, as moisture content increases, is observed over the

full range of wavelengths. The shape of the air-dry spectral reflectance curve (top line

Fig. 8.5) reflects the optical properties of the beach sand itself. Overall, at longer wave-

lengths, dry beach sand becomes more reflective but wet beach becomes less reflective.

This is due to stronger absorption of light in water at near- and short-wave infrared

wavelengths (see Fig. 8.1). Notable dips in reflectance are observed at the absorption

peaks of 1470 and 1940 nm. The overall shape of the curve at visible wavelengths (400-

700 nm) does not change greatly with increasing moisture content. This corresponds to

the notion that soils darken when wet but with little apparent color change.
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Figure 8.5: The measured spectral reflectance over a range of 350-2100 nm, at 4% vol-
umetric moisture content interval between 32% (saturation) and < 0.01% (air-dry). A
non-linear decrease in reflectance upon wetting is observed over the full range of wave-
lengths. Notable dips in reflectance occur at water absorption peaks at 1470 and 1940 nm
(blue bands). The dashed red lines show the spectral reflectance Rθ as calculated by fitting

the optical model (Eq. 8.6) to measured spectral reflectance.

The optical model (Eq. 8.6) was fitted to the spectral reflectance measurements and

shown as dashed red lines in Figure 8.5. As can be seen in Figure 8.6 (top) the optical
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model performs well for surface moisture contents θ < 24% (R2 > 0.97), but gives an

underestimation in reflectance for θ between 24-30% (R2 > 0.92). This is most notable

around the 1940 nm water absorption peak (see Fig. 8.5). A plausible explanation is

that the absorption of light is not as effective in pore water since it is partially bound

to the sand matrix. This notion is supported by the fact that at saturation (θ ≥ 32%),

where free water is present, model performance improves (R2 > 0.97).
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Figure 8.6: Top: the goodness of fit R2 (top) for the optical model (Eq. 8.6) as function
of volumetric moisture content. Bottom: the contribution of scattering (fraction fs) and
absorption (optical path length in water d) as moisture levels increase. R2, fs and d are
obtained by fitting Eq. 8.6 to measured spectral reflectance. The shaded areas indicate 95

% confidence intervals

Figure 8.6 (bottom) shows the values of fs (fraction) and d (cm) at corresponding

moisture content. The trajectories of the regression parameters of the optical model

describe the proportional contribution of elastic scattering (fs) and water absorption

(d) to spectral reflectance upon wetting. These trajectories are in agreement with the

principle outlined in Figure 8.2. At air-dry conditions (Fig. 8.2.1) pore water is held

tightly in the sand matrix. The optical path length in water (d) is close to zero as

there is negligible absorption of light in water. Reflectance is thus almost solely due to
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scattering, and fraction fs is close to 1. When pore water proceeds to fill micro pores

and form water wedges between sand grains (Fig. 8.2.2), the contribution of absorption

increases, while the contribution of scattering decreases. When the sand matrix gets

fully saturated (Fig. 8.2.3) the optical path length in water (d) is at its maximum,

between 0.06 - 0.07 cm. This corresponds to a thickness of a few sand grains (median

288 µm). It is encouraging that the order of magnitude is within physical expectation.

Figure 8.7 (black lines) shows measured reflectance as a function of volumetric mois-

ture content plotted for the five water absorption peaks at 760, 970, 1200, 1470, and

1940 nm. It can be seen that at longer wavelengths the air-dry reflectance increases and

reflectance upon wetting decreases, resulting in greater contrast between wet and dry

reflectance. Wavelengths at 1470 and 1940 nm are absorbed by water to such an extent

that saturated reflectance approaches zero. Further, it becomes clear from Figure 8.7

that the shape of the spectral reflectance curves are very similar to the shape of the

water retention curve calculated by Eq. 8.5 of Van Genuchten [1980] (Fig. 8.3). This

suggests that spectral reflectance influenced by surface moisture content is linked to the

hydraulic behaviour of water in an unsaturated sand matrix. This link is conceivable,

as both processes share common drivers such as mineral composition and texture of the

soil. The spectral reflectance upon wetting and water retention characteristics of beach

sand can thus be described by the same empirical formulation.
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Figure 8.7: Black lines: measured spectral reflectance upon wetting at the water absorp-
tion peaks of 760, 970, 1200, 1470, and 1940 nm. Dashed red lines: volumetric moisture
content θR as calculated by fitting the soil-physical model (Eq. 8.7). With sand matrix
parameters θr = 0.04 and θs = 0.29. Non-linear regression parameters a and n are shown

in the plot at corresponding wavelength.
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The soil-physical model (Eq. 8.7) was fitted to the reflectance curves of Figure 8.7.

Non-linear regression parameters a and n are shown in the plots at corresponding wave-

length. The sand matrix parameters θr and θs were determined at 0.04 and 0.29 re-

spectively. As a consequence, moisture levels of θ < 4% and θ > 29% are beyond the

range of the soil-physical model. While knowledge of θ > θs is not very relevant for

aeolian coastal research, knowledge of θ < θr is relevant. Even at low levels, surface

moisture exerts a significant control on the aeolian entrainment of sand. As can be

seen in Figure 8.7, the reflectance for θ < θr at shorter wavelengths remain almost level

and a differentiation between moisture levels < θr is not possible. At near- and short-

wave infrared wavelengths, however, the reflectance does increase as moisture content

decreases towards air-dry conditions. Here the approach of Wesseling et al. [2008] offers

an alternative to the soil physical model, as it can describe the reflectance curve over

the full moisture range using cubical spline approximations.

The soil-physical model (Eq. 8.7) was also fitted to measured spectral reflectance

upon wetting over the full range of 350-2100 nm, at 1 nm interval. By obtaining the

values for a and n for all optical wavelengths for the unsaturated sand matrix between

θr and θs, it was possible to calculate the spectral reflectance as a function of volumetric

moisture content (Rθ). Figure 8.8 shows the calculated (red dashed lines) and measured

(continuous lines) spectral reflectance upon wetting between 4.5-24% volumetric mois-

ture content plotted at 4% moisture content interval. Between these moisture levels the

reconstructed spectral reflectance has an overall goodness of fit of R2 > 0.99. A slight

underestimation in spectral reflectance was found for higher surface moisture contents,

most notable around the absorption peaks of 1470 and 1940 nm.

It becomes clear from Figure 8.9 that, at visible wavelengths averaged over 400-

700 nm, there is a limited contrast between dry and wet reflectance of beach sand

composed of quartz sand. The slope of the reflectance curve is, after an initial steep

decline, close to zero for intermediate moisture levels (∼ 5-25%). This suggests that,

for quartz sand beaches at visible wavelengths, only a distinction between a dry and a

wet surface is practical. Differentiation of intermediate moisture levels would require
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Figure 8.8: Spectral reflectance upon wetting (red dashed lines) obtained by fitting the
soil-physical model (Eq.8.7) to measured spectral reflectance (continuous lines) at 1 nm
interval. The blue bands indicate spectral absorption peaks for water. Between 4.5-24%
volumetric moisture content the spectral reflectance reconstructed with Eq. 8.7 has a good-

ness of fit of R2 > 0.99.

very accurate radiometric calibration, also considering that other parameters affecting

surface reflectance (e.g. mineral composition, grain size distribution, packing density,

surface roughness) may vary under field conditions. This limited contrast is a plausible

explanation for the weak correlation between beach surface moisture and reflectance

found in the studies of Darke and McKenna Neuman [2008], Darke et al. [2009], Delgado-

Fernandez et al. [2009], Mckenna Neuman and Langston [2003], McKenna Neuman and

Langston [2006] and Nield et al. [2014], Nield and Wiggs [2011], Nield et al. [2011].

A standard error of ∼ 10% moisture content is reported by Edwards et al. [2012] and

Edwards et al. [2013] for the photographic method, while with the terrestrial laser

scanner (λ = 539 nm) the standard error increases after 7-8% moisture to such an

extent that the method becomes impractical.
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Figure 8.9: Averaged measured spectral reflectance upon wetting at visible wavelengths
(400-700 nm), to illustrate the limited contrast in reflectance between a dry and a wet beach

composed of quartz sand.

8.4.2 Practical applications

The findings of our laboratory spectroscopy experiment imply that optical remote sens-

ing of surface moisture is most effective when measuring in the near- and short-wave

infrared. These wavelengths are strongly absorbed by water and provide sufficient con-

trast in the signal to differentiate intermediate moisture levels (∼ 5-25%). The water

absorption peaks of 1470 and 1940 nm are effective in particular. At these wavelengths

there is enough contrast in the signal to also differentiate low moisture levels (∼ 0-5%).

Because of strong absorption by the atmosphere an active remote sensing technique is

required, for example such as employed by Ruessink et al. [2014] in a subsequent field

experiment.

Ruessink et al.Ruessink et al. [2014] tested the applicability of a RIEGL VZ-400

3D terrestrial laser scanner to derive spatially extensive moisture maps of a natural

beach. The wavelength of this TLS is in the short-wave infrared at λ = 1550 nm, hence

close to the water absorption peak of 1470 nm. Ruessink et al. Ruessink et al. [2014]

deployed their scanner from a tripod at Egmond Beach in The Netherlands and collected
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9 panorama scans (360◦ in the horizontal, 100◦ in the vertical, with 0.002◦ resolution in

the horizontal and vertical). Each scan took about 10 minutes to complete and resulted

in a cloud of ∼35,000,000 points. Simultaneously, 69 surface scrapings (thickness of a

few millimetres) were taken, which were later on processed into gravimetric moisture

estimates using standard laboratory techniques. The RIEGL VZ-400 outputs reflectance

in decibels, with a 1/r2 correction to account for the reduction of returned intensity

with range r. For r = 15 − 60 m Ruessink et al. [2014] found a linear dependence

between gravimetric surface moisture content and reflectance for the full range from

dry to saturated sand. This confirms that the use of TLS with a wavelength near

an absorption band is inherently more suitable to detect surface moisture over its full

range than a TLS with a wavelength in the visible range (for example, Nield et al.

[2014]). The linear dependence is qualitatively consistent with Eq. (8.6), as decibel

is a logarithmic unit. The standard error of their best-fit line amounted to about

2.6%, which is consiberably lower than reported for the photographic method of Darke

and McKenna Neuman [2008], Darke et al. [2009], Delgado-Fernandez et al. [2009],

Mckenna Neuman and Langston [2003], McKenna Neuman and Langston [2006].

An example of a derived moisture map is provided in Figure 8.10. It illustrates

the overall increase in moisture content from the dunefoot to the waterline, with su-

perimposed variability related to secondary morphological highs and lows, consistent

with Namikas et al. [2010]. The map also shows two narrow, approximately alongshore

bands of apparent lower moisture content, which correspond to car tracks. While the

sand in the car tracks may actually contain less pore water e.g. due to compaction, the

collected reflectance could depend on surface roughness too. The rougher car tracks

may increase the reflectance relative to a flat beach surface with the same moisture

content. Nonetheless, Ruessink et al. [2014]’s results illustrate the potential power of

active remote sensing near a water absorption band to derive accurate surface moisture

maps at a spatial and temporal resolution infeasible with other techniques. A future

publication will describe and analyze Ruessink et al.’s Ruessink et al. [2014] TLS data

more extensively.
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Figure 8.10: Example gravimetric moisture content (in %) map, estimated from the
reflectance collected with a RIEGL VZ-400 3D terrestrial laser scanner at Egmond aan Zee,
The Netherlands, from the upper dry beach (cross-shore distance x ≈ −50 m) to the water
line (x ≈ −10 to 10 m) Ruessink et al. [2014]. The local co-ordinates are positive in the
seaward direction and to the south. The scanner was located at (x, y) ≈ (−15,−230) m. The
slightly drier sand immediately around the scanner position is an artifact of the conversion
from intensity to reflectance; close to the scanner, as also noted by Nield et al. [2014], the
imposed 1/r2 correction does not apply. The narrow bands with apparent lower moisture
content (e.g. at alongshore y distances −200 to −180 m and x ≈ −15 m) correspond to car

tracks.

8.5 Conclusions

In this study the effect of surface moisture content on spectral reflectance of coastal

beach sand is measured and modeled for the the full optical domain of 350-2100 nm,

to support practical applications for optical remote sensing of surface moisture. It is

shown that:

• The effect of surface moisture on spectral reflectance of coastal beach sand can be

described by an optical as well as a soil physical model.

• Near- and short-wave infrared wavelengths are most effective for relating surface

moisture content to reflectance due to strong absorption of light in water.
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• A terrestrial laser scanner operating at λ = 1550 nm can derive accurate surface

moisture maps at a high spatio-temporal resolution.
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Chapter 9

Synthesis: Beach sand dynamics:

measurements, models and scales

9.1 Beach sand dynamics: measurements, models and scales

With the recent attention of the impact of climate-change and sea-level rise on beach

and dune dynamics, aeolian research is in the center of attention in the Netherlands [e.g.

De Vries et al., 2012, Keijsers et al., 2014a,b, Stive et al., 2013], as aeolian processes are

the driver behind dune development. Historically, the beach-dune system would migrate

inland in times of sea-level rise. However, nowadays, this inland migration is perceived

as undesirable and therefore prevented to preserve housing and infrastructure in densely

populated areas such as the Netherlands. In order to maintain the coastal zone as a

buffer against the destructive forces of the sea, beach nourishments have become a com-

mon method to replenish negative sediment budgets. For example, in a recent (2011)

mega-nourishment, 21.5 Mm3 was applied to part of the Dutch coast in order to miti-

gate coastal recession. A single nourishment is expected to be more efficient, economic,

and environmentally friendly compared to regular low-scale nourishments, as it should

stabilize the coastline and feed adjacent coastal sections over an extended length of time

[Mulder and Tonnon, 2010, Stive et al., 2013]. In this so-called ’sand engine’ project

aeolian sediment transport is an integral part of a large scale research project, next to
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studies on e.g. hydrodynamic, flora and fauna related aspects. Scientific research on

aeolian transport processes is important to understand the impact and contribution of

these processes on coastal fore-dune development and dune ecology. However, accurate

and reliable measurement and analysis methods are required to collect empirical data

and falsify or validate hypothesis and theories. The aim of this thesis is to explore,

challenge and improve current technologies and methodologies to measure, analyse and

model beach sand dynamics through a range of spatial and temporal scales. The follow-

ing section formulates an answer to the research questions that were posed in Chapter

1 of this thesis.

I. What are the current measurement techniques to measure aeolian salta-

tion, how reliable are they and can they be improved?

Aeolian saltation is measured using passive traps and active electronic sensors. Pas-

sive traps come in different shapes and sizes, but can be categorized into traps that

involve a single chamber and traps that consist of different compartments, so that the

flux profile can be measured, thus providing a more data rich solution compared to single

chamber traps. Traps that consists of different compartments were used and studied in

detail in Chapters 4, 6 and 7 of this thesis. It is shown that the reliability of these traps

depends on the specific configuration of the compartments, i.e. the distance from the

surface, but also the spacing between the compartments. Moreover, the reliability is also

dependent on how the vertical flux profile is described. In Chapter 4, five different often

applied regressions curves were fitted through measurements obtained in a windtunnel.

The analysis shows that the regression method determines the final flux estimation to a

large extent. In Chapter 6, it is shown that errors that originate from the specific setup

are larger for fine sediment compared to coarse sediment, as for fine sediment, a larger

portion of the sediment is transported close to the surface. Furthermore, it is shown

that these errors can be identified using the relative sediment flux (chapter 6). This

thesis reveals that it is recommendable to use multiple traps, especially near the surface
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to obtain better and more reliable observational data. Preferably, an exponential de-

cay function should be used to describe the mass fluxes obtained by such measurements.

Active sensing devices either use acoustic, piezoelectric or optical detection meth-

ods. While all these techniques are able to detect saltation and give an approximation

of saltation intensity, they are not reliable in quantification of sediment fluxes. The first

elaborate methodology to quantify aeolian saltation using acoustic sensors was presented

in Chapters 4 and 5 of this thesis. It is shown that acoustic measurement techniques can

be improved by filtering, rectification and integration of the analogue signal of acoustic

sensors. This methodology allows future high frequency measurements that will create

valuable data for aeolian research, especially with regard to assess aeolian saltation.

A reliable method to measure surface moisture content was described in Chapter

8. A remote sensing approach was used, as conventional moisture probes do not ac-

quire reliable data on a sandy coast due to varying salinity levels. Moreover, they do

not cover the spatio-temporal resolution relevant for aeolian processes. The method

provides a reliable method to quantify surface moisture levels using specific water ab-

sorption wavelengths. The presented method is a significant improvement compared to

previous studies, which measured in the visible part of the spectrum not using specific

water absorption bands. Whereas previous studies reported a standard error of about

10%, the method present in this thesis can accurately relate surface moisture to re-

flectance with a standard error of 2.6%.

II. Is it possible to measure aeolian sediment transport in a coastal envi-

ronment on meso scale (weeks to months)?

There only exist few studies that examine aeolian sediment transport on a field-scale

on temporal scales from weeks to months for coastal environments [Delgado-Fernandez

and Davidson-Arnott, 2011a, Lynch et al., 2013]. Chapter 5 of this thesis is the first
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study to apply a comprehensive grid of sediment traps on a wide beach to study sedi-

ment transport dynamics. It was found that current measurement techniques for aeolian

sediment transport provide data with relatively coarse spatial and temporal resolutions.

Whereas these techniques allow to identify qualitative relations between the processes

in the field, they are not suitable to quantify these processes in detail. Chapter 5 shows

that, to understand and quantify the drivers of the system, it is necessary to acquire

high spatial and temporal resolution data on sediment transport rates, topography, sur-

face moisture, fetch, meteorological conditions and erosion and deposition patterns. So

far, field-scale studies have seriously been hampered by the lack of high quality data of

sufficient resolution. More sophisticated and robust equipment are required to quan-

titatively assess wind erosion at the field scale. As technology improves fast, Chapter

5 recommends also to include state-of-the-art techniques to obtain high resolution el-

evation data using drones. Spatial explicit surface moisture measurements should be

obtained as well for instance using optical remote sensing in specific water absorption

bands, as described in Chapter 8. Fast-temporal data on aeolian sediment transport can

be obtained using a vertical stack of instruments that rely on acoustic technology, as

suggested in Chapters 4 and 5. Active samplers are preferred above passive samplers as

they acquire data on a higher temporal resolution and are less labour intensive. Wind

profiles should be measured at several locations at sandy coasts, as dune morphology

influences the wind flow patterns.

III. What are the regulating factors and processes on aeolian transport

fluxes in coastal environments at different scales?

Chapters 4 and 5 contain data from several field experiments where aeolian transport

fluxes were measured on an event scale. In a beach environment, on the small scale

(point and second), aeolian sediment transport is dominated by aeolian streamers which

are highly variable in space and time and generated by instantaneous wind gusts. With

averaging in time, the variability in space and time decreases. Chapter 5 shows that, on

the event scale, variability in aeolian sediment transport rates are linked to meteorology
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and local conditions such as beach surface moisture, groundwater, topology and the

presence vegetation. The data show that there is a considerable amount of variability

between events. Moderate events are capable of transporting a large portion of the total

observed sediment transport during a certain period of time. Another publication [Kei-

jsers et al., 2014b] of the author of this thesis shows that annual dune growth, the nett

effect of aeolian sediment transport, is rather stable throughout the years and, contrary

to most theories, weakly correlated with meteorological conditions. However, due to the

limited amount of long-term quantitative data on dune development and aeolian trans-

port rates, it is not possible to link these processes and quantify the effect of all factors

and processes on net transport rates. Spatially explicit data on all regulating factors

and processes are required to quantify their contribution to net dune growth volumes.

Techniques presented in Chapter 4 and 5 to quantify aeolian transport fluxes with a

high temporal resolution and the remote sensing techniques presented in Chapter 8 to

obtain spatial explicit surface moisture estimations should provide new insights into the

processes. These techniques combined with new assessment approaches such as autom-

atized stereo-photogrammetry to obtain high resolution maps of the surface elevation

offers exciting opportunities to quantify regulating factors and processes across a range

of spatio-temporal scales.

IV. What possibilities offer the recent advances in computational tech-

niques for the field of aeolian research?

There is a wide variety of model approaches available to describe sediment transport

processes in different geographical settings and conditions. While a lot of work has

been done with physically based models, cellular automata or simple empirical formu-

lations, the potential of particle based models has not been fully explored so far. For

this purpose, a state-of-the art computational technique on the Graphical Processing

Unit (GPU) was investigated and applied in Chapter 3 of this thesis. GPU model im-

plementation allows for substantial reductions in computation time, as a large number

of calculations can be performed in parallel. In Chapter 3, sand grain interactions were
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simulated on a particle scale using a simple contact model and gravity processes. Model

results showed non-linear scale-invariant behaviour, which was in agreement with pre-

vious studies and analogue experiments. Despite reduction in computation times with

a highly efficient implementation on the Graphical Processing Unit (GPU), it is not yet

possible to use this visually appealing approach to simulate aeolian processes on the

larger scale. However, with the ever increasing computational power, it is expected that

this method offers great potential in the future to model aeolian processes in far more

detail across a range of spatial and temporal scales than possible at the present.

9.2 Discussion

The collection of Chapters presented in this thesis show that the field of aeolian re-

search in a coastal environment is in a relatively early stage. Chapters 4, 5, 6 and 8 are

specifically focussed on measurement methodologies and protocols to acquire process

related data. Chapter 7 aims to gain insight into event scale aeolian transport patterns

and magnitudes, although a lot of attention was paid to measurement approaches also.

At present, there are no reliable standardized methodologies to measure and analyse

aeolian transport processes in sufficient detail [Barchyn et al., 2011]. Specific tailor-

made equipment is required in this field of research. By quantifying uncertainties and

enhancing measurement protocols, it is possible to acquire data that can be used for the

development and evaluation of theories and models, leading to better understanding of

beach sand dynamics and impacts as indicated in Chapter 1. The Chapters presented

in this thesis make an important contribution to recent research on sandy coasts world-

wide and builds further upon work presented by e.g Barchyn and Hugenholtz [2010],

Barchyn et al. [2011, 2014a], Delgado-Fernandez and Davidson-Arnott [2011a], Ellis

et al. [2009a], Ridge et al. [2011], Schönfeldt [2012], Sherman et al. [2011], Van Pelt

et al. [2009], Yurk et al. [2013]. This thesis provides an overview of the understanding

of beach sand dynamics, especially with regard to measurements, model and scale issues.
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Aeolian transport processes are often mentioned in a negative context, for instance

in relation to occurrence of dust storms and land degradation. In Chapter 1, it is

demonstrated that there are also a large number of beneficial effects related to aeolian

transport processes, such as offside fertilization, dune development and creating poten-

tial for ecological succession. Large scale nutrient dynamics play an important societal

role, as e.g. African dust fertilizes the ocean and even parts of the Amazon which

stimulates plant growth [Swap et al., 1992]. In coastal environments, safety of people

and their living environment is of utmost importance. Regulating aeolian processes are

often studied on a relatively small scale (meters and minutes), and such studies pro-

vide relevant information on the fundamental processes that govern aeolian sediment

transport but do not necessary address coastal safety or ecological succession aspects

as these need to be studied on a wider spatial and temporal scale. This thesis presents

methods and qualitative evidence to measure aeolian processes from the point to the

beach scale, which is of relevance for coastal management as a whole. However, mea-

suring processes across scales require an integrated dense network of observation points,

which is time and resource consuming. Moreover, within this context, erosional hydro-

dynamic processes are often felt to be more important than dune building wind driven

processes [De Vries et al., 2012, Keijsers et al., 2014b] and are therefore generally felt

more relevant to society.

The Chapters in this thesis are closely linked to current themes and debates in the

field of aeolian research on e.g. instrument development and testing, meso-scale sedi-

ment transport processes and modelling approaches. Where Chapter 2 explores current

concepts in aeolian research, Chapter 3 focusses on using an advanced particle based

model to simulate sediment transport processes and interactions between individual

sand particles. Chapters 4 and 5 make an important contribution to the use of acoustic

technology in aeolian research to quantify aeolian saltation. The work is complementary

to, and building further upon the work of Ellis et al. [2009b], Schönfeldt [2012], Sherman

et al. [2011], Spaan and van den Abeele [1991], Yurk et al. [2013], and a discussion of
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Hugenholtz and Barchyn [2011b], Li et al. [2011] on noise filtering and signal processing.

In Chapter 5, an elaborated processing scheme was described to filter and process re-

ceiving signals in order to quantitatively measure fast-temporal aeolian sediment fluxes.

Chapters 4 and 6 confirm earlier work of Ellis et al. [2009a], demonstrating that there

are several methodological ambiguities in current aeolian measurement and analysis

methods. The Chapters identify the need for a standardized measurement methods, as

noted by by Barchyn et al. [2011]. Chapter 7 deals with determining sediment transport

across an entire beach during multiple events using a dense network of sediment traps.

Only two other studies [Delgado-Fernandez and Davidson-Arnott, 2011a, Lynch et al.,

2013] used a similar scale, but a less comprehensive setup. Lynch et al. [2013] measured

alongshore variability in aeolian transport under offshore winds. The work of Delgado-

Fernandez and Davidson-Arnott [2011a] provided the first long-term record of aeolian

sediment transport, using a combination of qualitative observations from hourly pho-

tographs, saltation probes and ED pins. In Chapter 8, the potential of optical remote

sensing to assess surface moisture was fully explored. Results obtained indicate method-

ological inconsistencies of the method used by Darke and McKenna Neuman [2008],

Darke et al. [2009], Delgado-Fernandez et al. [2009], Mckenna Neuman and Langston

[2003], McKenna Neuman and Langston [2006], Nield et al. [2014], Nield and Wiggs

[2011], Nield et al. [2011], who estimated surface moisture using spectral reflectance in

the visible part of the radio magnetic spectrum. The approach presented in this the-

sis confirms findings of Edwards et al. [2013, 2012], who applied a similar method to

measure surface moisture using specific water absorption bands of the radio magnetic

spectrum, although their approach was less elaborate.

Chapter 3 illustrates that it is not possible at present to derive a fully deterministic

model to simulate beach sand dynamics in all its details across spatial and temporal

scales. Different types of model approaches can be applied for different purposes and

scales, ranging from deterministic, empirical to statistical ones. In general, variabil-

ity decreases from small to the larger scales, as shown in this thesis. In Chapter 5 it
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is shown that the correlation between the output of two miniphones, while measuring

salation, significantly increases by averaging over larger temporal domains. Chapters 6

and 7 and the work of Keijsers et al. [2014b] also show that the variability in aeolian

transport rates decreases when moving to larger spatio-temporal domains. At the scale

of fore-dune formation, the process is mainly steered by storm frequency and intensity,

which exhibits power law behaviour, a mathematical formulation similar to frequency

and magnitude distribution of avalanches, as shown in Chapter 3. Mathematical formu-

lations that describe the system response using such simple empirical formulations are

very useful to describe system response and e.g. identify whether a system if moving

towards a point of criticality. Investigating system behaviour of aeolian processes at

any scale connects it to current themes in scientific research. However, process oriented

research to better understand particle interactions and responses and related determin-

istic modelling approaches are essential also to unravel regulating mechanisms and key

properties and variables.

9.3 Research challenges and future research directions

This thesis advanced the state of knowledge on the field of aeolian beach sand dynamics.

Specifically, the different Chapters provide a comprehensive analysis of a range of mea-

surement, model and analysis methodologies, give guidelines on how to measure aeolian

sediment transport processes and presents enhancements in existing measurement and

modelling technologies. In the field of aeolian research, a lot of work has been done the

last decades, which has significantly improved the understanding of the processes in-

volved. Important remaining questions in the field of aeolian sediment transport, as also

recognized by e.g. Barchyn et al. [2014b], Kok et al. [2012] are on the effect of salta-

tion intermittency on time-averaged saltation properties and the mismatch between

empirical data and models. The fundamental mismatch between field measurements

and mathematical models impedes predictions on aeolian transport rates at a variety of

scales [Delgado-Fernandez and Davidson-Arnott, 2011a, Sherman, 1995]. Advances in
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our understanding on both the small and the large scale is largely dependent on ade-

quate equipment, longitudinal studies and sufficient resources to support such projects.

The rapid advances in domains such as photogrammetry, hyperspectral imaging, com-

putational science and environmental monitoring offer exciting new opportunities to

obtain high resolution (both in space and time) datasets on important processes and

controls such as morphology, surface moisture and wind flow. These new insight are

interesting from a scientific point of view, as they enhance our understanding of the

fundamental processes, but also provide societal relevant information for e.g. policy

makers and environmental management.
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Summary

Since the book of Ralph Alger Bagnold on the physics of blown sand and desert dunes

was published in 1947, a wide variety of theories, techniques and models have been

developed to the physics and effects of aeolian sediment transport. While many other

disciplines have undergone fast improvements in terms of measurement techniques and

(standardized) proven theories last decades, the field of aeolian research remains still

in its infancy. Data on the process is scarce and measurement techniques to measure

air borne sediment have remained disproportionally unsophisticated. The aim of this

thesis is to explore, challenge and enhance current concepts, measurements and mod-

elling techniques of wind blown sand. The following research questions were posed (1)

What are the current measurement techniques to measure aeolian saltation, how reli-

able are they and can they be improved? (2) Is it possible to measure aeolian sediment

transport in a coastal environment on a field scale? (3) What are the regulating factors

and processes on aeolian transport fluxes in coastal environments at different scales?

(4) How can recent advances in computational techniques be used to model sediment

transport processes? This thesis contains eight chapters. Chapters 2 discusses current

concepts in aeolian research, chapter 2 describes a new modelling approach, chapters

4 - 8 present the results of laboratory, field and wind tunnel experiments on aeolian

transport processes.

The second chapter gives an overview of current measurement techniques, models

and conceptualizations of aeolian research. It is shown that aeolian research is still

dominated by a technocentric worldview. With a focus on the negatives, it is believed

that all separate components should studied as detailed and possible, and combined,
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they explain the complete system dynamics. The chapter presents a new conceptual-

ization of the benefits of wind erosion and argues to work towards a more holocentric

approach. Three examples show how aeolian process can be beneficial for biodiversity,

recreation, coastal defense and even for harvesting soil fertility. Current measurement

techniques and modeling approaches are contested. As data from lacking measurement

techniques are used for extrapolation and modeling purposes. Larger system dynamics

are studied by simulating the small scale (reductionist) processes, leading to a complex

model structure based on weak empirical and physical considerations. A more holistic

approach suggest to monitor the greater systems dynamics, in technocentric studies.

An integration between stochastic and physical based models is proposed, in order to

simulate the non linear complex interactions with a minimum of physical parameters.

By choosing a more holocentric approach, wind erosion becomes an essential part in the

natural system dynamics.

A new modelling approach was applied in chapter 3. In this chapter we use a

state-of-the-art parallel implementation of the discrete element method on a graphical

processing unit to simulate non-linear self-emergent behaviour in complex systems. In

this chapter, we use the example of sand-pile formation, as it is often used to describe

scale-invariant power law fluctuations in a system, whereas cellular automata are often

used to model this behaviour. In the model, interactions between individual grains

were simulated using a contact model in an Euler integration scheme. Computational

results show non-linear self-emergent power-law and scale-invariant behaviour, which is

in good agreement with experimental results, theoretical work and self organized criti-

cality (SOC) approaches. The chapter shows that a fully deterministic model approach,

where the position and forces on every individual particle can be determined every it-

eration has great potential to study non-linear and self-emergent behaviour in aeolian

research.

There have been many devices developed, tested, and applied to investigate a range

of aeolian-based phenomena. However, determining the most effective application and

data analysis techniques is widely debated in the literature. In chapter 4, we investigate
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the effectiveness of two different sediment traps (the BEST trap and the MWAC catcher)

in measuring vertical sediment flux. The study was performed in a wind tunnel with

sediment fluxes being measured using saltiphones. Contrary to most studies, we used the

analogue output of five saltiphones mounted on top of each other to determine the total

kinetic energy, which was then used to calculate aeolian sediment budgets. Absolute

sediment losses during the experiments were determined using a balance located beneath

the test tray. Test runs were conducted with different sand sizes and at different wind

speeds. The efficiency of the two traps did not vary with the wind speed or sediment size

but was affected by both the experimental setup (position of the lowest trap above the

surface and number of traps in the saltation layer) and the technique used to calculate

the sediment flux. Despite this, good agreement was found between sediment losses

calculated from the saltiphone and those measured using the balance. The results of

this study provide a framework for measuring sediment fluxes at small time resolution

(seconds to milliseconds) in the field.

Acoustic sensors are frequently used to measure aeolian saltation. Different ap-

proaches are used to process the signals from these instruments. Chapter 5 describes

and discusses a method to measure aeolian saltation with acoustic sensors. In a labora-

tory experiment, the output from an advanced signal processing scheme on the circuit

board of the Saltiphone was measured. Futhermore a software implementation of the

saltiphone signal processing scheme was used to re-analyse data from four miniphones

obtained during a field experiment. It is shown that a set of filters remove background

noise outside the frequency spectrum of aeolian saltation (at 8 kHz), whereas signals

within this frequency spectrum are amplified. The resulting analogue signal is a proxy

of the energy. with a pulse convertor, the signal is be converted into a digital and

analogue count signal or an analogue energy signal, using a rectifier and integrator.

Spatio-temporal correlation between field deployed miniphones increased by using longer

integration times for signal processing. To quantify aeolian grain impact, it is suggested

to use the analogue energy output, as this mode is able to detect changes in frequency

and amplitude. The analogue and digital count signals are able detect an increase in
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frequency, but are not able to detect an increase in signal amplitude. A two-stage cali-

bration scheme was proposed consisting of (1) a factory calibration, to set the frequency

spectrum of the sensor and (2) a standardized drop-test conducted before and after the

experiment to evaluate the response of the sensor.

In chapter 6, wind tunnel and field site data are compared to identify uncertainties in

aeolian mass flux quantification using the Modified Wilson And Cook (MWAC) aeolian

sediment traps. These traps are widely used to estimate the total volume of wind-driven

sediment transport, but also to study the vertical mass distribution of a saltating sand

cloud. The reliability of sediment flux estimations from this data are dependent upon

the specific configuration of the measurement compartments and the analysis approach

used. In this study, we analyse the uncertainty of these measurements by investigating

the vertical cumulative distribution and relative sediment flux derived from both wind

tunnel and field studies. Vertical flux data were examined using existing data in com-

bination with a newly acquired dataset; comprising meteorological data and sediment

fluxes from six different events, using three customized catchers at Ameland beaches in

northern Netherlands. Fast-temporal data collected in a wind tunnel shows that the me-

dian transport height has a scattered pattern between impact and fluid threshold, that

increases linearly with shear velocities above the fluid threshold. For finer sediment, a

larger proportion was transported closer to the surface compared to coarser sediment

fractions. It was also shown that errors originating from the distribution of sampling

compartments, specifically the location of the lowest sediment trap relative to the sur-

face, can be identified using the relative sediment flux. In the field, surface conditions

such as surface moisture, surface crusts or frozen surfaces have a more pronounced but

localized effect than shear velocity. Uncertainty in aeolian mass flux estimates can be

reduced by placing multiple compartments in closer proximity to the surface.

In chapter 7, the horizontal and vertical variability of event scale aeolian sand trans-

port on a wide beach on the island of Ameland, The Netherlands was analysed. A

meteorological station, 37 customized MWAC catchers, groundwater monitoring wells

and a camera were installed on the beach. Fifteen different aeolian transport events
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were measured over a three month period. The highest sand transport rates and largest

variability was found for alongshore events. Surface moisture, governed by groundwa-

ter, was found to be an important controlling parameter for aeolian transport rates

and vertical flux profiles. Groundwater levels were largely dominated by beach inun-

dation, influencing the groundwater table for a two week period. Variations in vertical

flux profiles between traps were larger for wet sand transport events than dry ones. In

general, sand transport rates were highest at the foreshore and lowest at the dune toe.

Sand transport dynamics are dependent on local conditions such as beach dimensions,

beach orientation and also meteorological and surface characteristics. Moderate (high

frequency, low magnitude) events are also capable of transporting large amounts of sand.

Future studies should include spatially explicit measurements of elevation and surface

moisture to obtain a more complete understanding of the complex sand transport dy-

namics.

An optical remote sensing approach to quantify surface moisture levels was inves-

tigated in Chapter 8. As an important supply limiting factor for aeolian sediment

transport, it is critical to account for the control of surface moisture on available sand

for dune building. With optical remote sensing surface moisture can be measured at

a high spatio-temporal resolution. The goals of this study were to measure and model

reflectance under controlled laboratory conditions as function of wavelength and surface

moisture over the optical domain of 350-2500 nm, and to explore the implications of

our laboratory findings for mapping the distribution of surface moisture under natural

conditions. A laboratory spectroscopy experiment was devised to measure spectral re-

flectance under different surface moisture conditions using beach sand. We observed a

non-linear increase of reflectance upon drying over the full range of wavelengths. We

developed and tested two models. The first model describes the proportional contribu-

tion of scattering and absorption of light by pore water in an unsaturated sand matrix.

The second model is related to soil physics and links the hydraulic behaviour of pore

water in an unsaturated sand matrix to its optical properties. It was found taht the

optical model performed well for volumetric moisture content < 24% (R2 > 0.97), but
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underestimated reflectance for moisture levels between 24-30% (R2 > 0.92), most no-

table around the 1940 nm water absorption peak. The soil-physical model performed

very well (R2 > 0.99) but is limited to moisture levels > 4% and < 24%. Results from

the field experiment show that a short-wave infrared terrestrial laser scanner (λ=1550

nm) can accurately relate surface moisture levels to reflectance (standard error 2.6%).

This demonstrates the potential of optical remote sensing in SWIR to derive spatially

extensive surface moisture maps of a natural coastal beach.

Finally, chapter 9 present the synthesis of the results and conclusion of the previous

chapters. It was shown that this thesis makes an important contribution to current

themes in aeolian research, by identifying and quantifying the inherent uncertainties of

passive sediment traps, while improving current methods to measure aeolian saltation

using acoustic sensors. It was also shown that, while quantification of aeolian processes

on a field scale was difficult in the past using conventional equipment, recent technolog-

ical developments allow for a detailed assessment of aeolian processes on a field scale.

Technologies developed and discussed in this thesis to measure saltation and surface

moisture can be used for field scale assessments. A qualitative assessment shows that,

on the event scale variability in sediment transport quantities are mainly determined

by local conditions, such as surface moisture, groundwater, meteorology, topology and

vegetation. Recent advances in computational technologies allow to simulate geophys-

ical processes on a grain scale. While the computational complexity and computation

time remains a constraint, they offer great potential for future studies. The findings

presented in the various chapters offer exciting new opportunities to measure and model

aeolian transport at a variety of scales in the future.
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Sinds het boek van Ralph Alger Bagnold genaamd ”the physics of blown sand and desert

dunes” werd gepubliceerd in 1947, hebben een breed scala van theorieën, technieken en

modellen de revue gepasseerd om de fysica en de effecten van eolisch sediment trans-

port te beschrijven. Terwijl veel andere disciplines snel verbeteringen hebben onder-

gaan op het gebied van meettechnieken en de (gestandaardiseerde) bewezen theorieën

in de laatste decennia is het vakgebied van eolisch onderzoek in zijn kinderschoenen

gebleven. Data over het proces is schaars en meettechnieken zijn nog steeds onderon-

twikkeld. Het doel van dit proefschrift is om hedendaagse concepten, meet en modeleer

methodes te verkennen, te verbeteren en te betwisten. Daartoe zijn de volgende vier

onderzoeksvragen geformuleerd: (1) Wat zijn de huidige meettechnieken om eolische

saltatatie te meten, hoe betrouwbaar zijn deze technieken en kunnen ze worden ver-

beterd? (2) Is het mogelijk om eolisch sediment transport te meten op het strand op

een veld schaal? (3) Wat zijn de regulerende factoren en processen op eolische zand

transport in kustgebieden op verschillende schalen? (4) Hoe kunnen recente ontwikke-

lingen in rekentechnieken worden gebruikt voor het modelleren van sediment transport

processen? Dit proefschrift bestaat uit acht hoofdstukken. Hoofdstuk 2 bespreekt de

huidige concepten in eolische onderzoek, hoofdstuk 2 beschrijft een nieuwe modelmatige

benadering, hoofdstukken 4-8 presenteren de resultaten van het laboratorium, veld en

windtunnel experimenten op eolisch transport processen.

Het tweede hoofdstuk geeft een overzicht van de huidige meettechnieken, modellen

en conceptualiseringen in eolische onderzoek. Er wordt aangetoond dat eolisch onder-

zoek nog steeds wordt gedomineerd door een technocentrische wereldbeeld. Met een
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focus op de negatieven, wordt aangenomen dat alle afzonderlijke componenten zo gede-

taileerd mogelijk moeten worden onderzocht en gecombineerd, totdat zij alle dynamiek

in het systeem verklaren. Het hoofdstuk presenteert een nieuwe conceptualisering van

de voordelen van winderosie en stelt voor meer naar het algemene systeem te kijken.

Drie voorbeelden laten zien hoe eolisch processesn gunstig zijn voor de biodiversiteit,

recreatie, kustverdediging en zelfs voor bodemvruchtbaarheid. Huidige meet en model

technieken worden betwist. De gegevens van gebrekkige meettechnieken worden ge-

bruikt voor extrapolatie en modellen. De grotere systeem dynamiek wordt bestudeerd

door de kleine schaal (reductionistische) processen te simuleren, waardoor een com-

plexe modelstructuur gebaseerd op zwakke empirische en fysische overwegingen. Door

meer naar de systeem dynamiek te kijken wordt winderosie een essentieel onderdeel in

natuurlijke systemen.

Een nieuwe modelmatige benadering is toegepast in hoofdstuk 3. In dit hoofdstuk

gebruiken we een parallelle implementatie van de discrete elementen methode op de

grafische verwerkingseenheid van een computer om niet-lineair zelf-organiserend gedrag

in complexe systemen te simuleren. In dit hoofdstuk gebruiken we het voorbeeld van de

ontwikkeling van een hoop zan, omdat het vaak wordt gebruikt in zelf-organiserende

modellen om schaal onafhankelijke fluctuaties gerelateerd aan een machtsfunctie te

beschrijven. In het model werden interacties tussen individuele korrels gesimuleerd

met behulp van een contact-model in een Euler integratie methode. De berekeningen

tonen niet-lineaire schaal-invariant zelf organiserend gedrag, dat in goede overeenstem-

ming met de experimentele resultaten, theoretisch werk en modellen die werken op basis

van zelf organisatie. Het hoofdstuk laat zien dat een volledig deterministische model

aanpak, waarbij de positie en de krachten op elk individueel deeltje kan worden bepaald

elke tijdschap, groot potentieel heeft om niet-lineaire en zelf-organizerend gedrag in

eolische onderzoek te bestuderen.

Er is veel apparatuur ontwikkeld, getest en toegepast om eaolisch onderzoek te

besturderen. Echter, het bepalen van de beste meet methode en data-analyse techniek

wordt veel besproken in de literatuur. In hoofdstuk 4 onderzoeken we de effectiviteit van
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twee verschillende sedimentvangers(De BEST en de MWAC) in het meten van verticale

sediment flux. De studie werd uitgevoerd in een windtunnel, waar sediment transport

gemeten werd middels saltiphones. In tegenstelling tot de meeste studies gebruikten we

de analoge uitgang van vijf boven elkaar geplaatste saltiphones om de totale hoeveel-

heid kinetische energie te bepalen, die vervolgens werd gebruikt om eolische sediment

budgetten te bepalen. Het absolute sediment verlies tijdens de experimenten werden

bepaald met een weegschaal die zich onder de meetplank bevond. Experimenten wer-

den uitgevoerd met verschillende zand fracties en met verschillende windsnelheden. De

efficiëntie van de twee sedimentvangers bleek niet afhankelijk van de windsnelheid of

sediment grootte, maar werd bëınvloed door zowel de experimentele opstelling (positie

van de laagste trap boven het oppervlak en het aantal vallen in de saltatie laag) en de

techniek voor het berekenen sediment flux. Ondanks dit, werd een goede overeenkomst

gevonden tussen sediment verliezen berekend op basis van de Saltifoon en die geme-

ten met behulp van de balans. De resultaten van deze studie bieden een belangrijk

kader voor het meten van eolische zand verplaatsing op kleine tijds schaal (seconden

milliseconden) in het veld.

Akoestische sensoren worden vaak gebruikt om eolische saltatie te meten. Verschil-

lende benaderingen worden gebruikt om de signalen van deze instrumenten verwerken.

Hoofdstuk 5 beschrijft en bediscuseerd een methode om eolische saltation met akoestis-

che sensoren meten. In een laboratorium experiment, werden de uitgangen van een

geavanceerde signaalverwerking schakeling op de printplaat van de Saltifoon gemeten.

Daarnaast werd een software-implementatie van dit schema gebruikt om de data van vier

miniphones, gemeten tijdens een veldexperiment opnieuw te analyseren. Het is aange-

toond dat een aantal filters achtergrond ruis verwijdern buiten het frequentiespectrum

van eolische saltatie (8 kHz). Maar ook dat signalen op deze frequentie spectrum ver-

sterkt werden. Het resulterende analoge signaal een proxy van de energie. met een puls

converteerder, wordt het signaal omgezet in een digitaal en analoog tel signaal of een

analoog energie signaal, met een gelijkrichter en integrator. De ruimtelijke en temporele
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correlatie wordt hoger door de signalen over een langere tijd te integreren. Om eolis-

che sediment transport te kwantificeren, wordt voorgesteld de analoge energie-uitvoer

te gebruiken, omdat deze modus veranderingen in frequentie en amplitude detecteert.

De analoge en digitale telsignalen kunnen een frequentieverhoging detecteren, maar zijn

niet geschikt een toename in signaal amplitude te detecteren. Een tweetrapse kalibratie

methode is voorgesteld bestaande uit (1) een fabriekskalibratie, waar het frequentiespec-

trum van de sensor wordt afgesteld en (2) een gestandaardiseerde valtest, die voor en na

het experiment uitgevoerd dient te worden om de de respons van de sensor te evalueren

In hoofdstuk 6 worden de windtunnel en veld data vergeleken om de onzekerheden

om de onzekerheden van de Modified Wilson And Cook (MWAC) zandvanger te iden-

tificeren. Deze vangers worden veel gebruikt om het totale volume zand transport in

te schatten, maar ook de verticale massaverdeling van een saltatie te bestuderen. De

betrouwbaarheid van sediment flux metingen en berekeningen zijn afhankelijk van de

specifieke configuratie van de verschillende compartimenten en analyse methode. In deze

studie analyseren we de onzekerheden van deze metingen met behulp van de verticale

cumulatieve verdeling en relatieve sediment flux afkomstig van zowel windtunnel als vel-

donderzoek. Verticale flux gegevens zijn onderzocht met behulp van bestaande gegevens,

in combinatie met een nieuwe metingen; bestaande meteorologische gegevens en sedi-

ment fluxen uit zes verschillende metingen, vergaard met behulp van drie aangepaste

catchers op het strand van Ameland in het noorden van Nederland. Uit de windtunnel

metingen blijkt dat de mediane transport hoogte een verspreid patroon heeft tussen de

impact- en bewegingsgrens, die lineair toeneemt met schuifspanningen boven de beweg-

ingsgrens. Voor fijner sediment werd een groter deel dichter bij het oppervlak getrans-

porteerd vergeleken met grovere sediment fracties. Ook werd aangetoond dat fouten

veroorzaakt door de verdeling van de compartimenten, in het bijzonder de locatie van

het laagste compartiment ten opzichte van het oppervlak, kan worden gëıdentificeerd

met de relatieve sediment flux. Oppervlakte condities zoals vocht, korsten or bevriezing

hebben een meer uitgesproken maar lokaal effect dan schuifspanning. Onzekerheden

kunnen worden gereduceerd by het plaatsen van meerdere compartimenten dicht bij het
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oppervlak.

In hoofdstuk 7, is de horizontale en verticale variabiliteit van eolische zand transport

metingen op Ameland geanalyseerd. Een meteorologisch station, 37 aangepaste MWAC

zand vangers, peilbuizen en een camera werden op het strand gëınstalleerd. Vijftien ver-

schillende eolisch transport metingen vonden plaats over een periode van drie maanden.

De hoogste zand transport hoeveelheiden en de meeste variabiliteit was gevonden voor

transport langs de kust. Het bleek dat de vochtigheid van het strand, gereguleerd door

het grondwater een belangrijke sturende parameter voor transport hoeveelheid maar

ook het flux profiel. De hoogte van het grondwater was voornamelijk bepaald door

overstroming van de zee, wat twee weken lang effect kon hebben. Variatie in de vertical

flux profielen tussen de verschillende zand vangers waren groter voor nat zand transport

dan droog zand. De dynamiek in transport patronen is voornamelijk afhankelijk van

lokale omstandigheden, zoals de afmetingen en oriëntatie van het strand, maar ook de

meteorologische en oppervlakte eigenschappen. Metingen met een hoge frequentie maar

lage magnitude zijn in staat grote hoeveelheden zand te transporteren. Toekomstige

studies moeten ruimtelijk expliciete metingen van de hoogte en het oppervlak en vocht

gehalte om een beter begrip van de complexe vervoer zand dynamiek te verkrijgen.

Een optische remote sensing benadering om vochtgehalte van het strand te kwantifi-

ceren werd onderzocht in hoofdstuk 8. Omdat bodemvocht een belangrijke beperkende

factor voor eolisch sediment transport is, is het belangrijk om rekening te houden het

vochtgehalte op beschikbare zand voor duinopbouw. Met optische remote sensing kan

vochtgehalte gemeten worden met een hoge ruimtelijke resolutie. De doelstellingen

van dit onderzoek waren voor het meten en modelleren van reflectiewaarden onder de

gecontroleerde laboratorium omstandigheden als functie van de golflengte vochtgehalte

in optische domein van 350-2500 nm, en de implicaties van onze laboratorium resultaten

te onderzoeken voor het in kaart brengen van de verdeling van de vochtgehalte onder

natuurlijke omstandigheden. Een laboratorium spectroscopie experiment werd bedacht

om spectrale reflectie onder verschillende vochtgehaltes met strand zand te meten. We

observeerden een niet-lineaire toename van reflectie bij drogen over het gehele bereik
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van golflengten. We ontwikkelden en testten twee modellen. Het eerste model beschri-

jft het proportionele aandeel van verstrooiing en absorptie van licht door poriewater

in een onverzadigd zandmatrix. Het tweede model is gerelateerd aan de bodem fysica

en verbindt het hydraulische gedrag van poriewater in een onverzadigde zand matrix

om de optische eigenschappen. Het bleek dat het optische model goed presteerde voor

volumetrisch vochtgehalte < 24 % (R2 > 0,97), maar vonden een onderschatting in

de reflectie voor het vochtgehalte tussen 24-30 % (R2 ¿ 0,92), het meest rond de 1940

nm wateropname piek. Het bodemfysische model presteerde zeer goed (R2 > 0.99),

maar is beperkt tot het vochtgehalte > 4 % en < 24 %. Uit de resultaten van het

veldexperiment blijkt dat een korte-golf infrarood laserscanner ( lambda = 1550 nm)

het vochtgehalte nauwkeurig kan bepalen op basis van de reflectie (standaardfout 2,6

%). Dit toont de potentie van optische remote sensing om ruimtelijke vochtkaarten van

een natuurlijk strand langs de kust te maken.

Tot slot wordt in hoofdstuk 9 de synthese van de resultaten en de conclusie de

voorgaande hoofdstukken gepresenteerd. Er is aangetoond dat dit proefschrift een be-

langrijke bijdrage aan de actuele thema’s in eolische onderzoek, door het identificeren

en kwantificeren van de inherente onzekerheden van passieve sedimentvallen en het ver-

beteren van de huidige methoden om eolische saltation meten met behulp van akoestis-

che sensoren. De technieken en methodes die gepresenteerd worden in dit proefschrift

bieden een duidelijk handvat hoe eolische processen aan het strand gekwantifiseerd

kunnen worden. Uit een kwaltitative analyse blijkt dat variatie in sediment transport

voornamelijk bepaald wordt door lokale omstandigheden zoals oppervlakte vocht, grond-

water, meteorologie, topologie en vegetatie. De nieuwste technieken waren gebruikt om

sediment transport op een korrelschaal te simuleren. Ondanks dat de rekenschema’s

nog behoorlijk complex zijn, en rekentijden erg lang, biedt deze methode veel potentie

voor het onderzoeken van geophysische processesn. De verschillende hoofdstukken in

dit proefschrift bieden interessante nieuwe mogelijkheden voor het meten en modelleren

van eolisch transport op verschillende schalen in de toekomst.
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